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AB3STRACT

Yarnsfbs Wi( rctoal rent-ed, disconktinuous high-

in the laboratory by a modified vortex spinning process. Both

co e yarns in wh ich tlie higher modulus fibers are overwrapped

with organic or small diameter glass fibers and all-whisker-

yarns have been spun. These yarns can be readily incorporated

into plastics as reinforcina agents by filament winding and

related procedures. The strength of resulting composites is

markedly superior to those of similar materials fabricated by

other techniquet due to weli controlled fiber orientation and

very uniform fiber overlap.
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at etenh d ug '.(glass f i ber -:reinforced. pk) t:A c to chnciloqy, or

imit-Lting naturally occurriwj fiber re in.Cot cod sys temts * to comn-

mercial manufacture and acceptance of resulting com''posites as

practical. engineering materials - Composites containing high

modulus fibers such a!: boron and graphite are currently emtployed

as primary and secondary structure in such diverse applications

as components for military and commercial. aircraft, sports

equipment and advanced prosthetic devices.-

Key to the almost e xplosive growth of the composites field

has been developmentt of eff,,2ctive methods for producing and

-it iiincr h .qgh modulus fibers. Small scale manufacture of con-

tinuous F iber s such as boron and graphite fibe- r was achieved

-u.t arly and production" ol hcji quali FyI liber made rou-t. Inc

1o re recent I * p rocedkUres; Iort imicli l nsoc ope ration have

been deveC' oped wlli i ( pEoiii j ( to reC('4 " * '5 t O d lihike UC



niIy fe pj I. 1' -e~ r 4 I II A thIod(I s . t.C )Va i r i I I(J bo onl

-ahi t t! 1i Ypr I Io i 11i da o per I yL p r ri

hii e been , ro at I ~' i iq re ved ATi t,() !0111(1 OX t Oft l~tL L( ed at idc

Yto Liable procedures worked out, tor nopr iyan d c ompos i t e s

into Componerit. s tructure. Ut iIi zat.o~ o0l boron and! graphi tie-

coaiiposites thiis now appe.:ars more limited by shortcoinngs in matrix

perf ormance and in design me thodology than by deficiencies C'l.f

thie fibers,

Significant advances have also been made in employment of

whiislker fibers as reinforcing agents, although overall progress

has niot been as great as with boron and graphite. The concept

of using moocrystalline fibers as reinforcing agents is extremely

attractive, of course, and so has been the subject of some ex-

cellent research, especially in the U.K. Good progress has been

made in solving problems related to whisker fiber quality, in

scaling-up manufacture and even in bringing the price of suchI-

materials t~o practical levels. For example, Norton Researca

Corporation, Cambridge, M1ass. , North AmTeri can Licensee of the

Phillips AG Silicon Carbide Whisker .?rocess, is --aid to have

Linde r development a process for p roducinq extremiely uni form

good -juality whiskers on a pilot sca-le at projected commerciail

prices of le ss tha-n $)50 .00 peot pojund. Unt or tun latelIy , howu Ve rIt

proqress toward util]i,,intj wh i sker- arr ii.or l aqjents hais



3 -

beeni much s lower; prdt Ica, let-hods are sti. naleded For Con-

ve t: t ri whiskers and resin into high performance composites .

4 As single crystals, whiskers exhibit equivalent moduli.

and tar higher strengths than other fibers of similar composi--

tion. It was the strength of these fibers, often more than a

million psi., that initially generated so much enthusiasm for

the idea of whisker reinforced systems. Exploiting this is

another matter, however; whisker strength has proved to be

extremely difficult to translate into composite strength. Unlike

boron filament and graphite fibers, whiskers currently are pro-

duced only in discontinuous form and are usually extremely small

in size, often only a few microns in diameter and a f3w millimeters

long. Both factors greatly complicate the problem of controlling

directional orientation, placement, overlap and distrioution of

the fibers in composites to the degree necessary for good reinforce-

ment efficiency, and hence good composite properties. Control

of fiber orientation has proved particularly difficult. As would

be expected, these problems are not limited to whiskers, but

jalso have been encountered in attempts to employ a variety of

other small diameters discontinuous fibers as reinforcing agents.

A number of approaches to ovei-coming these tabrication

problems have Leen reported, t.h2 t-wo) most fiective bei[ ng i---s it

g row t h of re i nt orci n wh'Ak in a me ta. 1 tc mIt r x anod Ilow
7,
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orien tat ion oF: short, hif-h moduluns ti bers- in a v.I S oIS , coa ul a b ft

res in .The latter approach , pioneered- w ith whisker d sbeto

re inf Iorced sy s ,.ems by workers at the Explos ives Research and

Development Establishment, Walthaml Abbey, txxex, England, has

proved particularly versatile2. Strands of orientedl fibers suitable

for subsequent processing can be prepared in this qay by "wet

spinning" techniques 14or, at the other extrene, finished com-

posites in which the fibers are flow orianted can. be prepared

directly by modified injection molding procedures.5 Unfortunc:tely,

these techniques are not suitable for processing high mnodulus

fibers greater in length than about 10 mm, and so development

of an alternate method for handling these miaterials has been

necessary. The technique found most successful in studies

conducted by the Monsanto/Washington University A~ssociation is

based on a textile process, "vortex" or "open end" spinning;

this is described below.

innriofWhisker Fiber Yarns

Imnpetus for devolopment of an alteivoate method for pro---

ces sing discontinuouas hiqh modulus fibers, such as hskr

into composites camie i.n cur prog ramn from i t-1 il on Lthe

rei nftorcement e ff ici eicy et; icii t7 -ers . LOnU Lp i (1 0-30 m11m)

fs--si 1icon carbide wi skeivs had bwen itIoe ivaii I 2L le ti- r il work,

but no satis t actory mniihe w~i-s ivaiIA,) I( i. rV I~er in thomr

1 140) t10 I.Ot-jJi i red LI n U it .'(t io i ly in 0 o ; or:



While flow orientatton Lechniques were quite satisfactory for

prenarinj directiona.1.y reinforced comp:-si. tes from short, fibers,

scun an approach could not. be employed with the longer material

due to excessive breakage of fibers caused by the high shear

forces generated in these systems. Following the lead of

several earlier wre in the U.S.A., attention was given

instead to study of several textile processes which might be

modified to produce resin-free "packages" or yarns of axially

oriented fibers suited to filament winding and related composite

fabrication procedures. The most promising of these proved to

be a form of "vortex" or "open end" spinning.

Initially, a simple laboratory vortex spinner, similar in

principle to that developed by Strang 8 for textile yarns, was

used to prepare yarns containing whisker fibers entrapped among

helically twisted textile (binder) fibers. In this, fibers dis-

persed in a viscous medium were formed into a strand by the action

of hydrodynamic forces on the suspension as it passed through a

rapidly rotating tube in the spinner head. The yarn was collected

J as it emer4ed from the tube assembly, washed free of the sus-

nendi.nq 1Iqui.d (usual lv corn syrup for convenience) in a gentle

s : t re ain of solvent , and take i up on a rotatiinq drum. Yarns were

reasonab y on it0rm. a.d, 'vn t11o)LJ;i t h L 1inde I Loers w,re un-

<:. t. 1I1I
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crimped, of sufficient strength [or composite preparation. Un-

fortunately, however, axial orie ntation of the entrapped, whisker

fibers was quite imperfect due to a tendency of the whiskers to

follow the helical path of the oinder material. in addition,

fiber breakage was excessive.

Modification of the first apparatus to permit introduction

of whiskers as a separate, more viscous suspension at tik. center

of the flowing binder fiber suspension prior to entry to the

rotating tube assembly proved a more satisfactory appt-oach. Fluid

forces are not great enough in the central region of the sus-

pension to disturb orientation or cause breakage of the whiskers

as they are introduced, compacted and wrapped by the binder

material. Resulting yarns, consisting of a core of axially

oriented whiskers helically wrapped by a thin layer of textile

fibers, are uniform and strong enough for easy handling. WhisKOr

breakage is minimal.

The modified spinning apparatus is shown in 1iu. 2. it

consists of a vertically mounted vortex spiinin j assem.hly led

under nitrogen pressure ltzom spearat-e ho iding tanks [or th,

tiber slurries. The spironing asserib ly ls has .Ilikii Ltia

ii le previous aeppaatus exc.pt. t hit a ;hjort( t i() si i)t the

spinni rig barrel jin e( tiitet.ly he low th I et t i llt, 1. exia.id'I



to approximSIte 1y twice the oriqinal dijamneter to pro-.vide a chamber

tlor colni frli.er s lurries . 111 our parti'cul ar systema, corek

s lur ry Ls -int roduceci th rough a 6 imi tube, just bel1ow the IFotatiflq

tube assertibly, into the center of a 16 m~m slurry chamber-.

The slurry cha-mber and core slurry tube are connected directly

to the holding tanks by tubing entering through th,: top of the

tanks and ending in a conically flared tip abo..ut 12 mnnf above

the bottomt. Lids of the tanks are fastened with bolts and are

sealed with rubber "0" rings capable of withstanding 100 psi

pressure. In operation, the speed of the rotating tube and

the rate of slurry flow are controlled (annular flow must exceed

core flow) so that the fibers twist together in the short con--

verging section of the chamber, rather than in the spinning

barrel proper, since in this region the outer fibers approach

tl#P core from a non-axial postion and are wrapped more uniformly

around the core.

The speed at which the rotating tube of the spinner head

'mist turn in order to impart enough twist for-good yarn strength

v~aries with each system, depending primarily on the flow rates

of the slurries, slurry viscosities and the mechanical properties;

J of t'le fibers. Withx our apparatus, rotational rates ranging froin

1200-1700 rpm produce sufficienxt tiwist in most cases for yarn

ta11ke--p ye oiouties of Several inchies P 'i second. Faster sP-in

i- : ( d i 1 po-5:i1 hi ehut req i res more prc s on t Ol of variab tes.



Due to the high cost o1 whiskers, Var ous tlu ss Iiber:s

were used as model materials in developing the, spinning ap-

paratus and in a il process stadies. See 'PaTable 1_. These

proved to be excellent substitutes for wh.iskers; no difficulties

were encountered in switching the spinning operation from one

material to the other. Several of the glass fiber yarns also

proved to be interesting in their own right. It was found, for

example, that the diameter of Beta glass fibers is small enough,

and fiber flexibility therefore great enough that these fibers

can be used both as wrapping and core materials. Thus, yarns

of short "E" glass fibers wrapped with Beta' glass fiber and of

100% Beta fiber can be prepared. The textile fibers employed

as binder materials included uncrimped acetate, triacetate,

high tenacity rayon and Acrilan 57. All were ffound to be

satisfactory for the purpose.

In producing core yarns, approximately equal concentrations

of glass or whisker core fiber and of the .lower modulus binder

fibers were used in the spinning slurries. Aaxiinum concentration

was determined by the amount of the binder fibers which could

be used since these are the more flexible and exhibit tae jreater

tendency to entanqle with resultant ioss of dispersion uni.formity.

For the fOUF binder ma te rials shown in, b.ribl _ ., th' !inij t i.nj

1.E



concent.r-t ion t ot- 1 8 111 sLIAP di.. -:7Sp d in corT syrup (1-00---350

Poise) rang'ed from 0.05 t:.o OA 1 volumeW percent. when the. spinning

tube of the laboratory equipment was 6 mm in diImet.e, in order

to minimize damage to the fibers, the viscosity of the core

slurry was maintained at approximately 1.00 times that of the an--

nular slurry.

Concentrations of high modulus fibers in the vortex-spun

yarns prepared in our studies ranged up to about 36 volumer

percent, the degree of axial orientation being very high at all

levels. As mentioned, with smaller diameter glass fibers it

also was possible to spin 100% .lass staple yarns of reasonably

good uniformity and strength. Similar, although much weaker,

100% yarns were spurn from whisker fibers as well. The supply

of whiskers was not sufficient to permit more than a few attempts

to prepare such yarns, but results were promising enough that

-there is little doubt that conditions could be found for producing

I good quality all-whisker yarns.

Summarizing efforts on whisker yarn preparation, a

process has been-worked out for converting discontinuous, high

modulus fibers into a yarn consisting of a core of these
fibers in axially alig- ed form helically wrapped with lower

modulus binder fi bers. 'Phe yarn is pro'(J ,ced by subJecting :AV 1



two comup~one 11t 's pe i] S i, I III d (' u~ p ot a V 1. s cox.k s, R1 w . Ia .[ 1-1Y

f icwi nqj s lu ur y o f ',-I i Ih mod o i I ,, f i. bers u rrou nded by a mio re

rapidly II ow nc, lezss vis~-oii- Ss-pens i on of' much lowei c modulus

fi bers,* to an axial ve..rt wi. y q rad~i-n t The qiradien t, jerierated

in the suspens,,ion by flow throuqjh a rotcatin tube , provides the

twisting force required. Core yarns containing up to 36 volume

percent of long staple - silicon carbide wniskers and even higher

percentages o~f glass fiber have been prepared in this way. Strong,

relatively uniform textile-like yarns of discontinuous Beta glass

fiber alone also hav,2 been produced in this way.

Vortex spinning of inorganic fiber core yarns is the only

potentially practical approach known to the author by which

long staple sfiall diameter high modulus fibers and whiskers

can be "packaged" in polymer-free directionally oriented form.

While strictly a laboratory technique as practiced here and of

doubtful ivterest for textile applications, this or a related

approach could he the key to mnuch larger scale utilization of

such fibers as reinforcing agents. Certainly, it is one of the

first xaethods* to make filament winding and related fabrication

*The C~anadian "Bobtex" -Integrated 'Jomposite Spinnringj process- is
said to be applicable to some inorgani c fi1bers and so), assuing
thivt tiu& s, are fibers ot interest as reinforcing agents, may be
zur.),ther way of obtaining yarns for composite Fabric~ati~on. However,
:s0V'1 A bindeir polymer minis t be pres;en, in Bo1tex" y ar fl.3 to 5 UV.p-

p ~emet.the twis t-appli ed forces between L ibe r s, ose mai~y bcere-
~ .i 'ed ill o sys teins to ()poIes o re Iilti voly l~ow t, ib('



pl:ocedurci Wor t. ] (h ons i.det::ing11 as int,!an-s for controlli.nq the

directional oriontation, placement and spacing of whisker fibers

.fi.n compost ites.

I Composites From Whisker Yarns

Laboratory preparation of composites from thermosetting

Iresins, such as the lower viscosity epoxies, and vortex-spun

whisker fibers is straight forward using either compression

molding or simple filament winding procedures. Resin wet-out is

easy, so-long as yarn twist is not excessive, due to ready sorption

and wicking of the uncured liquid resin by the binder fibers.

Bonding between the binder material and the matrix resin is good

enough under most conditions that these fibers actually behave as

if they were part of the matrix itself.

The orientation distribution of reinforcing fibers and

overall quality of composites prepared with vortex-spun yarns

are fully equivalent to those which can be achieved by very

J carefully controlled flow molding. The orientation distribu-

tion of glass fibers in a typical yarn reinforced molding is

.I shown in Table 2. Vortex yarn composites are distinguished

from other systems, however, by the markedly improved fiber

overlap achieved. Overlap of the fibers in these yarns is

statistically uniform, while in extrusion and flow molding



pruoces~ses i be r kave nrap i s nt( we randomi and depedisk eiti re ly

on sh (,.Ii r fo()r ce s act tnt; rig 1 f i ber bundlI-es and 111a tr Ix The result

is La it. the! Yarn r(e in lf- 0re 1o pe C t 1 S L 0S eX IIi- ib i i i f i ca nt I -Y

hiyi1 tensi letrnqh than I-low molded miate r ials , as shown

in Fig. 4.. for co_.lpos ites of opoxy res-in and 3/8 inch qlass

fiber (ntominal leng tlh) .in fact, with the e--xceptioni ot

specially, prepared modelJ specimens, the yarn reinforced

maaterials proved to be stronger than expe..rimental composites of

equivalent composition made by any other technique in our

laboratory. Composite modul~i are much less sensitive to localized

discontinuities and so are roughly equivalent for both yarn

reinforced and flow molded systems. The moduli of the experimental

composites from Fig. 4. thus can be plotted on a common line, as

shown in the comparison with "rule of mixture" values in rig. 5.

Studies of whisker fiber composites prepared from vortex-

spun yarns are still. in progress and data not yet complete

enough to justify publication. However, all indications to

date are that improvements in composite strength are similar to

those obtained in the glass systems. Reinforceme~nt efficiencies

calculated as the percentage of fiber strength utilized in the

composite are much lower for the whrisker reinforced systems,

of course, but absolute strength markedly imaproved.
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FI1BERS USED IN YARN SPINNING

Average Diameter
Fibe r !Ifl mils

E-g I.as s 0.013 0.5

S--gqass 0.0105 0.413

Beta glass (Owens-Corning 0.00414 0.163

Fiberglas Corp.)

Triacetate 0.0239 -0.94

Ace tate 0.0211 0.83

Acrilan 57A MAonsanto) 0.0183 0.720

Fortisan Rayon (Celanese) 0.00919 0.36



TABLE 2

ORIENTATIEON OF GLASS FiIBERS IN ik TYPICAL YARN COMPOSITE

Mold:i ng Technique Hand Lay--up/Coinpre ss ion

Reinforcing F-iber 0.163 m~l. L--glass

Matrix Shell's Epon 823 Z

Angle (DegreE!s off Axis) % Orientation

0-5 12.5

6-10 10

11-15 12

16-20 11.6

21-25 10

*26-30 9

*31-35 7.7

36-40 3.3

41-45 4.2

46-502.

51-55 3.9

56-60 2.2

61-65 3.4

66-701.5

71-75 2.9

16-801.

-- 81-85C
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F I GURE 5
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--')Yarns of unidirectionally oriented, discontinuous high-modulus
ibers and whi:3kers have been successfully produced in 'the laboratory
y a modified vortex spinning process. Both core yarns in which
~he higher modu~lus fibers are overwrapped with organic or small
iarneter glass ifibers and all-whisker-yarns have been spun. These
arns can be readiily incorporaZ-.ed in-to plastics as reinforcing agents

-' y filament winding and related procedures. The strength of resulting
omposites is markedly superior to those of similar materials
abricated by other techniques due to well controlled fiber orientation.
nd very uniform fiber overlap.



yarnrs

discontinuous high-modulus fibers

whiskersI

vortex spinning process

glass fibers

all-whisker-yarnsj

plastics

reinforcing agentsJ

filament winding

strength

fiber overlap

DD ZA 473
'4( J 2


