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NOTICES

When Government drawings, specificafions, or other data are used for
any purpose other than in conntetion with a definitely related Govern-
mont procurnmnt operation, the United States Gorernment thereby

incurs no responsibihy nor any obligation whatsoever; and the fact that
thb Government may have formulated, furnished, or in any way supplied
the said drawings, specifications, ot other d4a, is not to be regarded
by implication oi ofterwis, as in any manner licensing the holder or any
other person or corporation, or conveying any rights or permission to
manufacture, uso, ocw seU any patented invention that may in any way be
related thereto.

U oda in wk. or part 4 permitted for any purpose cf Owe
Uimita States ccvorv nent.
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FR EWORID

The Advanced Research Projecta Agency hap advanriced the concept that. an

effective technique for developing a new field of technology in materials research

is to couple an industrial laborator'y with its counte part in a university in order

to create an environmyent which will generate a well balanced center of excellence

in the chosen field. General goals and expectations for materials research in an

ii dustry-university coupling program, along with specific plans and objectives

for the Monsanto/Washington University program, were presented and discussed

at a symposium (1) held 10 November 1965 in St. Louis, Missouri. The

Monsanto/Washington University ARPA program in "High Performance Gomposites"

is designed to test the coupling concept.

This second annual report is an overall review of t.he MonsantoiWashington

University ARPA Association and its activities for the second year. The report

is a cý mnpilation of papers covering programs conducted by the Association.

About two-thirds of the papers were presented orally at the Annual Review Meeting

held 12 July 1967 in St. Louis, Mo. The report emphasizes the three areas of

prime concern: research, education, and communication. This project is

sponsored by the Advanced Research Projects Agency, Departme it of Defense

through a contract with the Office of Naval Research, N00014-67-C-0Zl8

(formnerly N00014- ,6-C-0045), ARPA order no. 873, entitled "Development of

High Performance Co -kposites."

The prime contrn c:tor is Monsanto Research Corporation. The Program

Manager is Dr. John D. Calfee, Monsanto Conmparny, Central Research DepArunent,

St. Louis, Missouri, phone 314-Oxford 4-47i21.

the Contract period in 30 June 1965 to 30 April 1969. The am-ount of the

contract is $4, 009, 000.
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f ~ABISTRACT

The purpose of the Monsanto/Washington University ARPA prograr-

Perforrnance Composites, " is to demonstrate through accomplishments

re search, education, and cornmun2cation that university-industry cospling is

an effective system for doing advanced materials research. This report is

an accounting for the second year of the project.

In Mechanlics• the finite-.elernent method was used to calculate the longitudina1

stiffness of short fiber conrposites; the instability of paralHel edge cracks

determined from the energy concept and the strength and inherent crac> size

obtained from the stability calculations; Young's modulus calculated for randomly

oriented fibroDue composites; a mathematical approach proposed for calculating

stress fields around interior cracks; and invariant properties of a laminated

composite derived from the transformation equations of the nnisotropic inoduli.

In the Physics and Chemistry Section, the electron scanning microscope

provided insight into fracture mechanics; composites were improved by in-

corporating a flexible layer around the fiber; polyacrylic acid reacted with

ZnO to produce ý% high modulus, temperature-resistant matrix; data obtained

lndic,: J.ng zilant, tzatiplers decrease water, diffusion at the interface; a decrease

in fracture toughness associated with a change in crack propagation mechanism;

and the viscosity of aggregate suspensions described by the Mooney equation.

In Fabrication and Procesning, techniques were developed for whiskeV

fiber classification; strands of well-oriented whisker fibersu made and fabricated

into high performance comuposites; x-ray diffraction techniques applied to

inea suring fiber orientation, property maps developed for short fiber cornposites;

short boron iis rs encap.sdated to nsa~ke a pre--preg rnolding cofpnpound in b,,ad

formh; fiber-matrix dry mix molding explored; and data. cbtained relating rrn-atrix

properties to fatigue characteristics.

in educ atit, a gradriate prograin i n rnater al i s, ent e \as r ,pitt. in!to eu r

by the univerti.ty; twov o elt-setriester se ,ninar c'our.ses c endoucled tor the Asso•-tlitý .,

sttOertat s. and aknirner vork shop inf

InII Communic ati on * the . ccor'd aninual synpswnton high pe rforn- iace cr

pot'.4
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1. S UM lviA Rz Y 0. Tlfetjl

The overal. cbhective of lh .Norasat Con panyI /Washingtoi Univer sity

ARPA Association is is create a nationally recognized center of excellence

for high performance composites by coupling the capabilities of Monsanto

Company and' Washi agtonr Unive rsity to.

1. Make significant research advances in the science of high performance
C. 0 I:t pO s ti e s

2. Apply re.search infornatton gene'rated to the development of new composite

materials having value to government and industry,

3. Train tucdents in the field of advanced materials scienct,

4. Serve at; a center of cormanunications for scientific information on

composite materials,

The Association is now two , eari old. This report covers work conducted

during the second year of the project, places the work in perspective relative to

short and loonrg termy goals, and relates individuial researches to basic problems

in volved in developir g a new area in the field of high performance composites.

The format of the report is to discuss Association accomplishmients and prob-

lems: a) coupling, cornmunicati.n, and edut ation in a general treatment, and

b) research trough presentation of technical papers.

A. ssc-iatic'n research is concerned primarily %with bigh performance com-

posites rei'ntforced vith discontinuous fibers of controlled morphollogy. Orientation

of the rr sear ich in cs ich that the science and technology dcivveloped will yield

¼' hfri a ti e"t nIt Ii, e. gf•]r) iog analyses lor elei•i t ntal sh}apes, and per'o ;manc.

Min .ajpy t i r to niteting sirgxhn1 ' t aerompace nteeds III Materia ls, pari;', arid

,itruc•. e TO , rs-i.h is, org a ize aia , U n, hr( isipb.nel,," et mechani cm

Phys s'' an QvII.'y and &abicam arid pun ceqsin, T he structute of the

rets aic or4 uml rawitii @ A.0 it1a slOtti V&'tU tIc. diqcipxnH aI :te ticgned to

proit e C i ý', t3,o duma!"'i¾. U'tu vervt -'tt~in u try vYiII)Ju al i t v ry lev1. e

riin - xme wth the (0 we t of Exeivi -t~tt~ e" ionytl pt, Wc xt m rrmst I)? of. puw,sb

C (ncxlv"Y, w"ality, and;; tija ';i at it is 1'nrabiv] OrC Pub~l1~ ~ictio I the Ifl(dt tetiild-

rxy~rcdiir'thi~aiitt( i n Ord''Wt to tknvu ta lif reotijr)f4tri '0itt/iýr' reAter

(ft 3 '"We WWV 4 ,i I bOy W. nw or wr PM13 A ICAW;t'



11. OR GANIZAT ION - E D U C A T I1O N

"C 0 M M U N I C ATI 0 N -- C O U P ., 1 N C7 (J. M. McKelvey)

During the first two }ears+ of its exi vtene, the ARPA sponsored M/WU

As sociation has trade c -side ILabi progryess tov'ard jiis objec(tive 0! lie-otri ing

a major center of reisearch and educatioi dedic;cted to the advancernent of the

technology of high-performancf cornposite st ructurn I mniterials. An organization

structure which integrates the acadi mic and industrial personnel into a coherent

research cornnunity has evolved, as well as an internal structure within the

university which has --ccomrnmdated itself to both the research and educational

objectives of the Association. Both are described in this paper.

In addition, significant progress has been made in the graduate level

academic program in materials science and erngineering, its current status is

reviewed. The mechanisms established for the dissemination of scientific

information are also desc ribec.

_Oranizaticn

lDuring the past two 'years we have been particularly concerned with devising

an organizational trrnnework for the Association that would enable a true research

community to develop. It is -learly recognized that, if the Ass•ociation should

become cornpartrnentaaized into an acadernic section conceirned with "basic'

research and an industry ection concerned with ' application.s" the coupi ng

experimrent, as we under st-rd it, would have to) be conrisidered a failure.
IIi

I I.t I'I f+ 1>, ;':t l A>~ •ill Z •t {r 'rid

- - -. .. y - I1 01o"flf t ff 1' ')it. - - oi ns arid
1

.prim ipal rc4 - ,ritt L I1 ttt S t tith

i:n te r ",if tlt- Iii -t ii s), d ,tid'-d It ot fft-•j

I ti I i ", 1 t ' I 1I I i

•n c +,,.+++,r+b +•s a d an"d

1 1 t k _ . ... .
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p ri ntar ily with ret sea r h policies but mnay re-vieýw Wet~r matteors, conce rning the

ope ration of the Assoc~iati on.

Inl geileral, we have found thxt o-)rgan izat ,omal st roe t irv we rý. vffe.6 ive ly,

IL is our judgimetnt that theý A~ssociaticon, hxaving passed through the initia2 an~d

difficult fo rtnative ati S now fuykc ioili n y asa a c ohcren~t organi rationi.

The M~Ate,-iais Research Ul~bo ra tory

Iii Auguisi of 1956, and in 'large parit because of the MI 4W U AR PA As soci~ation,

Wa~shington University established the Materials Research Laboratory (NIRL)

as a divi sion of the. School of Engineering anid Applied Science, with

Dr. Stephen W,. Tsai as director. The funiction of MR L is to mnanage contract

research it; the field of otructural mnaterials. It is intended that the research

activities of NMRI, be of such a nature that the--y corn-pl nient the acadernic programns

of the School of Engineering and Applied Science.

The Liboratory, under Dr. Tsai, mnaniages tlv" Wa~shington Unliversity portion

of the A1PPA confract, and hence formns a prin-rary' interface betý'ee n Washington

University- and the Mo!nsanto Company. [he Laboratory has its own full-time

professional sitýff plus a numrber of regular faculty m-em-rbers oni a part-ti rue

basis. It is the prirriarv research base fcr graduate stuidenits workinig on

compiosite. ,raterials.

Because of severe space problern,; at Washingto!n 1Jn.ve rsity whi - ri' ot

be alleviated for a bout tvku yearTs (ýýOhen the new goe ing I)ui ldir4, w~l ht-

con-pletvd)t tho- _AFRi Iý,cat~ ta f f (41 MRL ccupie s labe.ratorý- and office-

s5pace at thr,-:e diffe rent JocAtion s. ' he staff ha a ýibwit, ,-0 ~'i( qtare feet of

labotrator y and .tfie. sqpare ;'ithir the mlAO tilO~~ nthe Inain cai'npus

.O '.~d~! anij occuii .ýiu a rzwtd,,, lti fIlit, n ~ R b vnt-r.

Gr~eidutk Programni Minter i'l I c r 'e anld Etln ntel 11

A A*b- 1 .i iC" ; pi .

The C ~ < Sen Y! C ,k 0 > V 14 S 1) 11 i C I t.nc r n, oi A I sai

.0* ''- tJ



[-4-
Fig. 2 shows the organizational frame

, -work and relationship to the M/NU ARPA

"'"A As soc. ia 0.on,
.... The program is hl ad b Professor

"A. T° Dibenedetto xvho wa, recruited by
Washington Universiity specifically fc' thili

F- pur'pose T e programr has~ as~ its '-,bject ive

the training of niatrials i,-chnologi ;:a who.

a -e b )oa ,'.y educated, but with depth in at

Figure . Materials Science lea.st one area oi specialization. Our keý
and Enginee.,rng Program at areas of strength at the present time are
Washington University and its
Relation to the Monsantc/ polymer ecionce and mncromechanics.
Wash,,ngton Un&iversity ARPA Participating iiP ti-is prograrn ,w-xt year
Association

ini the capacity of Affi]>.'-'te Professors

will be three Monsanto scientists. A -rting of faculty and students is given

below:

GRADUATE DEGREE PROGRAM IN MATERIALS SCIENCE AND ENGINEERING

WASFHINGTON UNIVTFRSITY

Facuklty'

Name Title L part!ent . 1' . . ..

DiBenedetto* Assoc. Prof. 11 he n I nngr Ch-m. §w igr.

Ba v P r'rofessor e hemn, Engr. Phys, C nq

k Gu Ib Profe .or I. 18 C ,-I'trotus

•<a~t'.,•>e ý• , , i o P r(f DO; < v, I n r' k:<l , e y

"N C) A

'. ,



Ckrac & te, Stuckentu

Name Previous Degree Candidate for

Droste M, S, (U. 0f Wis.))1' f6. Cho.Et, D. Sc.

Wa1n71'xa.cIt, B f (LI of WAs . ) 196,5, Oh. Eo 0 Sc

ITrachte B. ,. (U. ot Wi's. 5 966. C:. ! X D1 Sc,

Kaas B. S. (U. of Wis•s) .19 t6, Oh. 1- D. Sc.

YcDonnell B,. S. (Gl, Mines) 1964, Pet. Ergrr M. S

171o (Tentative) NM.I S. (W. Va. U.) 1961, M. E, DS, Sc

,I.,.. ,:,. ;v 966. C ... Sc.
Dhingra N1. S. (W. U.) 1966'. viM. E,-Rr. D. Sc.

Chatterjee M . S. (I. I1 T'.) 1964, Mel, Engzr 1). ScI

Name Advxs.r ... 1 De&ree Present LoAcatio;n

J. Joseph Kardos M. S Diamond Alkali Co.

D. Ludwig McKelvey M A S Monsanto Coc

Information on the graduate study

program i•t materials science and

engineering has been given wide cir-

culaticr., The reproduction of the cover
of a bulletin is seen in Figure 3. WASHINGTON4 UNi>SITY

&ILO* %04ltd Ui6SC~

During the fall of 1967, a vigorous NAOUATE .YUDI

off-camipus program for recruitnt MATERIALS SCIENgt
of strong graduate s(,ionrs .,ill be AND ENGINEERING

S a nah men .4- -. t

As has~ be r -Tit 9 N 3 6 neM-enSit

As fa be n - i ro- r*viu I yhmv, pt yýt ... .'w 4ttn. n. ( t hvtt~y vi &W q9.&
Stt ..' mfl• to•!.n w m ' . %.d '..

ri . hulf l phyfl, two -0tn~ APA tp.. ic

iltt l t -r t tt.

t a d Qe4'. k *to , qy, st( w e ti- ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 'ýuv -' ot'eu h. J' 8 '1 w 66~j ~ ti t~O i~'& lNti

Auf n o6 n rg~.t.irtht' tfi ti

'iitnrii; ~u i'r. ~ ~ ~ srmo~.'W M~edrntm~c~ieeul~ri~mt~1se~ ' IN
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Sn:urage s its o'n rese Sarch Mff to publish significaint re sults in the ope,)

escier{itic. r iteiattt°e as Soon as it is prat ncIicble. These activities are described

ain •more de-tail below:

4Abe J~ournial of C-omp~osite ivI2Ite riais:I 'The Jour~na okA Composite Materials is ijteriuded to be an inter-
di~ci~plin~a y .ic'. rana-of.-record ~fr the p.iblication of original research

San revnew ajIe Ii, pertaining tvo the science and technology of composite

rta tie r ia 6'V,

"ihe fis is s u e of CM a ppa r td in Jaxiuary 1967. The 196'7

--- _voine, cona sting0 of four issues, ",,ii total about 400 pages. As

Af June 1, 1967 i.here were 550 paid subscribers. The initial costs

of estblishing ..1CM are being borne by Monsanto and Washington

Unix ersity, outside of the ARRPA cotdract. It is antriGpated that JCM

will be financially self-sustaining in about two years, Figure 4 shows

*he ren�-be i'. of the editorial advisory board established for JGM

vhile Figure 5 shows the Table of Contents for the second issue and

illustrates the nature and scope of the articles appearing in 2CM.

A ~ýJL:'P~NAL OF ) N ti

A COMPOSITE 215ATTREL* COMPOSITE MATERIALS

- ,,, Z -'>-,, "-...

-- --- --- ---- --- --- --- --U'

r--14
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Z.Annual Syrnposi tin on Composite Materi-als

The sec:ond annual symposium, "Basic St rengtheninig Mechanisms

in 'igh Performýaance Cornp .site s",~ was held Octob-Aet 20-21 I, 1966

and attracted a national audience býaout.ý '(O0 scientists and engineers.

The thirdt ;inxial symnposium on .'n'sietaterials wviU be held at

Washington tJoiverrsity on October 26-27, 1.967, As shown in Figure 6,

its theme wil be. th ýJsign and fbir, <tor i of bgh perfo rmance

composite mate-ials.

CALL FOR PAPERS

Ird Annmusi Symposium on rWgh Pm vnuwe C .* 4MPA.A -a

composit"s%.: rZ~-
Soonzored by 'i~fJia a ~ A''

ARPA Monssnto/Washingi n Un~ver'sfty Associa~tion
toabe fildat

Washington University, St. Ltiuis, MiassouriUdkJ'1$ , i

October 26-27, 1967 tISU''" 'r t

The theure of the £ysnpoiskm LA be ntwvrA on t&- till fr-- I.. I--' '

dreign end fahrdceiotn of high pnvfonvw" oo mpoalts -wt at' - '*.-

?ape, doeain with the mechonhz, dlevttdoy. ,n am A Ijiu $ý PS ' .". N'.'.A.'

phologyv of hugh Perto-ac waesd whic irwAt.. w~fh AMLf.nk U _

design owl ptrformanc pstamtttlf .in befg was&4 mijd f' Imi A ý .'Ar .. 4A.I.

aem peen ont fchnfl~wo for fabskctksg ahipea at) &wi
oprminana for property meaneenants and fmr teab, Papers 4e 4-'-A,

wWl bw fudiged ft"n the 4,7txkwo wc*55A ,Nt.,r2u AIel 01M" ' ""-'"*l" WA.4

tiiftvd relvw to composit materuib A fim-hawfood woflMIAIWTo CxwAM 014 ,t ~ w...-f*..

abera invundk be iubnwtaed to *IAWAVTOtI Mttft*Ttf

St.ug 1 1967' , Mtt*o,MjJ 4 pegft toA~~"". r.A.',' rj.

l'o -i-e'f -it si-4- -krouy Format o(temI var. ..

litidj stin-tryt'r the- fy)i/V U A -smoc'atiern will otffer fron Ju,% 1k 3 to "A'

~ ,~A4,0. ii -;oIt C. ;ýUi! :213 [I4Iq I. ý-('t tkit t r'&~tlton the veqtiv c's.it fl 'a

V~ ~ ~ ~ ~~~~~~~~~~~~~~~4 q~'~' h'' si>'kt~iAtX '~.s:' .bttdf.K-.hiY2 tlyt''

A f1 .
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4. Publications

The followving papers have been published y the Association:

.I) Chen, P. E. "'Stress fields around parallel edge cracks
in a tensile specimen. " J. of Composite Materials 1,
"#1, January 1967.

2) Fairing, J. D. "Examination of fracture surfaces by scanning
electron microscopy. " Note to the editor, Journal of
Composite Materials 1, #2, April 1967.

3}) Tolbert, Tr, iL. "Matrix studies in the Monsanto/Washington
University ARPA project." U. S. AF Mat'ls. Lab.
Advanced Go osite Hardware, 1966.

4) Tsai, S. W. "A review of strength theories of composite
_materials. " U. S. AF Mat'ls. Lab. Advanced Composite
Hardware, 1966.

5) Tsai, S. W. "'An advancing technology.•" J. of Gorriposit e
"Mateyials 1, #1, January 1967.

These have been submitted for publication:

1) Anderson, R. M. "Some major factors controlling torsional
fatigue life of fiber reinforced plastic composites.

2) Kenyon, A. S. and Duffey, H. J. "Properties of a particulate
filled polymer. "

,3) Nielsen, L. E. and Chen, P. E. " Young's modulus of
randornly oriented fiber-filled cornposites.

4) Tsai, S. W. and Chen, P. E. "Longitudinal stiffness of
discontinuous fiber composites, "

As research stands at tirne of preparation of this report, 8 papers

wvill be submitted d-iring the next 4 months and approxim-xately 10 papers

the following 8 months.

Sshafll nomw qP'culate about the Jong� -.,trn- sig iifica nc of the Coup ling )I,-(,c ),

My fraune of re-ference is that of the university, but I x%,ill comment briefly on

its a ignifican(:e for corporatior-ý fietilitqg in adva nred tvchnoh)gzies,

T wo years ago 1 w,!,s c. on vuced that a orupetlig a z lie kIou:ld be nladv

•or coipig frorn ther engin'ectrign ate t point of Vjw. [hi!A agoeot

iýAhe .4,*ie a!"ii It OýJe Olkl P

unde'r rtand what is hapi. pp- f4 toda, V iF eing Pee rý tj; .. duc 'it ior,' 1 At e1 • •, CD i1-:k

?



RENDS MN ENG1i@RINC EDUCATION 1980 the production of &ýduazt5 degrees kn

engineering may reach 50, 000 cornpared

I,,N ,,W M.S. ,d" to 8,000 or 9,000 in 1960.

.% Many of these graduate students and
C 4' .their profeseors will be involved inJjY / / laboratory research of some kind or another.

- There is potential here for an educational

disaster. If these graduate students and

their professors choose to try to imitate

, , ~ the "pure" research being done next door
in the departments of natural science, the

- country will find itself with a generation of
"engineers" who are not problem oriented

and who could have erroneous ideas as to

9M 1_he function and role of engineering and its

relationship to technology.

Figure 8 The ARPA. coupling programs can have

a very direct and beneficial effect on this

problem. By coupling graduate research to the demands of modern technology,

engineers havf a much better ('han-e -F rrnerging fromrr graduate schools as

first class technologists.

In condcusioin, the ARPA sponsored M//WU association has comnrnitted itseil

to becoming a "center of excellence" in the new and important field of conlposit,(J

ri ater ials technoIogy. It expects to make contributions on three fronts; education,,

rt-searcb, and the dis sentination of scientific intor-n•ation. I have reviewed sorne

of our acc ornpliehrnentsin the eduxcation and (.ornnsunications area. To re-

capitulate briefly, we are dedicated to produc'ng materials technolog1atR, bIroadly

educatedt but with depth in at 3eCa t one area of specialization, who•e education

and gadwx• experieto wir a diuJ-n uh to toward pvc ssin tech nologcai p cbisi.e

i



MIL M E C H A N I C S (S. W Thai and P. E. Chen)

Although high performance composite materials have been of interest

for over 10 years, research in the mechanics of composites was initiated

only in the last five years. A nurnber of earlier works were intended to

) describe the mechanical behavior of fiber-reinforced compoasites an example

of which is the netting analysis pioneered by Young in the U. S., and Cox and

f Gordon in England. Netting analysis may be interpreted as a special case of

the continuum model, but in the process of simplification some basic principles

of mechanica are violated. Netting analysis cannot simultaneously satisfy

equilibrium, compatibility, and the constitutive equations, It is formulated

with the assumption that only the filaments carry load and the matrix is

ineffective, which contradicts the physical reality. However, some researchers

still find it difficult to discard the theory, because a theoretically sound approach

like that of continuum mechanics, requires considerably more mathematical

discipline. In our ARPA program, we are trying to project the importance of

mechanics in the research of composite materials to a level not yet generally

accepted in the field. The underlying philosophy is that mechanics represents

an essential discipline in the design and understanding of composites. It follows

that engineering data and material characterization must be properly coordinated

with the needs of the designer. In the Monsanto/Washington University ARPA

program, mechanics is recognized as one of the three basic disciplines.

Attempts are made to insure that our graduate 4tudents in the Materials Science

and Engineering r'rograin have. a basic unders and ig a>4 a working knowledgC.

of the .mechf ics prior ipi e

foilowing ohj ectivep:

.t~I a~d Z4 YIK ra Oe ýii'r uaJ Ac l 0f~5ies. Vonni



properties. Advanced methodology in testing will be developed

so that the structural performance of the composites can be

better Underistood. New engwineering data will be generated so

that: such mnaterials can be better designed.

2. To establish analytically and verify expe rim en tally the contribu-~

tioni of the constituent mat crials to the gross behavior of the

composite, Critical factors which must be irvestigated include

the mechanical and geometrical properties of the constituents and

the strength of the interface (including a narrow zone which may

exist at the interface). The irregular shapes and the random

packing of the reinforcing phase and voidi in the, m-atrix will also

be investigated. The results of this investigation may be used

as guidelines for materials design, i.e. , the selection of com-

patible constitutent materials, their geometric shapes, and the

controlled interface.

3, To establish a bas'c rnathern-atical itaodel fromn wýhich the reliab)ility

; f cornposites can be estabhishe&. In this area of investigation,
en ,i rorimental effects due to cv t Iic and irrpact load~ings, corrosive

atty'nosphe re, and creep will be inc-luded. Trhe basic approach will

rely orn nonlinear viscoellas i( theol-es4 and fractore rnechanicfi,

4. ~ T,- tbh- ri--j-l ts uf cv(achl - he 'i~g i~itof

ootccolswifrh c'an he (no, to Ieo ý"e cosp: ce

R' v wir t{e work in the Mech;anikct Sect io!n, Drs. S. WA Tft-:Ai and

I eyedb' ~O il £itjed t o~ lo~ng~tul

dina1, io j ,e i 'tt o : ttj I'tIfýC 1 1, 11ý jtý tIS ' ý

hv fl~t. pf~: 2 ,, LO 'D



approach, it can be used to eliminate unnecessary l 3bor'atory work and

optimize the use of the constituent material.:.

Dr. Chen has calculated the stress fields around parallel •clge cracks in

a tensile specimen from the equilibrium and compat ibility condition.s, and

determined the instability of such cracks from the energy concept, based on

the Griffith-Orowan theory. From the stability calculation, the strength, and

inherent crack size of the materia! can be obtai ned, On the other hand, it can

also be used to calculate the modulus of elasticity or effective surface energy

when the other parameters are known.

For many structurai applications, the random oriental ion of the fibers may

be desirable since in the plane of the sheet the elas-tic modiulus is the sarnr in

all directions. The Young's rriodulus of fiber -filled composites in which the

fibers are randomly ori ented in a plane has been calculated by Drs. Nielsen

and Chen using equaticrs based on the classical theory of elasticity. For fibers

with moduli much greater than that of the matrix, randornly oriented fibers

give mnodulii nuch smnaller thnI the inoidoli meauskred on cornpol3ites ,ontaining

fibers all a iigned paral el o tH.) decio of the applied tensile stress. One

has thiis traded ,great ,•6'ffrnes.l in on•e direw•,:' ; for much le4ss stiffiteiss in a1l

I~C135 0 1 8 frmorr iet4 ib{, to -a r - orm; (list ribhution of f be r,,.

P " & i NI- 'b ll , . I c ti Ium V e, q i4 fo ? s r t'h e siIT incI q-- of k ned ImIe Ss .)f rouffli Vns

and d ;IS ia e.pi rr•rnU. anrid ',(trriiint' ! ' PH'4 Tnat hod for 01t' I'I'loe

frlf'a ' , lk .s 11 4 n mo,• , iy , ltl c 4 m C ivO. ht . lu ' ! ,'e ai prolpu i l i ;I I 'a i t '(

a- I IF X Ii 1 ot o. 1 1 1 I-t iIS tiel i ri tuIind imite rIor rI, l'i. i h

mt I'i I9: ff nnt ft r e tt ij t

14 iii&~~~~x t ei of YI i I~~ t1 Ivut t't tI Ii tt etti tlit Ino d tti ,t it

IA
vihrh kt" ý 0 ea to '5t j



Invariant pro.perties of a larrnntated com posite hav'e been derived by

Drs. S, W, Tsai and N. J.~ Paganic (AFNIL) fror t~he transformation equation's

of the ar isotropic i-noduli, These properties may be considered intrinalc

beCause they are inidepende~nt of the orientations and thicknesses of the congti-

tuent layers. These properties are usful for comparing the perforrmance of

composite mnateri als with that of homoegeneoun and isotropic materials, and

can also serve as a basis for design optirization.

Currendly the M~echanics Section is using the continuum mechanics approach

to expand the study of factors affecting the stiffness and strength of discontinuouls

fiber compositeq; statistically analyzing the- effect of irr~egular fiber spacings

(in the transverse stiffness of composites; ce -tinuing the calculations of stress

fie 1lds a round interacting cracks anti inclus iorib; and co.-ordin,-' ting and translating.

res~earch iucsults into the langiiage of the desigr engineer.

Futu!re projects will include variable interface, fracture of composites

ýOdr cirrnhi ned l oading', reliability' and fmi~gue b ehavio r, testing of elemental

>i fa ;,: T )"! st rmc txra] Pvahiu tirn net,--0F co0 fpuo ite s. M r. lk(ine y L, Thoras,

Drsliva~.~M. W ii and Oni 18hai will join, the staff' of the Mechaniics Section

I i, lo I.'xirI a ti 'I r) if I IOr i iO It te e-i Y o r e o A, ~t h d l 9Cuont lhn )u m

gIk~e. LiI~ g~ I ta ýA1yit,ý h i i ha ed on the

- 11 ot 11 "ho a V A ;, t hl: s. has ketF- oi j~~oi d1

iO,,ýVq.l 4, -dt. It 1,4 h



on composite materials ire explicitly and implicitly deduced from the shfear lay

I. analysis. examnples of which include the load-trar sfer and reinforcing Xylech-

aniasris the concepts of critical asp.ect ratio and critical fiber volumne, the role

of the interface and the matrix, the rule-of-mixtures relat ions, and so oin., A

n*,ore acculrate method than the shear lag analysis will improve. the underTStanciinp'

of composite materials.

Our method is based~ on the finite-element technique, which is a numnerical

approach based on the fundamental concepts of equilibrium and compatibility,

for dete~rmini~ng stresses and deformations in complex structures. It is particui-

larly suited to the treatment of problemns oi con-tposite materials because

mnultiphase materials can bie handled in a s trai gl~t-forward fashion. A discon-

tinuous fiber composite is represented in Figure 1. The usual assumptions of

plane elasticIty are used. Perfect interfacial bonding is assumed unless otherwie

indicated. Other assumnptions include the idealized packing arrangement of' the

fibers, and that both constituents are homogeneous, isotropic and linearly elastic.

Uniform loading is applied ~1 ~thf; axes of the fibers. The present study is

restricted to the effects of stiffness ratio Ef /Er, aspect ratio LID, and fiber

rolu131pe fraction V 4 . For zhe sake of completeness, the basic theory of the~

fji ite-e len ient method is o)utlijed in the ne-x section.

F! cory

TIh' fiiu-~r~nt etho(J hais heon knowno to i ,- nalv'sýs fo~r rcr-

I~ý d~ ~ t . .; ~ i~ i rv f i f 110 fl 1\X ih 1,9i

Xw i S' -,f

f 14 1 t .I t e X j tIT e



By inrverting the st iff•css !natri g one obtains an influ(ence matrix which

gives the nodal displacernentff as a function of the external forcee or loads

acting on the i u jtL .04.

j Using the same st rain pattern foar the elastic element that was assuimed

for deriving its stiffness coefficients, on(e can derive a matrix of stress

jcoefficients which gives the stresses in the element as a function of its nodal

displacements.

f- 3 ES 3 [ (3)

Therefore, once equatCon (2) has been solved for the nodal displacennernts,

the stresses in the n-th element are given by equation (3), where [S3 n ie then

st iffness matrix for the element and 6 are its nodal displacements.

Analysis of the Fundamental Region

j1 The idealized fiber packing is shown in Figure I. In order to facilitate the

computation of the effiective ;:tiffuesi arnd the distribution of stresses and def'irr-a-

tior in thki cothposltý, the svymrnetrv and coripaib.i ity rfeqireznents of a

I~a aswA 4 FSYWAn, * 1

i~ fl

a , P Sa

xC,

Vtf~f 1miimn aeýi t' i



th~e mictra :t7. Amtoag fers*whic mb Averx: eo> -p i c rac~t.C ai

f iternmaterialsa. Theý p~iclcredire fo a1 ~ rz:ili od n hr es

ItiOlfollows that of Refcn rencn 1 k U aik d; e' Ut U0 hUEnt rib 1.,ý

Jn c e q y'nn e t y c onnd ttton-s of the Iutdarv? ot] r -kn ýu~a dis j Ia c e

txnern bountla.ry for rndafion.,t ~ro tot of tot i10 X }ons. flA n1 u-

b~e en pcvet ., nobjet it, % to solve a t~ypical pv ob ;Itýrn !hývn;s ProtI. &un

Figure~ 3 wrearbit;-,,ary normal

o~i n g s t arl! at Thftaity are

given Rit A3 desiredl to obtain the ~ ;.. ~ jj 2 ~.

diatributioaý of stress ?ntl straL, in. f.

the hinia-Tnntul regiAon. )ne-
gtraight-florwarci method is to solv,,e

Pr' blcn4,7 I mdlC shown a~týo in
Figure . IofA Fino n-cý

"7igu ye 3 , and by superpt. sition E~keniert tsilttionit.

The boundav y condition and resultts for tht n j rot ... y

probl+;emr I

u u a t x a

0at
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Assurnng h ;achfxsdaientaid regioin ais :o{ homoggeneou.1 -- nd orthc.-

ru-Jrc+ the effec. tivK? aitiffinesp I of the region rnus t sati~fy th Že ge aiied Hood,,'

Qz I

C

vrcQ, ci,, seeJ! Reference 1.3)

'Thu,4 from Pr 'blemn1

X1: 0

Q? v

F rom Problem 1

I~ ~ 10$3,is A aine lt r lb 0

-~ ~ 4Cj
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If arbitrary aver age s t r e sses FX3 and6 r3re Aan dhe ae1

r region,

The dtsplatceme •.s u•. -'t x• a aiM: Wt• at y • b - re:'
\r = a

i "• ~ Substi~t ing these into the j_<, v-ions equatf r. n and tfter reacrr:*ngir g;

yX3X

at a: a, a/vUa

whereU d, -e _ !' ,r

X3 V

Once: in and n are known., where subseri Zs an, d refer to thie avera.ge, st:resses

" obtained from Pioblerns 1 and Z0 and subscript) r eiere to the i npoecd str'ea~ses
at infinity, e thete resulting d.eiousn eq.-nts -.nd •s•V•lt e eav pn. of i...

I and 2;:

1-1 ZXU. / F W VX 1'XY

mv 1 +-, XnvY

F AA ZT * C 2 d, •'t O yN

at ifniy then th 1' ulin at eat+ -o ŽvC
4

,

*iili m. tl -*ýgttcl car,' Sh b an d1, fFr ,

N'y4 5 4' y •4.A>',ii

A%. t -",5. 0 k4,v,•j, ',½ t• N' ,•,, v,



Figurcý 4 sho~vo the cornp.ariann beý:ween

I Tytjn's ad Davis' experimental results

M-H- hown as Cir 'leg and the co~r t-eporidr,-

MPRAIA c urve calculated by the! finite -eleinent x-ethod.

for the diet ribution of shearing stress at the

L---.-~ ~--~---fiber-myratrix interface pariallel to the. interface.

5¶5~~ ~The results are for an araldite iratrix with an

aluminum fiber, and correspend to the case

Fi g a2-e 4 Cornpa 'iscon of of "'fiber end bonded to themtrx
E~xperimnental Results With
TheoreticalI Ourve for --

Interfacial 'ýhear,,

Figuire 0 showG; the comparison between

3
het reskilts of the shear lag analysis and

he corr-esponding results of the finite-

elemut etho fo theintrfacal hear'20
OCVANCOftCP f6I H l ISI N9

-Che rentlts0 are also for araldite matrix

withi an al'urmnurxi fiber, but end adhesion. Figure 5 Comparison o~f Results
Fron- Shear Lag Analysis and

unrdtoU be, oro'keri Finite- Element Method f.or Inter-

facial Shear.

kt s-ouild ;also be pointed ou, that the iiber end a.-,dhesiio-n man-tst be asstinied to

ý')oey in Iiý shnear I a anavss -vhereas th e finite - Iem ernt ritiethod c~an be

to. c oxn ýci the. r An i d f 'iatiuný, for oth 'i thc "fiber ven i~ 1_nded"

o I liffc 'u v rc vl- j ' fii bv i r of11,1 ý.i cn f ý ti fac tor

tbi'~ UNJ i iýier n'IkAfo,ý , . d ElN i i s c fiber c 'rý 1 1,

C4 %\ýW4q y,~ n



" ~ ~ ~ ~ 0 el "Ph "//pren,:.v cudd Fe (,ý.aieulation here

malpore realistic for the deter. 'Lrfition of the

,rco"nposite stiffness It e ay be-,, pecointed out

that the res.ults recently', reported by Foye

Wigure 6 Stiffness Utiliza- for boron-epoxy composite, and aspect ratio
tion Factor as a Function of
Aspect Ratio, Stiffness Ratio, tip to 4 agree well with the present t'heoretical

and Fiber Volmee Fraction. predictionp,

Figure 7 is a plot of fiber volume sptio ie

fraction verrus the longitudinal stiffhdests L;

of boron-epoxyc composites with various i0. n

aspect ratios. Liitedh data of discon- the rus t r

tinuous boroSt-eposy coUtposiites arecom s, a

also shown in v'arious symbols cor res - , 7/•/

tiond Fatodifreas asFunctiontiof

indiratsed cn the figure,, Rhe data up thre

obtained ib the Monslntoe Washingtorn Figure 7 Fibo Volrne FractionfeVersrts Longitudinal. Stiffness of

University ca ecent rei e- Borovi glpoxy Composites With
asents by r ane Li m 1 /ed da tarofAs disa icno/ s -I The )c

tinu us'V8swv boonepx comlposjes are 20e vkslý /f Iiif

fpondig tho diffe easpect, ratios•n ',g 124

indiae ann the- figun ye,' 1'hr0eln~z datawere

0 )a~ied n h M 'a ` ahing I 'ihue 7s Fib .' aMov e Fration

tile~Vesu on",udna Stiffness dni hlfýont



becomes relatively immaterial for high

Lf .] values. Significant difference is 1.1 .

seen for low aspect ratios. As the 7
stiffness ratio and/or aspect ratio .

/

increases, the difference between the e /_

results. from the two methods is . LAO

reduced, ,, ,00

SHA F')gure 8 Gomnparison Between the

x ANALYSIS .Results of Stiffness and Calculations

From the Shear Lag Analysis and
Finite-Element Method for Ef/E
6- and 1I20, and Vf 40 percent.

In Figure 9, the normal stress in the

fiber, o7, is shown as a solid line, This

Figure 9 I.,ongitudinal Stress case corresponds to a stiffness ratio of
Variation Along a Fiber. 120 (a typical boron-epoxy composite),

aspect ratio of 1.'0 and fiber volume of 40 percent. The Poisson's ratios for both

the fiber and matrix are 0. 3. Shown as a dashed line is the norrmal stress profile

ce•Yipuited from the shear lag analytis, with the plateau rep'resenting the fiber

stres-. dierived frori the rule-of-nmixture.s equation, that

Fu. &: Fv-,/Lv. V F:
x I f rl" nm

Figure, 10 hows tOhe utilization factor of longitiwdina! st reng a)i as furctior,
•up - . r ~ u r t e~ ; e o ..// . z: ( •i y ~p ir '• t fli• ,*J en -- ,. otp er °

""ui o ), and V . p5 p rc ent. The ,irver represent tht, uI,, of the

in (•'J pter 91) Z , Reference 17, 11,- dott.• ,p 'e5 ot vI, 'e.[ rid by, K elly and

L IL



"f*.... .�.. .ryson The ?t rength utilization

. factor is defined as the strength

* ralt of' the dijeontinuous to the

continuous fiber composites,

toD

Figure 1 0 Strength Utilization
Factor Verses Aspect Ratio.

Discussion

The results of the finite-element method compare closely with the photo-
3

elastic model of single inclusion by Tyson and Davis , as shown in Figure 4.

Figure 5 shows the comparison of interfacial shear stress between the present

method and the shear lag analysis, both of which correspond to the end broken

case. Our results show a maximum shear stress six times as large as that by

the shear lag analysis. This will be a significant consideration in the under-

standing of the load-transfer mechanism and the strength of a discontinuous

fiber composites.

The utilization factor for the longitudinal stiffness as a function of stiffness

ratio, fiber volume fraction and the aspect ratio is shown in Figure 6. The

present method of computation is based on the theory of elasticity, as opposed

to the strength-of-mato*.,rialb, approach of the shear lag analysis. The principai

difference is that the in eraction among fibers is tal'en into account In o1ur

method. Thia m iu4iportant because most cornposi tes of interest contaii large

fiber volume fractions and interaction among fibers must be corsidered. Corn-

pactisoy" of the analyt IVcal ptredication vwith avaitlabl e.xperiynental resuits ot

boron",en,.j, ~conflflJ.0es are iwhoAln :r Figure 7. I'he agreemet,,w.t th

e.: capt n al o1 cn e p$ fo intt, .11 aXnall, Ig 4 ose,

k r of t e a _y t o r t e'f

he erie fleti c bo r ~~Ini te-ri: of r~h't aiJili-4 tlon ftL of thei.iatodV
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relatively small. This, however, is not sufficient to jus0t ify the validity of

the shear tag analysis. A similar situation exists in the computation of the

transverse stiffness of a unidirectional composite. It is known that nroeylrouS

stren.gth.-of-materials approaches agree reasonably well with elasticity solu-

tions, An acceptable explanation may be that the gross elastic moduli of

composites are not significantly affected by the local stress distrxbution,

Figure 9 shows the difference between the average fiber stress co mputed from

the two methods. The stress profile does not show albrupt changes from which

critical fiber aspect ratio can be defined. Secondly, the peak fiber stress can

exceed the maximum level permitted by the shear lag analysis, Equation (4).

Figure 5 also shows a significant difference in the predicted interiacial shear

stress. The important point is that the shear lag arnalysis cannot be used for

the determination of the local stress distribution,

We believe that the understanding of the behavior of discontinuous fiber

composites should be interpreted in the light of more exacz rnethods than the

shear lag ana!vsis. From the stress distribution in the fibe.r, J'2- matrix, and

at the interface, the mechanism of load transfer and composite strength may

be explained. Although this work is ttilin progress, we hav, sufficient

nforrnation to show that the strength of difacontinuous (iOb r •0 rnpoS tea is not

necessarily geverned by the ave rage fiber stress, U s in g i•,r e rfI az the

basis of strength calculation, the shear lag. anm•..sis; ktd ; ic i tat resu•lts

sh own in Figu :e 1 0, Note that experimental data ar' slgnific Prti v different

froun either prediction of the aspect ratio by order-, of ag1nitud ,,s,, Thus, the

concept of ;ritt al sivect ralio and ioad trani'fsrr, n ,ws , aind streingtt of

zr e: I it rri a ~iw'~ Ir 114, 1. 6,



-24-

Z. Critical aspect ratios should be defined in terms of utilization factors

for stiffness, strength, and other possible criteria.

3. The role of fibers in a composite is to increase the stiffness and/or

the strength of the composite. For light-weight materials, the

stiffening aspect is often more important than the strengthening aspect

Discontinuous fiber composites seem to have high utilization factors

for the longitudinal stiffness, but relatively lower utilization factors

for strength, A strong matrix and a strong interfacial bond are both

necessary to fully utilize the high strength of the fibers.
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Nomenclature

a, b - Length and width of the fundamental region.

E f Young• t modulus iSf the fibers.

F, TD Yourg's modulus of the matrix.

E. Effective longitudinal tcodul us calculated from the rule-of-

mixtures equation for continuous fiber composite.

E£ LD Effective lonitvdinal modulus calculated by the finite-element

n.w thod fu,)r .d is c ontinuous fiber' comrpon i te.

FD flDiarnCetor of fiber,

[ .... Le,:i ,th ,f fiber.
St_,D ... A ~ ectr:Atiýo ot (iboy%•

V• v2- I)rspis,:rrnments i-o x ,?nA 1:,,Jre'torr.~s.

01uPt ttA4 f F it) I dIt') tiht" N,

X ,VJ, C! K A r ": !'f v ,, i "& • 4l " , - i i



|r

Normal strains in x- and y-di-ections,
x V

,J- Shearing stress in ify-plane parallel to x- or y-axib°

"Shearing stress at the fiber-matrix interface parallel to the

mnte rfac e.

tF = Force vector,

CK J. Stiffness matrix.

a I = Stress vector for the n-th element.
n

61 = DisplacemenW vector.

[S ] = Stiffness matrix for the n-th element.n

n6 1 Displacement vector for the n-th element.n
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ON THE INSTABILITY OF PARALLEL EDGE OýACKS , F.. Chen)

A numerical approach is proposed in this paper for deterrn.ning tb

instabiLity of parallel edge cracks in a tensile specimen. rhee rracks are

Uikejy to derveop frzrn two4fv c surfaces or edges in the rmatri~: of a composite

material which may lead to the ,ultimate failure of' the composite., The free

surfaces .)r edges are intended to simulate thek initial interfacial defect or

bond failure of neighboring inclusions in a composite..

From the stability calculation, the strength and inrherent crack size of the

material can be readily obtained. On the other hand, it can also be used to

calculate the modulus of elasticity or effective surface energy when the other

,arameters are known.

The mathematical model for the stress fields is based on the biharmronic

equation for the stress function with appropriate boundary conditions. Isotropy,

homogeneity, linearity, as well as plane state of stress are assuimed. Photo-

elastic experiments had been conducted on CR-39 specimens under uniaxial

tension. The details of the experimenes and the comparison between theoretical
I

and experimental results we-e reported in a previ.s•• paper

MathematicC' Model

The tensile specimen under consid-.

ecai-iion is.:howni in Figu r, I where the -.. ------

voi-Urdinath axe are cho9en Sc c h that the o t :.. i

,-i tXi k o inc Ut" i With one of thefr

edges of the pc,- imen, and the ha f- . '.

do-rain on Jvhtý right of the V-;14'Kis

(N lfi idefi .42A that or", thle lef! aiiiti

'w ib I d"stt' 1 Hi .1 Ž2't? Owi- CŽb(t -.4 ChIP"' Ik . Uý'Y' s[&' tnen ltI load ¶1 at tilt,

-4. . .



By nýtiilIn ~ rs Žtunction 4one' can vwr53te the biarnncequationt

vc. satisriýtes bo-,th the equiiibrzurn and coinpatibiŽlity equations. In terms of

tetrsfucI.n h boundary conditions, can be tfxpressedc as

wzeta : everywhere on the ho,ýundar;,

'S(y - L onl FT. (3)

o, c n 'ýBCDE, (4)
0

-O cmo OF, (5)

anui also~ rhat along FEX

01 0

-zsonp DT DEW-id OF'

4 ± LW 7

r. w sei! aI iI tKeosrribiio, t
Vv ng k"11 b. 4!

4i t1(

CA 'o I

1k 1 H'1 N)(1 t3c hvl ll)'1-lO h



'.The Griffith theory can also be applied to britte-lmike fracture involving

"Plavic deorroation. (rowan has shown that wý-en pbastic deformation is

c ocre .,.ated in a reion v5ose i hi c,.ncss is stnall ,-a)r•paved to te length of

c cr;,ckh .. work of plastic deformation m! y be treated as a contvibnton to

the :tcv surface energy ot4 ,)e crack. lhb .,, one car a inip.y add a plastic

work iac-tot P to tuA . ce :ens or 7, aud uses Y = F - T as the effective
Burfauce energy per iin 1 areai,

Frorr the ( *riffith the<.• yi t.be poaint of insta.bil :ty carn be ca i:,as ted i omni

the following equation:

S(-wr WI 0 (9)

where WT will be defined in the (sriffith-.Orowan se-nse, T'he above energy
S

balance equation is illustrated schematicahly in Z.uve Z.

Applying the G riffith-Oor-owan theory to the ,

parallel edge cracks, W w1itll be defined as tWe

effective surface energy gained by creatng the i i ,
new M.. a.e. of In-& cracks IN the e t rai n

energy incre.ase A{ We enriv'e doma-:in, m..u .\ i... :

e nerg v prnr unit voturn-c V c.an bh c .alc '.ated

- -01,l Fitre 2. Eneryv F~a~a -c

Ik V

miu n rvo

Ti
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Tr
Sper unit area Y, the foilwing g ¢'Jquation may hr un3ed:.

T ¢( :¥i/)' (12)

where T is the ecae drittress, anna,& a o d W K is a v.di.ngh arl s factor deter-

ntned byv the do •v ls jaf mtne nc,'del afoe th.t'ec• ap Q:re lo lusc,

t A chter program-As•tg w tnbuio to ct <r OAy ou Ls tcra Sons of the

mathermaticia model and the ek, ;isttranr

The program bar. :beer,, te to calculate thi ncewtai strsree& and the shcar -

ing stressem in the entir'c domain for varioucs crack lengths; and spacings, The

revulxq of severcal typicalI cases are .incluided her~e to illustrate the effects of

spacing and ovat tap.

Figaer '- 3, 4 and 5 shonwk

the -list ibut± ons of (7

around the cracks for craslk 2S1

.pacing -.- wi4, and crack-

length8;¶ raing, frog rn 7wior 6 f:

11w/i/6 with m; b\ng th .a CRACK\

of the 9 per iien,

F igwes 6 th.rouga ..h .w..

the crac k tip for x-a rim\i

cr" .ck s'pac.irtg, ami z rack

lengths rningfl ti romni WZ b-

t 'W�' A I 0.. ... ...I ' iN

fkA-N 0 i A r m C r a c k

A I
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.eAI

CRAC KFigure 4 Distributk'fl of
0' la AT-ound Gracke for

&ra& Length =9w/')6 axid

Crack Spacing =w14 (w
Specimen Width).

[ A

C kACw

A\round Cz, fac

C Y.Lenigth 1 iwt 1 a*nti~ 2~

C, ac S).I -j w/ 4 {w A&

cjmen tdffi'
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:rFigure 6 Distribution of ~ aAcross Che Net Section
~ for Crackz Length, w/lZ and Variciur. Crack Spacin~gs

(W Stecirnen Width).

Figure 7 Distribution of G' IV Acroas ffie Net

Cracki foring Crc(ent 9w/16 and Various

Crac Spcing (wSpecimen Width).

t Figure 8 Di3tribution of a' Iff Across the Net Sect ion
x 0

for Crack Length a 5w/S and Various Crack Spacings

*~~l~P~o (w Specim~en Width).

" 
I

Figure 9 Distribution of c a a Across the N!t *$APO

Sec~tion for C, rack Length a I I w/ 16 an~d Various
Crack Spacinvo (w zSpecirrien Width),

-I ca Vc v.4 usa lp :~: a n ~ 3Z "

C7xk at Vý' riolw Poillt g th e c Section "N
th L1 16 s i i- en W. .i K, ý
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Figures~ 11 through 14 show the comnparisons between~ the theoretical and

the experimrental results for the dependence of tent-ile strength on crack.-sive

iipolyrnethyl rnethacrylate (PMMIA) and polystyrene (PS) samples. The

F4)VLYKTKYL METK40MATE I

30 H)- 0 $ 0 S 7 0 ¶ 0 1

F'igure I, I'he Dejp ndence (.-f Tensi le Strength on Crack-

Size~ in PMvMA ampletj. (Theoretical re.su1lt are sov
as th urve in boldface. , xperirnental dat(a were obtained

fom~ varioi, us am,,e croesi. tec~ionp a:id -xtensionl ratra at;
rep)orted by J. F. Beýýrv,

exvriryientýý data a rt, dai ý cpx . ed bvfgýr In the theorey c al work, t~v.

You~ng's rnodullum ;.nd the effectiv e mrac~ *" ncrg per Iur.J A rf;a fr' ?MAar

C) r. aa r as ,it x~ to t x ;,. Ts a d I i in* kr -- I ' i r e m s pcfije

the c.. tI vg n~ tial ým fan:- x1..v ,..At a.~ s". 'a c i ngV 4 a1 r

t 'k ~ r . . c
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44EXIMM RATES:O 0 A~ 0.02 /Imw&O ••* 8 • A 0,2"/ik#

EY, ý)AtIAI le DyW;/CM'

4.0-_Ptrr 0M

2,0 POLYSTYRENE

0 t0 20ciHtO |(CHS)

Figure 12 The Dependence of Tensile Strength on Crack Size in PS Sainples.
(TheoreLical results are shown as the curve in boldface. Experimertal da.t,
were obtained from variouis sample cross sections and extentiort rate, .,
reported by J. P. Berrf. ) . -rp qy ./T /

0I0

1/' /*

///

Figure 13 The Deoe n6enre of / -

ITensite Strength of',PMMh./

f4ýax-n/,.lel on Cr•ac~k Size..•

( 't'h e o r e 'tic-al r 'e ~s lt •a r s h o w n• J1•/ ./ ' :

as the curve in boldface,
b J, 1, Bery

~ . .... . .. . . .. ..A . . .

•4,
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ig100t 20 3

Fiue14 The Depencience of Tensile 3trength on Crack-
Size in PS and PMMA ý)arpies. (Theoretical results ai~e
shown ao the curves in bc ddface, Exper~iment c 'urves
are as repor<.>_ýd by J. P. berry.

v irc~us ;loi r,,z alo~ng the net section aplroch c e r t uas.pti xau8 '

~. >-c p K . ~ ot)esequial to ol great.. r chn i w/,., Inte rac hion Oew~nthe

-A ~ ~ r hekAI' n 1 th c Ipa. a r) Ch(. o xIr c~ s 9rmalle r fha xin t h s v ztI ire, As0#I how n

h -i C 03~ c ri b hitr 'i o r ( C! 0ý /0 ~crs 11 net 1 e: S kioo th.r 0 u, h
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crack size cu.rve for the edge cracks is gct erally lower than the tsame for

the single izne lor crack, which have been quite often treated alike,
6

Per•iap, ... should also be pointed oqt that the Griffith-Irwin theory fuýr

the sinple interior crack neglects the effect of transverse atresses or the

stra•ii energy -elease rate, while our calculation includes the effezt of longitu-

dinal, transverse, as well as shearing strewi.•es. The lowering of the strength-

crack sixZt cnrve for the edge crack-s may be partly due to differesnt crack

mcrihpology arnc to tht increase i, strain energy t•ds calculated. This seems

to indicate N-"at the e.,dge cracks are more detrin,,ern:al than the cornpatible

interior crack in a tensile specimen.

For a tensile specimen a4 described in th~s paper, the increase in overlap

between cracks is accompan'ied by the reduction in net section through the crack

tip ant the increase in the moment at the net section. Consequently, the inter-

action betwcuen the cracks is at least partially conej-nsat ed by the change in the

stress field due to such reasons. Vt mus, then be pointed out that the situation

here is somewhat different from that for the int rior crack in an infinite mat ri,ý.

t ur calculations also indicate thart uhe elatiý c rnodel without directly

cc3 na id rYng the plastic enclave in the itres a field cal 2ulrt'on but including iti

efrc io the efff ctive surface energy as jpropteed b" Growar, teern to be abie

o .. re.. c fa ir I v elt khe r.eng th -c ra, si ';e behav or Tnd, 'r he p '½ E 1

VXt',t.ýtk o4ý 6 
0

k '-I ,t-emrs .?-cl' 3arounki ý1- i d eri rack:si to i rc n o nc

I!4 t - a. V ed.

KAv



N Number of divisions in the finite-difference network in the-,
x

half-length of the specimen.

N Number of divisions in the finite-difference network in the
Y

width of the specimen.

N Nu mber of divisions in the finite -difference network in the

net section.

StresE function.

a a Normal components of streas parallel to x- and y-axes.
x V

-= Shearing stress in xy-plane parallel to x.- or y-axis.
xy

0 Uniformly distributed tension at the ends of thr qpecimen.
0

V2  = Laplacian operator "x-,- +

W = Increase in etrain energy.e

W = Effective surface energy as defined by Orowan.s

p = Plastic work per unit area,
T S,•rf are tfnU i~r 'per unit area.

Y FN.-,ifective s!rface energy per 7nit art 'a.

Total leng•t of cracks.

V S ,train 'rie rgy per unit voluine.0

d f f

4k14k iKk ~ L
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STRýESS TFIELE, AROUND INTERIOR CRACK 'P. 1D. Chen)

Using Michell 5i continuity equations for the asngle-valuedness of

rotat icns and displacements, and extending Pi'.ager's -nethod for calculating

the plane elastic strains in doubly-connected domains, a mathematical approach

is proposed for solving the problem of stress fields around interiur crackr.

Based on the general approach, a conputer program has been writtfn to

calcul Ae the stresa field around sinple interior crack in a tensile specimen.

Photoeia-itic experiments have been conducted on CR-39 allyl diglycol carbonate

specimens under uniaxial tension. The theoretical a:nd cy.perimernta1 res lts are

conj ared.

Rti ;a ass urned thair (1) the materialb is isotrt:q,.c, and obeys

Hooke's law, (Z) the st raivi are infinitedirnal• (3) the body forces artf Te.nghgibLi,

(4) the rpecirnen ia in a plane state of stresau -r at raov•, an'd •5) the cr' cka

petn-etr.cte through the thicknk aa of te specimen.:•

'0-ýc du. nain under c-onrs derati.m in shol'v., In Figure "I. inste ad r haing a

q2:Tit wri,,,, "::.i, region t. o in the raete of dg: crackn w e h,.A, oavre a r o..1tipi-v

tt ! ' t-

-I 'vi

A / ''AA

I '.

N,
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i l 7Figure e,i The Sur. ace, Forces

X C 0 coo' + T 1.ý i n T (IA)X x y

y '3 's ,sin T 4 * Cos Y (I B)

In termn, of the stres function the above equations can be expressed as

U • 3ton oe+ 3$ l n7

.... It 6x Y f b

j* - ob t a t-A -oe -Y ON

*-~~NA s i4 i Is..4. + (A x H

~ '( 4~>9 9 4 99." -- ~NP49'N 4~9 A!$eJ

j 4. '
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Sinit-iuedc~rsof rotatiio.n" &Iand~pe.'e~tY theIIW .C&1~w ngOnt~Uktyý

u :r. , :c t.0 for each inte,ra.l bouxd

d a

4, x x1c

where

I is~ tŽ in tnegral o ver the i L*t.12 r. In undary,~

71 i4 th% Laplacian opt-rxsr,

and i varies from I through N, asaming that there are N internal

boundaries,

Equation (6) represents dhe rotation condition, and equations (7) and (8) the

displacement conditions. These equations can be derived by the variationa1

method, utilizing the principle of rminknmr ehergy atid Green's theorem for

d he piat z-,.

t 4 t I # 1, be I ) t biharmonic fnnctionu

def ned by tii follow Ing boundary riots:

(I) $ and 24 fln have the joet c-ihed ho ;dary val ues an the loaded

boundary curve C- .d v2 ansh on the other boundary curv6 es , CZ,

I n

boundar N:re t

V Cd N

46
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(6) , vaa 0an n O CflC;CIO C:3

(7) Z • 3 /aian t P on Go, CI, C. -. 2 G N,

I I and a.,I/an = on 4,,

etc.

where the n7 's arc• , normal derivatives of the #I, s to be calcul9,,. t romn

equation (3)

Subs tituting

N

4r4 + S(a + 0.0. + 'y9) (9)i i it 1 1 12 i3

into equr;'ons 16), (7) and (S), we obtain a set of 3N simultaneous linear

equatioits from which the coefficients ,a . . 'b and Y 'a can bc Aetermirned,
I 1 1

Symmetry and other conditions can be utilized to simplify the solution-

An Example

Applying the Love theor', .x computer p-ograrn has been written to

calculate the strcss field ariound an intvrior crac!k Mn a Censile spfec ixnen for,

various crack lengths. As shown in Figure th,- crack i aMs -t C'i o {) C

perpendicular to the applied stre.s 0

and the reference fray-ne is chosen such

that both the crack and the domain are 1.:

s yr eT I 'Iet r with r es p c t the j 4 A -

coordinate axes. Due to twofold

t,nnn ietry. thý eý oet tu xtentn ajand o F..re3 n Wo. -le fnrz K

Cu.... Lar u(t)I Ta I. .'li , F• iX l1 a a6't4ii ie&d *fe.ce att r-ai ItolfIi."i

-rX t; hs ii#;' L<; i ; ýi
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a aog aD

along BC

along OA

- - =, (13)

0and at A

§1 is the biharmonic function defined by the following boundary conditions:

along CD
0,' 0,( )

along, BC

at

along OA

0 (7

ar.d at A

while the oeftici ent Y is to ;r deternmined fromr

ýAA

'NI
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The results of a typical catse are included here for illustrative purposes,

In this case, the width of the specimen is divfted into 3Z equal divisions with

the length of each division equal to ¼ The length of the specimen is equal to

32 X, and the length of the crack 3 iX Streas c ,ntourso representing various

0, /N ratios are given in Figure 4.
K 0

Experirnent

The stwýess fields around interior
of

cracks have also been studied experi-

mentally using the pboko lasticity .

techniques. Bi,,xck and white pictures//

of the isochrornatizc fringe patterns for / 's \ "

the difference between the principal V / l° N

stresses are taken fromi a mono- C R c ac

chrorrnmtic light source. Koda",

Fanatormic-X 35 iTirn films are used on

Leica camrer'a with f,-8 lens opening ' . .

at! I Osecond time exposure. The

tensile Specin entt n re Cut ft-l,• 1/ I

toick CRR-39 plates trade by the

D titay Ea h'a suect-nenIer is

'A.~~~ ~ ~ ~ ong anS w e. I n

f') if ff if ifr is 6 3 lo g

I;,
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hinge support q'tia to one-third of the span leIngth. In order to achieve rnore

uniform load distribution, the tensile specime-v is suspended at the top from

the ioading fraloe and attached at the bottom to the cantilever oeamr through
two pairs pl steel clarpingpiates. Two 3/8" shoulder bolts with washers and

nuts ave uscd at each end to connect the spec imen to the clarrnping plates.

An Example

Ths corresponds to the exam-ple nentioned previously for the theoreticaL

approach. The width ca the specimen is 1. 490', and the 1ength of the crack is

0. 373". A picture of Otl i.sochrornatic fringe pattern, as Aofwn in Figure 5,

was taken under applied stress 0 equa.l to 90 lbs.

pF,,r n, thus the first1 rin •t: eprc:, nts or..e. -

Comparison

The theoretical zind expe r~rie-ntax results for

0~ ~~? C' c,)i di. i--ihuison 3H entSC u

t he c rack tip of We typical case are Slr,,fl •

i.Figure 6 where 1 point A is at the c-rack tip, The

C' (cdlsent i 41 to

S" 4

4.4
It#
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NomenkcIatWurec

x y : Rectangular coordinate&.

X, Y = x- and y-corný:,onents of the revvuitant surface force per unit. area.

I = Stress function.

C' c o a Normal componems of streas p;arallel to x and y-axis,

- x- Shearing stress in xy-plane paralol to x- or y-axis.

n Direction of the outward normal at the boundary of the region.

s = Direction of the tangen. at. th'• boundary of the region,

¥ = Angle between the x-axii and t'be outward nornal,.

' = Uniformly diatributed teeic~n at c he ends of the specimen.

(5 -: >Principal stresse:.

k:{etv in'•'n:

1, N i rche1, J, H. "On the direct deteCx">i;,tijn of st ress in an d.iisdu ,
Ai application to the theo'Dry of plateP, Proceedings of L ondon Mathernat iý ai

Itk tety.. 31 1 00 -146 (1899.).

Sin.'.•,' , W " O1)n plane e14t1( ic - i , 41 dnxhly-inor lcteM doknagt+, "

Qt: i~c ky.Iurnaal of Appli(,dý 77hC Žit411 718 0 (4t)

• (,;;he•:,•~ k< F, 's ~•°•' aedd aro , ~d ed4•: xiya•k:'. " AD 4t1 ',>4,,

. . ..........

I*.-., stj fieldt rr n A ' ) 4 816 4

"o ,04.c i - 1, N )

4.D
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.. , Ti.moshcnko, S. and J. N,, Gnoo4ier, 'Theory of E'Maa;ti lctr.. M,,cGraAfiillh
Ne-w York, N. Y. (1951).

9, Redshaw, S, C. and K, k', Rush ton, "An olectricai t uA t ' for
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YODUNG 'S MODUJLUSS OF RANDOMLY ORlENTEI) FISR-FILLZD COMPOSITE.S

7C E. Nielsen and P. E. Chen)

The theory of the longitudinal andi transverse Young's moduua of orientcd
1,2,3 ,

or align--ed fiber-filled composites is fairly well workedl out I 4-i*ewzse, the

mathematical theory of the elas tic moDdulus of an orien..ed fibex -filled compobite

as a fuinction of the angie between the fibers and the direction of the applied

2, 4,s %6
tensile load has been derivedf . Apparently, howev~cr, no one lias gcme

one step farther and calcuolated the Young's mnodulus from- basic elastic constants

of the constituerita for the case where the fibers are oriented a.& ravldron toi a

plasme I e quato.-)ns derived! by tlorio and Onogi. for tfibroti# r .a sch

as paper are no-,t exact and are only good approxti-at ions when the annoitro py

is srnall comnpared to tie re~sults o.ften founcl in fibe r,~il c ojrnpoS itLs it

111a nyN a )piA ic. at(i( jn ii the r ra ndorn~ o r en tat to0-n of t1- l,!ýib e r rn may b e d~e s i r atbk2

sincewr in, the p....f the s beet thee lstcrn oýdulusv is the,- samre in all diirect iocin;

A cut -lteCrograan 4s in i st- of the cllassicjiU: r f i t irityy ofm§ trU

w I ' ltethe . m.pectred ie per ceuc Ce Yf yotn g %mioduiutt on the ayn oun & of c09

tretit tn onps nre an o thý- orn f ttre nochl,-~l of cite fiber pha&•-- -t t t ;Iv

then'rtr . X3u..'ic ~b one' ijt toe Iiinit ely lugbut culyong ýt-ogh to

.01 Arl

AVt2
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i
r 11 in Young's modulus of a fiber-filled composite iW th e direction parallel

to the aligned fibere, i. e. ( 0 -ot

E is Youngs modulus of a fiber-filled coniposite nieasti•ed in the direction

perpendic zar to the fibers i, e,, 0 19

(I 4ýs the shear modulus of the composite with respect to the direction parallel

and perpendicular t.o the fibers,

V12 is the major Poisson', ratio of the comoos ite.

The quantities F, ' 1 ,;, and v1 z can be experimentally determined

values, or they can be estimnated from such as the following theoretical
1,3

equations assuming perfect adhesion between the fibers and the. mat rix ,

El E, 41 + Iz• Z

?V- (zMfG-)-GI M-N
Z 1 -vz + ]-V Z I + ( 1 ( . O f

S+J-.irN (aM,. C ,) C (•M -M) _

M -/?M. •,) (2+M1 ±a C,• ) ± - M1 ) *,
u ~ , •z2 , ,4

(¾~~ +O (c-
M (ZZM; +) , Mv 1G (IN¶NA)a

"v n 'd oe r e

the .i<-.>w ,it " le ) H (1)' ove. ail

""*•
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is the Young's modulus for the case of random orientation of fibers in a

piane,

Equation (6) was solved by computer for a nurrber of values of fiber con-

centration 9, and .modu1 us ratio E,,/E•. The x,.aluen of E were calculated from

equation (?). The values of E' and G were calculated by equations (3) and (4C.

Typical values for polymners were used, i. e. , G w, I x 1 01 ° dynes/cr, mn

2. 70 x 10z° dynes/crn?, and viz 0. 35. Figures 1, 2 and 3 give some of the

A &

V &A

Figure 1 Ratio of the Randomly Figure Modulus Ratio (E%>/E)/

Oriented FTi!er Composite Youngra as a Function of the Fiber-NMatrix

Mý,..IoKs ,.,i the Parallel Orien.ted Young's Modulus Ratc.u Eq•!E for
ModuIu, m, i f. , " 9) r. as a Mffee,:it Values of the V-.urne
FlinLion of the I Aun e FractionFraction of Fibenq.

of Fibers in the Coinpuitz. ior

Different Values of P /E,.

results in termrs and F , where. F Is ": e t - efficrer•,::v fr bk r tive

""i4

I,,-
.1

04 :-A 8ft '



to oriented fibs as defined by th oeip qai n

'rho figures show that the fiber efficiency- factar eý; a Oo;yvrvinu g ,n tit'a1

of Oz as well as a function of F>! YI. Fo XMOSI'ttosuýo a~..><t.~

F varie:. from abouit 0, 15 to 0. 60 and 071%) Fý rý& I,,- fIo I&atŽKjot 0. 1 .

Especially for very stiff fibers, a., e. , values of F¾ ~greater than. 5, tihe rý7ikaM

case gives a mu<-rh srnaller- -moo is ttat- F., t or the o.riented fiber I: ýe.

is illustrated in Figur~e A. One hap v rsr a tifine:, it oe di :tcuc mfo

n ith les;s stiffness unal di rctioneq iitt gc`ýn~g from n iente-l fibc rs to a rancacvn1r

distr-ibution of fibers.

:1 £.gurt 4 Th pa.ra' let -)rienteu' andrn±
I 1oriented fiber corn-pQoits xinoduli r,4ative Ito

/ V /1the mratrix r mo t hs a.s a function c-' vol'ime
fra in of 14e s~ ; o lJsus a; fiocr'-

- V 00

Y oun vs arv ql. ofe tet., ý'e cn omposite

I A
tht d ic± e t I o of th(, fPt: -n hir the case

a? -a

Pe ¾ INC ? P04/e

Li



and 90" to the fibet. Alsoi, .t vo AFmrned that aE, d JE. are cxpýefl ,•t.lly

,cteýgrnint:d values rather Th-ari cake ,qateA rraorn thýe vonstii•tnt propertiee,,

Equation (8) preditr t , ....

F,

rather than the .inch -b ior. comiplýcrted re Liul te cri•- d "t Iorn equ,?tion (1). As

a first approximation, equatlon (9) gvr-ý,A, a d entiniate of bE ; \he

error is roughly 5 percent fr /Et = 4 1 e for E/ A l10,° and ts'

percent for EiE 1 = 100.

For a quzs-,o# onlc laimiuate which consists of three or more layers of

unidirection al fiber-iilled systeyns orien. _d at equal angles between the principal

direkions 4f adjacent layers, the (") value zs calculated by the method pre-

s en>d in this paper is in good agreernen•, with the result obtained from the
S

equation Ss ie by Fiecf, 8 air datA by the experimental data of the Forest
0

Products Laboratory
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8. 1'it c her-, I-, "Op irn izatioin of (;rthotr-op~c larvinates, ASM E Jou rnal.
of 1,.,gine erinf- for Industry, WA/RP1-5 (1966).

9. Wrerr n F', and C-. 'B. Norrhi , ý'Mechanjcal Ip.rope rt, es of a lamilnate
des igned to be isiot ropic, "FF L 18-i1 (%95-),

tNVARU. '41 PROPER T1F;5 OF, COlMPOSITE MATEIRIMALS* (S. W. Tsai and

T he o~uperiur performnanc:e of cornposi I. nv te rlais over light-weight Ynetals8

has been wa.ll publicized in recent years. Composites have been claimned to

possess irnprovýeyents in stiffness and in strrngth of several told over c rdinary

mnaterials., The clail-, howkeverr, is based -)n either the prope rtics of the fiherb

alone or the longitudirnal properties of a unidire:;Jional compoo)ile against. fhoAie,

o)f the m.etals, Since comnpos.ites are normally used in larminated forms which

cons~ist of layers of a unidirectional composite, a rnore realistic mie sukre of the

performance of the comnpo-4:wes than that based on the fiber or longitudinal Pro-�

perties is needed.

In this work, the transformation prope rlits of wnidi ec tionall anqf ýayiimated

OKInPO-Sit~e. are derived using multiple angles, inttead olf the elas8i(-al 'retaticnis

us~gpowers &4Nj sines and cosines. The effect of a'~r orie~itatiori is then

exaxml~ne d, )1t is shown, that the caran oe - cibthh uidi r e c ti ona 1

and 1arnina tedi coripositeH hav.e the s ;tmeif c onr) o re nt 4 ad t 3f I al ý ) ed a S a t

eifective-f reasure of the, pernformancre of the ( 0ipos;ites . Sir iple frni-1,is- fo-

iýheqfe mva rvant prope tieB a drt- ecid ir"On ýA in h the pernnlrc f noie,

ri-spctveof telaxlin vo i ra i c<m bo 04te I'l n oe,] frtni ýhe oe.te of

the cons!,tulens. This work shoul~l he -f vqlfltk to a~'r nakyit, S who oni'd

evahiatt, thei pe rforfioai'ie of'~ i~~tjo to t raiota rlain - xna iusi

esat~lyish ,t .r~totial dtýIg~irl ~cii dur,, i. <.c io ot" a* m 'a '-, o

I



1[h elastic: rnloduli of tarninated cofplcJ)•ites bave en reported by rnany

in,,,stiiatr• in recent ye:ars, exan-ji)les of which include fceis <nt r and Sta vky
z ~3,

IDoTlg ve a]. amn T •1i ,The uTSuM asa.s irn rtions in all the.s e qtudiea are:

(a) All liavers a -e i n a state,-, ,, of pla.ne stCi'e5a, relative to the x-,y or I-Z

plane, that

0 (1)3, 05

(b) All layers are bonded together and Wie istrain conmponents in the I.-Z

plane are linear ftnctions of 2;,

<• - : , -' + z k , ( 2 )
+ zk

vwhere 1, 2 refer. to the normal components, and i ,z 6, the

engineering shear strain componenit,

(c) All layers obey the generalized Hooke's law,

0 C ~ 3)

With these assu.-mption's, the constitutive equation for a laminated composite can

be deived. The stress-strain relation for the assumned piane stress condition

including the thermraI• effect t for each ta,';r 1r4

C' ,
' • g• (4)

'hee v.- Q :. C... . . - redtt(T d s f1 vr s nrrat riv- ½)

•1 . 1 St--33
4 rMS i, uit i-ri :, i otrr ,i -.-cnitft l an Ut u d.

I
!.1

Ig



Substituting SFquxatlonxs (24 and (4) into (6) retce rs

(7)

M M +M 80 Bk

whe re

Sh/2
[N , I ]d-

ýh/22

[A. [1, zt R ,d z (ed
A'1 1 q -h/2

rhe brackets above and for the remaining part of this paper are symbolic rather

than operational; the equality applies to the corresponding terms in the bracket.

The limits o(f integration are from -h/Z to h/2, and will remain the same in this

paper urdeas otherwise specified,

The constitutive equations of laminated composites are given by Equations

(7), and the material coefficients are expressed by the A, B, and 1) rnatrices.

Our present w"-rk is concerned with tie nm•ture of the Q, A, B• and 1) r-atrices.

Transformation of Q0

We woold like to estabtlish the transfornmation propertyv of t~h redimced

stiffness Tnatri- Q Thin can be done by use of Equation (5) and the transf! orma

5 4tionequt~on fo C.tabul~at'ed Lv I-earo54
o , and Tsai . A typical example is

as Iuoýows:

t

i
C-

I
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4 2"2 42
y rI C n C 2C 2 + 4 -1 ý -C 6 6

4m 34 nr c 1- i 2.C r, + Zn4C
NlC6 6 23 3,6

4 c 13 2 2m 2nC C'13 c'23

4n (C C 2" +2 (

+ C23 + m2 2 3C---6
22 336 C,

33'33

3 - 13 c63 3 c23 c63
*4m'n (C1 6 4nn(

i4 b-n 2n 2 a12 -t n 4 Q22 ý- 4c A266

+ 4 mr3n Ql + 4rnn 3 o 2

fber-insto rmrati on of the other ( ornponents (4 Q. can Mlý b,0 Ls'lhwn. The trans-

I xri-at ion is a rotation th rouV.h an ingl Ic 9 bou t the I ami9, f'or which (C C

irl'ariant, iri(i 10, r,0 z: sd i U 0 It i:; -assurm-d tthat a pianic of aymnretrv,

'iu9~s theI lk la , kkqed on the res1lit V'I qainI

for 'he Mt or ?ffl'tulA 0 C CrI( Iii't ti (2 t ranriform.ý the& a.

S 0 Vt f ti iA Ide "'I

TL , A
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r

rfl (344 C0520 + cm 4,G))/

3
M n3  (2~T 2n N 3in 4G),/6

22 (141))/

mr?:1(2 %in 20 -- s Zn 40) ,/9

(n 3 -- 4-cosQ + cos40)/8

FBy direct *4ubstitution of Equation (1) into the conventional trar sforrnation

equations, a new form of transformation equations for Q. (and C.) can be

derived with the results shown in Table I.

Table I Transformation Equations of Q.

Constant cox 29 sin 29 com 40 sir 40

o U U 21J U U7
11 2 6 3

22 U0 2 -2U 6 3 7

U 0 0 3-
P4 ) )33

Q6 U 0 0 - U.7
66 5.,32U7

20, 0 22U. ,"6 C 3

2\



wheieU t;) +20 + 40 )/8AU22 12 66

2 (Q - 022 )/2

• Q 22'-. 2Q 12 4Q 66)I.;:3 C,':,• 1 2 2 Z)

'4 +Qi 22 + 6Q12 - 66 )/9

U5  (Q Q - 2Q + 4Q )/8
11 2 1,266

'6 16 Q26 )2

' ,- ) )/2, 0 4 'S V." -

From Table I ind tiqu-i non J), the iollowing two invariants can be establis ied

by observation:
L QI + Q 2, 4 20

L1 '1 22 1 2

2(U + U 4)

5 4'

1I1 + 22 +12Q!

i .... O5 - U

66 12

Au4
4 '- (3



f f
-are hlvaxriamfl, au, expected pc~s th-e-y are the cflflu ant. term . in Table 1, Bu~t

onlýx ý,vo opf thorn. are indep-,endent because

UZ U30 U~ , ad U. , n the oti er hand, -Are not n '~art a nE.
7'

If Q eo rth st opic,

Z 6 0ý

fromt Equation (12), we see that

U 6 :1¾U 0

If Q. is isotropicz,

13

22 z
(0 "

14. ~ ~ ý 14 ji. ,

440 0



We have sifown in this section the tranformation equations of Qi n terms of
Ij

mulrtiple angi•es, and tHcr meaning of tihe coeffic ents U.

.ransfomnfation of A, B, 1) Mat rice

If a 1,t rni.ni .t ed comrnpor9te cornSio i, of cntithurnt layers of tih samne )r ho..

tropic material (P 7 O) with arbitrary ianina orientations, and thicknesses,

the elasntic rnuoculi .. the laminated comnposite A B,, and Dtom Equalon(

can he expreseed, for exarnple:

[AIV BllI Dli, = f Q z, Z] d2z 0 9

Since Q is a function z, i. e., it varies from layer to layer because of the vary-

ing lamiria orientations. From Table I [-where Q0! in Equation (19) is actually
II

QI U1 + U2 cos 20 + U13 Cos 40 (40)

The transformation of QII consists of one constant plus two cyclic terms. U thf

same .materi~I is used in a laminated composite, say, boron-epoxy compofý-a ite

U 1 , U, and U remain constant for all the layers, Equation (19) can be expanded,A

in terms of inultij pl e~ sP o
[A111 B• III = (U 1 fl, z, z 2 - U cos29 P. z, z2

+ U3 cos 40 n,, r, x dz

U. ['h, Q, i321 + t ) cos 20 *. zx I2 dx
2

L U., co• 40 (r, 2 iJ dP

lh- Aýrt-A le kier! ; 'aaiU C II 9 -ý p t 3 o 0-"e r~h- i np ver 1i U A. i §t~

aIi

g:Jv \.n~~i . 1 i



T

41

I

a ible I1 A. B, ) Mah'1:e in tens o" Larrna Propel ,•

V 0 [A, 83, D)I v 2 r
I [A,B, 01 AV2,B, D V3 [A, BD V4 [A, B,, D]

(A 1 , D IJ'D]I U2 U 0 0

iA27 B 22,D I22 ou 2 0 U3 0[A 2' B 2 2" 1 U4 0 0 -U3 0

("A66 S66' DB66 U 0 0 -U3 0

2[A1 6 ' B 6' D16 0 0 -U2 0 .-2U3

2 [A2 6 , B2 6, D2 0 0 -U 0 21)

where the (j. are the sam•e as those in, Equation (1 3), and the ViIA. B, D
defined as follov,

V0[.A,B, D FI , 0, h, 12]

VA,RD cc; 29 [1. z, z'' d•

_~~ ~~~ ~ ~ 2[. , ],i e [ , , z . d

SJA,B,Dl c4(4 2 d,

by-" f u y2.i?4 i'A , F1, r) i : f n 40 {t .)d



2 (2 4)

It/

whn 1W cos249O

C05 4 0 
k

c. 'c -- I• cS UH n. x of 11-1rnat e a, ndrt; n , tbl n i'rr h." 1- d'14t yl fzt

cl Itaf-sý4f rrrie) tiýiAjtl ý,s illa t ''4 ~ ' iI' "I(' ~ .i~;aF

ial)If't~ 11!E-iC('F'~4U ~ qurlit n (9) in Yrr'v~t f rflfmltiplt 4irglesi inKl:ý ad

fcra iartiitiitt o 44~44~ 44$4 1  . f tdlý,t'i- e4 th j'"j 't~

U ~~~ t I;4k of ot 4 m ,ll AVpln. xpres'4tfg A.

4~ ~ vI i t fo i foA 1 r10' 441 's L'~ I 4 ini ni l ý'''I OW' <4

.4 4 .... .E .... .... f ( '> ~ I -



Since t is constant for the entire Iarnin•ted compposite, thu, independent

A,; U, U2 cos 2,j co29d z + L 2 sin 20( sin 2Od7

+ U3 co.4 ~ fcos46& + U 3 sin4 f n 4Gdz

(26) :
Sh+ '2V A cos20 + U2V2A n20

+ U3v3A cos 4 0 + U 3V4A sn 2 0

where V IA . 4 represent the integrals defined in Equation (23) or the sum.-4A

rnations in (24), and the sabscript A signifies that a component of A,. is being

Ijevaluated. Similar results can be obtained for the other coriponents of Aij..•

The final transformation equations for A. can be shown in tabu•ar form:

Table III Tuansfom-ation Equations of A..

Constant COA 2 sin 2 0 Cos A 0 sin 4 Q

A,' ivL U V UV k ivA10AU,,1 .) ?'A 3 3A 3 4.4

A .)L V L) V U VIV'
I A 2JA 3 3.4 . 4A4

A e t1 A L3I 3A 3 A

Li~ v ) tV -U V
A2 U , 3V 4A3V-.3

"' , 2, tI i'2P A*~ AA, 34 3

I 0 jl



The tra n14 formation eciiatoniir foi.r 1k P., tl ft,, ad those C3hown in
1, ij

"Table tII except the ViA must be repdlaced by Vi B and V , respective!ly, where

A 0, 1, Aý, 3, 4. Corn paring Tables I and HL,, in conjunctior wi Table 11, the

co:rr•sporndin~t tr'ans orrnation relationr,; are xdenticalo 176 and U7 do not appear

in Table IllI because we are inves tigating the cage t" Q. being orthotropic. Thus

A. transforms the sa.-re as Q._ Similarly, it can h-.e sh wT that B_. and D.. also
't I 1 13

transforms like Qij- The transformatrion is needed for esta lishing the mraterial.

.yrnmmetries like orthiotropy, izotropy, etc. , and the invariants of this transfor-

mation. From Tables II and II and Equation (14). the following invariants exist:

P A A + 2A [ '. .,(Q 1 2Q1 11 22 12 (, + Q22 12

S2 A, 6 A 12 L 2h (a 66 Q 12 h

Similarly, invariants for B,. and D. are:
13 Ij

P 'B +a LB 0
3 i 22 12

P4 B 66 B12 0

P P + D +2D L k h>? -- 2 212
5 66 22 12 1

612 , '1(

rhivare sex e rdl features of the Wlv ,irýsitsrlzsfl

(a) ihle in tta nts t'.r tChe- A ae 1) U nm ri. T lkvs arie th 4 ' ,'7;i , "e Al, tho, 'sotr the

.. t.... . t ..... .5 '!) $0 ,ii >4 1 ,4 ng thei thriknestl h,

;J) lire Aj ind 0 hfi' o

(t5,471., si+.tsrsi\ , A ti•,n e• te• to

4 i'+ -: i +,ii.!'.+." .:,'1 i'+i.A, ' t-qrsxseore tsiN iE ,) ''g
htr e' osrr h, r

'\}++i +ti++ A .5..',, '4+ l's+ ,.t':-,,v> 4+ sits'+ i .:++4i $'-; 24; c51.544.+]+,i .
SI i .t+(,

- ~ ~ ,*



B 1 0.~
66

Thus, in a larnina optimization procedure of a given material, say, a

boron-epoxv cornposire, the range of variability of the elastic properties is

predetermrined. As town in Table 11, each of the six independent components

of the A, B, D matrices is governed by a constant term, which ia not affected

by lamina orientation, and variable terms expressed by Vi[A, ., D] in Equations

(3) and (24).

Sp:aial Properti es of Laminated Goizposites

We will examine a number of special laminated composites and hope to shed

light on the nature of V i[A, B,D1 in this sectien. Since the limits of integration

are 4. h/2, int.egration of an odd function (antisymrnetric function with respect

to z = 0) will be zero; that of an even function, not zero. Let us examnine the

following cases:

(a') If 6 is an odd . rn of z, which mnay be represented by a Z-layer

anigle--ply with + -9 orientation ahown in Figure- la, the following

irtegrands are odd:
Z

Cos pti LzI sin PO [I, z

Tefol' o'ing integrards are even:

2
c pla p I Z j sin pO LzJ

wher.e p --- Z or1 4,,

,he toliowing integrals among those in Equation (2 3) vanish:

V V - V 0 (29
3 B tA 21) 4A 4[)

A U}it

Ut



c o.' s p o [ z 'j g i ll p f L Z J

The folU ,-'nw integ'rands art- even:

COS p , 1 si H [1, .

'rhus, the followir, integrals among those in Equation (2.3) vanh
V • V ,--V : (31)

.13B ZB 313 4B 0

From Table II:

R 0 (32)ii

which means that there is no coupling between beading and extension

in the laminated composite, Ard A.. and D. are, in general, aniso-

t rop.-C.

(c) Let 0 be a random function of z, i. e. , layers are randomly oriented,

as shown ii' Figure 1c, and defined V. as the average value:

- ff (~s;) [1, Z zz2 1z dc,

S' "."2 Sir) h."2 s

II

, O,'h c r f• , t ,. c' v , c r n . 'A c' h a i v k -d f i [ ' :tj 'p d 0 i :'v: • t . . , s r tp t i n V A , D
(�i A, B3, D

(*x
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A AU22 UIh

A 2 = 4h

(35)
S66 U 5h

A16 A 26

and from the above and Equation (15)

A -A -: A (36)
S2 A66

which satisfies the condition of isotropy of A. The isotropy of A..

only implies that the moduli of a laminated composite are isotropic.

The stress distribut gi, however, is not the same as that in a homo-

geneous, isotropi, .ody. Similarly it can be shown that

lj (37)

,I)i

Thus I is al sotrpo. IThe larninated cornposite, satisfies the
Ij

condition of horo,,wene ity as we-IN, although hie stress distr ibutlorun i's

diff~e r o f-ri 'hat in a h o noge ne o us r

(d) ~anjn ei ~ oa n qualfw~s ( ~2andi th orientatica

of layer-!' rv at ;VIn ten , or T1/n1, OV integtrAy V b e eurev~sed as
]A

V os 4 rt (i 0 W) hn

I AI

, .. . , 0 -.-1

XI



For, 2 rTo

SIA 0

Similarly, froxn Pierce, Formula (j37),
J4-n r

sin L- x sin ax
sifn x + sin 2x o .4 O#ln n• x = 2 ,

Forx× 271/n

V 0IA

Using Equation (39) and (40), we can show for x a 4 fl/n:
V = V = 0

2A 4A

Since ViA vanish for this type of laminated composite, A is isotropic.

The same relations as those in W~quations (35) and (36) are obtained.

This, of course, is the well,-known result of the in-plane qpi:si-isotropic

comnposites where the larxnina orientations are: (-60) - 0 - 60, (-90) -

(-45) - 0 - 45, etc., shown in Figures Id and Il, B,, and D., can beIit

made quasi-isot opic by wrore complex etacklng sequences than that

for A.-

Finally, the area under the At versus 4 curve fronm z 0 to * w ?Zn can be
obtained by the i'nhtrg*i ',f tr transfor.matlon equAtions lis(ed in Table i1l

Since.
2w) (..o' p A d 0 : 0 (4 1)

d< 0
PP

rtt isU n.,5 kb I t1v a x I (eT" n ,t Htj a Ig kt ' s tb he a I iC a( x le rtahi e A ,

(3S)! o, the rn niv ( ie to .nlax!v*l ArTylo-it~ a nd A Uc~t

toý c iatt; dtrnc4 incA 0n tilt 1u-r 'k A leads to W'

"-1"-

IF

L
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oas # varihs but the area under the curve remrains constant, We can a•st- ,c:un

clude that the area under the B'. curve is zero and that under J-', constamnt,.

Invariant Prprtie

W- 0'ý I,% tuna iret. aoicai cot,~.t z

strongly influenced bvý two indepxendent invariants,

(3Q + 30 + 2Q + 40 )/8 (43t
11 22 1Z 66 ,

U5 = (Q + z 0 20 4. 40 66)/8 (43)

For Laurnina ted cofnrpo8ites, the same invariants texist, exc"p-tý that C: r. r tctioms fot

thickness of h and h3 /12 must be applied for the A and D inatrices, respectively.

The invariants for B.. are identically zero, as shown int Equation ("S).

If the material is isotropic, the resulting relations sh,- vn in Equatin (17)

are:

S1 QI i T Q 66

Because U and U reduce to the stiffness and shear 'igidity of an isotropic

material, we shall designate UI arnd UI defined In Equations (4d) and (43) as the

is ot ropic stiffness and is otropic r hea r rigidity,, res,,e tie n ly , Th•se isot -opic

propertieen, which are specifi•: corn binations of eOiL t roi, ')E (r' ,.,rt ies , represent n

a reaiisti( me tseer: e of thef stiffnei s cs :,abJity of CIrwli,,',tte, xrl rials' which

1. rn-epreddiretly ithdud opemateials lh'~ r'as :r' f 'itiftness is
dfte tent fromn the cornnn 1)1>0 ti, 1 C'1Vrpiirin1I toe Inigkt Ctn ftif-ne- s

ti~~~ le(fI '

with isotropi rmýite rials., Alt-ouigh Q f(. 1 r eIny lnode- '0 () ttp '; ci i

st ':' ral time.:.• higher than ligh -weight rr, is a nl. fm t ,'n wf'ipht' bae th' im n a

tcair k t'iflpttirlfl sorej'; 'e of g''ti s tY e-tetc ff

-iced she~a;, Hiit *? i.- ig' ori'tI.

I n i.il

of lnverie An u o j "p



A, Qh

any chbange in fiber orie i'.,)on of q- r-;r, e within the satne , ompo ite will

change A. according to Table J1. These changes are governed by the integrals

SV , V and V w0 hiie V :Ag L •L..+, .,, rernains inv-riano.
1 2 3 4

The VWs dictate the magnitude o., the variability in the elastic propert-ics of a

laminated composite and the variation oscillates above or below the i)solropic

congtants. Since the absolute value of sine and cof ine functions are ho()Uted

between 0 and 1, the var iability of the V's are also bounded.

The concept of invariant properties may simrplify lamina optirnization

process. Structural optimization should begin with the isotropic •7onstants.,

They Lhould represent the minimum stiffness of c-omposite rmaterials,, Any

tanina design that falls be!ow the perforrmance of that based on isotropic con-

stantl shotld be automatically rejected.

a i- ,'

. . .. . . ... . ........ . . . .. . . . .. . . . ..
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Laminated Composites

The unidirectional and icotroplc com~posites are shown in both.~;grrr On

te lf digram, two c rouss ply Coa pot~jiLeS with c ross-ply ra.ho in equal to I

anvt 3 art aist, sho 'r, (Jrct ii-- Araeio its the ratio of -he *Ohcknens of the 0' to

90* layers. On the right diaigriaT-ni twvo angle -prly cornpos ites with helical arwie

Cc equ a) to. 30" and 45', AngO -pi c otph 0 1 rorSCf5isit of eii a nwn).b-:r r of I avers

o rientedl +. and -1,'i Thf t. dia Q i-; tiinst rate thait tht. a cc :.in nde r &J, the A'i

cu._rvc6 are the, 4it,,we it A to)138 l with mr =~ 1 48 ne vvitliikf an glc p)ly

witfs 01 ,- 4!5*- th dtv- xdng n npoftite q5 tn0ropt I tfhlil atr-ewitlh the -onl-

to 'scom .ion theua s)rvo l.I- ally, it c il u s n v eio Vigef lu se, AU 4h, 1 -10na v

7fo t 5 Is I~ a I TI(q a 'on VI I A a I sto k vU 04 tI k Wk'1J) I fLr l ovit~.'
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it roar be useful to ~eternmine- apprcoxirnately the numenrkcal values Tor the

Sijnariant properties reprewentrd ¼y Equations (42) and (43). We will define

U = 0 = C (46)

For b•Yly orthr•trop c crmposites like glase-epoxy and boron.-tp xy composies

Q -L - (47)

because the mlinor 'Poiason's ratio 21 is .. s.aiivl, less than 0. 1. 1 V1 2 is 3,

SV , ,V > .97. "'he apprcxination of Equation (47) introduces an error less

than 3 percent,, From elasticity solutions by Adams and Doner on longitudinal

shear and transverse loading of a unidirectional composite,

Q iC = F 1 (Gf/G f) (48)

66 i-n 22 i f rn f
Q2 I m 2 EZ - n- I7" (Ef/JEM , Vf) (49)

fznctionai relations F and F are approximnately the :,ainc which can be shown

by rh n pa. ring F ipgure S of (7) with Figure 4 of (8). For a fiber vol .f 70 per&rnt

or lests, the er.-or int roduced by letting

v ::: •"("0)
A: F

.• rc t'tfl (PJr '54 , s n

S< ;:, •:, ! <, i -, ( ,I

0I0

we obtaun. for v .... 4, iron Fqdatinn (448'1 148
vs t t/ '#

=(A

{ (P...." S

5, -5+ "• 5;5 ' 9%

W.a.,•, L ''• ..

ra, •t ! 7 , ! • ( { ' ) 7 i 7 • • ,+ , : I - ', , • ' " ) : ' ' • '' ''
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Isotropic Stiffness LE + z (54)

Isotropic Shear Rigidity F, + + (55)

These approximate equations are simple to use and give reasonable values to

represent the invariant properties. For boron-epoxy composites,

EI = 40x 106 Psi

E , 4 x 10 6 psi22(56)

-• 06
"• GlC = •Sx•IO psi

A comparison of the laminated composites analysis3 with the approximate reia-

ticmns above are:

Method of Reference 3 16 x 106 psi 549 ! 1006 pei
S6 6

Approx. (Erj. 54 and 55) 17.5 X 10 psi 6. 0 x )C puP

E I, r rr 8% 1%

Cox derived isotropic co•stants for r-ando rn0*1 oriented fitero u Cozno,-it4i•si

f C.: (5-f)

Fze~o valies <-Ž riower than those. of Lquiathtos (54) ;u. .ai . Ioew •nh Kt,.1in

hv~c te 3/8 fa c:t r I". in.- .~at d tlrnT fc~ e , D nS Ctýr- tr-nsv n-sk

.~, i S to ý)e ... ,ezvi Pxfs Sib K- .YJSt'¾ fl týil Mki.. zP-. t¾

!ui,& 0 Olt,-oda KY %~f>fn ~ \. V

I0',

hv

. ..... -. - . ..{ .(



An approymirate e.s tinmate of the performance of fibe r-.reinfo-rced c numpl•tte

is shown in terms of invrariant propertiem% in Figure 3, The normnlazed £ and

UG are derivved fror Equation (S4})

- Lt(EIF 1E) $P/E F';DI Z5 y

5
-V + v f F , fi z

where, the rule-of-rnixturez equations is unse:

E I (IS -f)E + v f (60)

and F, is expressed in Equation (49), the numerical values of which are obtained

from. Reference 8. From Equation (55),

2.. 66 ?
G/G 2.32 [(I + v E I z I +

where Equation (51) is used with v m z0 33 CGompai'nf -quatssns (59; and (6t),

we notice that for £ F' of values between 6 -ind IZ0,

'GiG (6c)

Figure 3 shilows n(li :yrtiize; E and Gfor fiber -.reinforcet-A ru.,mosites

V. ý - b 0 (1 40 (e 0~ _rni e bs duts: imn~tfs for FC are ai so

s ,o .vi for ýcx or aburntnt in, ~1r px.and 1 oron-~epoxy composites.

Figve -.. 3 n mrnt. the in urn capabilities of the coroposite tsraterias; ithe

-*ea'-( !

>. ;? :" "

A, - ..



Sunm nar y

We have shawn that the transformrtiou equations Of tensors can be expressed

in multiple angleu instead of the usual powers of sines and v..otsineo. In the multiple

angle representation, the transformation properties cousist of invariant terms,

which correspond to the isotropic corstants., and cyclic terms which control, the

var• ... on and directionality of properties due, to anisotropy, The transformation

equations for two-dimensional layers (QC). an,"' the larninated composites A,

B- and D., can be readiiy dlerived.

The eiastic properties of laminated cornpeiitcs as functions of larnina orien-

tation is shown in 1Table I. The components of A.., B ,nd D. L are governed bi

invar-iant terms, plas variable terms in terms of integrals V\.. It is proposed

tha- isotropic properties for anisotropic materials be used as a measure of the

mi-irnunr stiffness capability. They may be considered intrinsic properties of

the material because they zare independent of the larnina orientations and can thus

represent the capability of a given ansotropic material in all forms of iam.n-ination

including the unidirectional case, Direct .comparison: of the stiffness repreiented

by F and G wish isotropic materials appear to be inore realistic Uha•n the ise tof

the longitudinal ý-,ýffness i)f unidirec ti,03a1 composites. App roxirnate expressions

for these s Cotrop c cons:ante are shhown in Ecquations (r-;) anl (lS), ant, the it

num•ncrical resultte i- Figutre j.. " The results 2nay h hel 'fi in 6tv sternzw appli a-

09 n U curpo.F Ftf' 9, it r'. Ja i) tie rc e rfnetx- Its 1f c cnt ola`)1, i 't iar h -i cs it i k

I'.'* 6clk~ tafl~e kt- I~ v!UBO ti te.lv fr i P'k .rt -t- ik itionii 111 -e

iU I' I jwitq n t~ T 'Inov a t '' t. l, .fkO!

h I- t x: a rt~ I i' t't, A Fr t t

I,~ F F

'itn

- ,, . . -N-.4t . As .n:* N c~x ~ t , ~ ,3K> S t~> N . . ~ N~... .. ,.', '-'-''



to larnina optiynization prxer.iureko For practical design, t•e irnnberof 41arina

orientations in a laminated composite may be kept to, say, no more than 4

orientations, The variation of the properties may le more elfectively con-

trolled through the lamina trxickness than the orientation. The reduction in

larnina orientations may introduce immediate sirnplification in structural

analysis, design procedures and automated fabrication tet-hniques of laminated

cornposites. The present concept may lead to an optimumn design based on

st'ain energy from-) which desired anisotropy in a composite material may be

determined. A similar approachtb the problem of strength seerns possible.

Nomenclature

A.., B ., D Elastic constants of laminated composites, Equation (19).
ii ii

C.. Elastic stiffness matrix of 3-dimensional bodies.Ij

Q-. Reduced stiffness nratrix for bodies inder plane stress.Ij

1I I". invarianf s of Q.,

S.... 7 Coefficients of transformation equations in Table I1 defined
liy Fr'.quationl (I 4)Y

V is ot ropic i onstcants for A ., B, and D, defined by Equation (ZZ),0 Ii ii ii o

, . V V. e•r• tts tfc"fir.ld by Eqation (1.3).

4 res' ill tH fliNi >t .... 4'

, ' "4'• 1- (•INVjI. - 4 ,' , ~.
S I YiTu
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S! T Tem perature,,

SvVolum 

e fra('ýtiorn.

Thermal -r'cpanion ctwiffic ients,

C Strain :onponefrt.

I

a Stress corn ponents ,

v Poisean's ratio.

9, 1 Angles of rotation,

subscript f Pertaining to fibers.

subscript m Pertaining to mnatrix,

bar Average quantities or isotropic constants.

prime Transformed component.
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IV. PH YSICS AND CH EMIS TRY (L. E,, Nielsen andr A. T. DiBenedetto)

The major effort of the Physics and Chernistry group has been directed

toward develonpýxg an understanding .f the effects of interaction between a filler

and an organic matrix on the mechanical behavior and environmental stability

of composite naterials, Our primary objectives mFy be listed as follows:

1, To discove.r the mode and extent of interaction between phases and

to determine the effects of interaction on physical properties.

2. To e.tamnine the mechanism and quantify the variables for crack propa.-

gatior and catastrophic failure.

3.+ To examine the effects of voids and other structural defects on the

pr )operties.

4. To investigate the environmental stability of composites.

5. To determine the effects of filler aggregation, shape and orientation

on the properties of filled systems.

Investigations made to daf- e have been on "prototype' organic resins and

glass fillers. However, with appropriate fabrication arid neasurernent

tt-.hflnique- dev& oped and basit. concepts Vconfirlned, emphasis will be Shifted

to the -st idy of the propertie•- of W:torn po itr:- Alth boron, graiphitE(, and Whitisker

rei nfovem en t,

Coti ý(t ide r a Ie e ff'o Xt ha ;s gone Iwi o d ve I opi ng c orn pos ites thatt e XiiIb It i frII pckIvI'd

K o Im !it ,I t es po's Ii' I d i t I, Ivt'ýi og 'tn (I t e 9 fand i n of f ran tir hty0icii iitr na

Kt i ont ttt Vt I S

N~at\~i Cer pe~ett~ VI Cat o tr feiiu, ti f 14 ti i-1 fIH 1t i '3 ooe

n ~Ift It S I! ' IC k 1, .~n I' i ''t h e i I 'A 4 A v u0
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A great, deal of progress has been made in understanding the behavior of

thick elastic interface composites, Dlrs. A. S. Kenyon and K. J. Slocombe

have developed 1-chniques for applyiiag silane coupling agents, flexible inner-

layer resins and Aigid outlayer resin coatiings to glass beads and chopped glase

fibers, Experimental data show that improved physical properties are directly

related to improved adhesion and presence of the flexible innerlayer. Electra:.

scanning microscopy techniques are used to s'how the improved adhesion between

phases due to specific coupling agents and to show the changes in fraocture

mechanism caused by this adhesion.

The polyelectrolyte work -.ondiicted by Drs. L. E. Nielgen and J. E. Fields

has been an attempt to produce a high modulus, high temperature-resistant

matrix by forming ionically bonded metal salts with an organic polvmer. The

primary emphasis has been on reacting polyacrylic acid with a zinc oxide powder

and filling the resulting matrix with aluminum flake, ironflake, lead p~owder and

boron filaments. Composite shear moduli up to 1. 5 - 1.,7 x 1 0. psi at 3C00C,

cornpression strengthsi approa, hing 60, 000 pai, and thermal expans ion coefficients

of rouighly 1 /5 to 1 /10 of normnal organic. polyrners (in the range of some mnetal s)

are attainable. Application csf thisj work to the fabri.cat;,i-.of us eful "hapes, is

ciisc u ie n the Fabrication Sect ion.

The I raictu r re e ~tc~of edge -notche.d c orpe i te. sheets havk- been

in ' -t igated by c A, 1). WarTnbah adF_ i_ ira, hte. Tfhey ha;ve shown

* jo ioadn~, he fic ture tonumss of a pa rticilaie ic info rc r u

ate i mv he ~ ofcnl',1wt-red by an im~pr ov t-me nt in adhewim -ýnr helkel

I'e~;o Ull. lz' a m ksted to _shoa\k thIA th-,,m dtecrt-eaw in fractý'Are

t V4 4 4 4 -Ar-fit kWith a a I.JIf r th re f hanma Yt rat H I Pa at

mhcr a ee a r Y~A I~ F" Pilt V tt P (I o" t s 1
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r a g1ass-epoxy interface. 41 the absence of devtcttable cracks and voids, it

appears that ir contrast to work reported by others, silane treatnm.ents decrease

the rate o. diffusion of water along the interface,

Peyser's work emphasizes again the need for accurate measurement of the

defect content in composites. Some recent results (premature for coverage by

a paper in this report) of the Washington University group lead us to believe that

the measurement of internal pressure above the glass transition temperature of

the polymer is a very sensitive means of detecting voids in the concentration

range of 9. 10% void content and less. This may be a very simple and very

reliable way of detecting structural soundness of thermoplas tics, B-staged

- resins, and lightly crosslinked structures.

Interactions, Agregates and Networks

Dr. T. B. Lewis has studied the effects of inter-particle forces and particle

size on the mechanical properties of composites. The initial work was conducted

on a system of Aroclor (chlorinated biphenyl) filled with glass beads. Measure-

rrents were made on dispersed systems, in which filler particie interactions

were negligible, on agglomerated systems, in which there wre weak cohesive

forces between particles in an agg lornerate, and on aggregited systems, in which

there we rc strong cohesive forces betwee n pacticles in an a-gg regate. He found

that spheres of u niforrn size, distrcbutions of sphere sizes and azgrerate'., of

sintered iphe-es can be desc cibed b6'N the Mooney eqtlpltiACr for the V.'.5Co,•iIV (it,

sis pe sn. ox.s. lie also fý,tind that suispfnsion$ iof aggreg4 tee hecoyi-e foi.Newtonian

at o!' rc Y lian (catr a¾fl 01han do n jofi Liniforni -q'heres andi that

,A h u' i tOr\ -1ics - k_) 1 tt 1< t r t.' ' c "' i r- e f

i i, ~ h'i 1IP iZ I It int *0 F~t kt~.S ,
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Tn a closely related project, D. Droste has been studying the effects cof

filler -rnatrix inte-ractionis on the the.rmodynamnic and mechanical propertie4 of

filled thermoplastics. An~ increas~e irk glass transition temper~ature with increas-

ing filler concentration for phenoxy.-attapulgite composites and Epon 1031

a-ttapulgite composites indicatea a change in the polymer inatrix because of the

presence of the filler.

Tcorsion penduitun- data on the phenoxy-.attapulgite compazitec corii Lrra the

shift in glass transitions ob-served by differential thermal analysis. Changes

in the !-as moduli and damping capacities with increasing filler concentration

over the whole terrperature range studied indicate that the filler particles ar',I

influencing the rhieologic properties of the polymer phase.

Mr. J. R.. Joseph has completed his Master's thesis entitled, "The Growth,

Morphology and Reinforcement Potential of Low Molecular Weight Crystals in

Amorphous Polymeric Media. " A rigid arnorpht-us polymer (styrene.-acrylo-

nitrile c opolyi.-er) and low molecular weight -orpounds (acetanilide and

anth-racene) soluble in the polynner at fabrication temnperature and cryptallizing

out of the vis8c oiie melt at lower tern per ;.W,:res *.'as emoployed as a prototype

Nvszt-rn In jiz-ene -i c!. Joseplh, has. 5howfln that in-sO1Wi gr!owth ol low oeu

wvi~zhi, crvstaHs in pollymers is a feasible t. chniqtie for fabri,-aiing coflnpomite

rnatt'-r~als ~ c'' n''n~ti t t qa eret are scit iafled, Sinci

t~~~~ie~~I I rhl~- f h hasf is str origi de p' odenl on f ry"tafl izat iof

k- nd rI mi T itklm, t W tIfi te.A nqE tna4 ii- riiv Os~io tbe a pomeri-i' I-oA 4tudylylg

I K 4 6 '1
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I An effort will be roade to study the relation, of mechanical properties

to the morphology of the filler. Work on spheres and fibere will be

extended to flakee, mats, interlocking networks an-J complex dendritic

shapes.

Z. Work wili be expanded in trying to rciate the interfacial studies to

problems in fracture mechanics, Our ability to do a w.ide variety of

fractography experiments will be utilized to its roaximrnum on a wide

variety of composite systems.

3, Environmental stability and material reliability will be investigated to

a greater extent. The effects of water and oil environrnents are of

special concern in organic matrix composites.

4. In the near future we will probably want to investigate transport

properties. It is ,ery likely that the detailed nature o0 the interaction

between chases and the presence of voids an.3 other, structural defects

affect volurrnýe es iv -, thermal conductfvity and the dielectric

charac ter of a "onpo-s i 'fh " e of t4Cese a-nd oth. r tranrpc,rt pr ope r-

ti•ý Ti ay pea ,i1 -i b' , uat .c -for .uc ive evaluating th e

FRAC*tGAH'i!Y 01F" 0LSI •v1,A:,,' MATRIAJS WIT!! '1 (F: ,SCANNING
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they cannot b' 'ield to env'mine a frtcture surface df rectly %,t:hOt 'caon,

Satisfactory repicatiaon is?, generally rentreicted to cz0rpoeites containing

parrt&icuate >1 Iers only am the tr ndetncy for cornpottiteu reinforced with fibers I

to yi.ld fracturr urfaces resernbiing as porcupines back.

To study. oomposi... fracture surfaces successfilly, an inist u is requi ,ccd

that wilI peomit direct e:xarninatiion of the s p.,?i, winouw replication, at

magnificati.ons from leas than Z0 to well ov er 0(0 tires. and that will pro-

)• ~~vide a lar•ge o•eph•viea age.epho fiel!d at all rng~ial~•<.The vzir'ie6 natuare of the

surfcs.es encountered re:qires the exarnination of relatively t.arge areas to avoid

bias, Furthermore, it is desirable to bt, able to look at t ;e surh0tce frorn various

angles. As a corsequence of the required large depth of field, object planes w.1tH

not he separated. Steroscopic viewing is required to avoid rnisinttrpreitation.

The Scanning Electron Microscope described by Snith 3 and 0atley 4 . 5

satisfies the requiremcents for the stu.i of composite materials fractography,

ki this .r.e, a beam of •• , 000 volt electrins is focused to a apot 70 to

loci A 0 D; . r ,,>(w the saample surface and is scanned over the surface in a

rastr of I,. 00O to ,_ 500 lines. Th'is priiary bearn causes the maniple to em it

r. ec •."v riectr on wth an average "nerRg of 6 e, v. i ,vhichar collected,

,,anoij - and -eed la rnedulate a , ah ode ray tube A6cannti g tn .synchronization

v it, the . r.iivn ha v era, T , ratio of the length .f the s-aim,,ng .:nv on the ("Re

toM M•n.. in," • v i,.p •" wutf'gr det. cllit'he rrAtg"fic" tioc_ bih •V.Ea'o•in . ,n ,'e

it..i u~t~ . l v lx: rtiV onn Mile, t"I is 4 funt ion. of . u fao coit it ntou~r; as

t-he k'plve orag ree O e "mu, ucma ( ~~if fthe*

''h , 1. ink Ind se ana v wji i)m vi xpe mC t b a) p rw "



c.01iecto Volage ad an oth r~ prametero,~ The, relidive chan-ge Mi

ccýIece6acondarv' current with zhAr Ee ha ce angle, and O 'erefore, the

change h In ~ et "' Itht' ir n't ge On the CRT r that is, the in age fý-'mnrng prx'em

Byr m-aking reanonable as '~tosabout tUbe relative valuiev of uand ý9 e.

eq-ations (1, nid (Z) may 6e ~eit' t thu mirrp~iiied arpprcxim-ations gi . am b
3

Snilýth

a K Cc e0 9

-Cot o60 fo r Z'0 6 S40

Although the image dispiayed by hIt'- scann mrnic ros cope c Ion ely resenribies8
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-afltriAx tiurrunaing Ene fiber as illustrated in .Figures 7, 8, 9 and i10. The

wvidth of thilF' "'). s well, at, the freque-ncy of its occur rance appear~s to ,ancrease

wth .ixc t n, c. bonTifag -d snrength and is c-learly defined only in those systemns char-'

acterizec' by, gAood a :~es i(,on.

".eig ur e 7 Thn-siie Fracture
S ur fa ce elciý n ?~pox y C orn -

posit FReinforced with
.Discotr-i. nous (3lasi' Fibers

Coated xviti a. Flextibe
linterlayt. i Note Fract': rec
F~iber anid Zone of Influence
in pMIatrix :1,S8(O4U X.

I At LatFite Zones

of tnt blmtenc C be Seen In

E(,oxv ito'yakp11± 'c Svr-tac

~~'l ~ ~ ~ C. xj~ c.~~;it(i

II
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SI
The strong interaction

II~ between reinforcerre, ntk and
my-atrix in a well bonded

system causes the fracture.
4

"to be displaced away from the

reinforcing elements without

exposing them, as demonstrated

by Kenyon and Stocornbe for

beads, or to intersect them at

acute angles to their burface

as depicted in Figures 11 and

12. Finally, the fracture sur-

faces of such samples exhibit
Figure 9 Ar. Enclarged View ofl ~~Figure 8, 900 X. mnFgre8,90 X mn large and sm-all s ec:onda ry

fractures or cracks in the

matrix which are not ;een

when a weak interfacroitl bond

j• ex ists.

Seldom, if ever, ,toe.S any'

tigle, �xurface 'iiýsjl:q av r rite:ia

•'y, i}' pcia iU orn l [11 1, 1ith,.• I}

.... ,, ..t .. -.fit V I '1 L ti

All"
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and undoubtedly only some of the

significant characteristic s of the

surface have been defined,.

This work is continuing on

characterizing fracture r:urface

morphology of composites and

correlating it with physical pro-.

perties and types of induced

failure. Its objective is the

stablishrnent of the failure

mechanisms of composite w.

materials by scanning electron

fractography, similar to that
Figure 1 1 Tensile Fracture Surface of

done for metals by electron
an Epoxy Composite C ontaiinzng Untr %ited

transmission fractography. Discontinuous Glass F'ibers, 1,800 X.

A(..kri owl.edgm e -its

Appreriation is expressed to

Dr. A. S. Kenyon for suppiving

most of the 'onipu< tim reportied

here, and to Drs. Kernvon and

Nielsen for advice irild ,:cY(,Aracg.-

rnecrt th r>;igfoixt tkis- stldv,

A .( trnrPý i t;lgt .it r 142 ci n-
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COMPOSITESWITH FLEXIBLE INNERLAYERS (A. S. Kenyon and R. 2. Slocombe)

In this work primary significan ce is attached to thie thin layer of matrix resin

which surrounds the- re~norc:ing agentP in or ga ire rnatriix composite siys terms. If

it has a suitable st ruc ture, this inoe nave r of res in is vijewed as belng in po~sition

to p.r am ate stress di itrzbu t iGo irn)prove adhesion andA red'uce voids at the interfac'e,

,A prefer red ordering of trioecutla r structiure, is also pussi bie through the ope ration

of forees at the into fac-e when tot' Tnno !Pute is dep. )-stied. [hsCvie'ws oft st I tass

co sLeritAt-in 1) N'lat )Ti$$- ande S Iu t Il An'.d (,-iýtnk:A V' F'A&.'ors related to. adie r'lon
4

aind if) ciat'ial void.- ýiiv het ,il skir-&v''d bX' zist)u ilrAU and soi ' spe'to (Is f the

O1'it'1t aCC re 15 In t Lt~i ',t Llhxt di sf cNtst I in rht nt to i IA k i n, C. on

~to~~'it~v th p'c~ot .t - I tit~' N I 'S ~. L U 01 ill)t' 'S',d cJ

to ti~'rd ti't '('t p r ''et ot Irst jc I-' t4 a N''i' 0i oi> iS4 f-
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In recognitioýn of these possibilities.. initial experimentation has been

directed to explaration of relationships between synthesis variables and to

obtain positiv e indications of performance potentials. Bagically, the syrnt~emiq

procedures were designed to allow control of the thickness -ind cornpositicin of

innerlayers produced on chopped glass fibers. Operating proce~dures w'ere

des.'-gned and carriee. out as indi-iduai steps in the~ following 9equence,

1. Preparation of outerlayer protornatrix resin.

Z. Preparation of silane-treated fiber&

3. Adding innerlayer to silanle-treated fibers.

4. Adding outerlayer protornatrin resin to inneirlayer .coated fibers and

working up the gr'anular epoxy prepreg product.

5. Molding and curing the prepreg product into teet sp~ecimnens.

Background studies for carrying out steps I ancd 4 were described previously by'
.7

Slocombe

Prior to their, ince~rporation in the prepreg forrno of a c omp~>t-lie the resin

c orzpounds were part a lv re;Act ed to produce a rcs t ~tab le , coluti on (pr oto-

iniat rix resin soluition). The solvent used for the reaction of the tjpox~ide and

am jne :om ponerits was fo rrnuateýd to m-eet the s olub ility ye qii krernento anct to

pr ovide a h dý.gen donor7 to catalyze their- reacti on. In its final fo rmn, the es ()iUti on~

Of to-a re~qn wýa pr o V0(iic.ed xPv i thi &301 Solids in i eon, Irn add ition

iolilblli tv reqlui frtvent'M, -1cc--t.C' e vvasl s elfev d rfiaciylo fhe sitabi'litv tt aiflto '

0114 pro o cl"tr r' etlin. T he ýstge of, -he cPe i l eAc tion during the forjýat.`An

,iPid 'stov1 g of the protornit Ix re:~inr &uI 1'ti.mc was~ fo.1-med by duAR titra tionse T1 hes

'4ltýn xrl' I ph U fh c onl.i t A c rcoi A

oc ~ ~ ~ ~ ~~~~~~n tcc ccacr ýc~cA~c~i~tv injltc 'Or,~ t-ccu\d5 Wit pv

lit* vi 'A

sI~sejli ji 4



so.lve~nt and the solution volume requi red to produce a. sluri of individually

dispers ci g ass. fibers, Maxtimnum cure witas the prime, conISderatiotn ?-f-i ognizeid

11 electing the curing ctnC i"ons,

To obta.,in more specifcý- information on adhesiont and fractorc beliavvtor,

experiments were subs rqi~entiy carried rousing gl- ss heads which providecl

an untreated glass ,,;krfacc of kno,,,n geornetry, Vraic~us stiane couplers we're

used wvith ind wi,1hout inneriov.et ina matrix :eslnA

Preparatiori of Ou'eriayer P 'oto )r; t rix Resin

f ollowing; dcec ription applies specifically to the pre..,prati )n of pro,.to-)-

mnatrix solution No. 35 (PMS-3 5). However, it must be regarded as an exa-ioct1e

typical of rnrnero;us iqs

Solutio--A was prepared byV dissolving 75, 0 g. mznethyl enedianil ine in a

Polution of 817, 5 g. methanol and 11 1. 0 g. w-ater. Soiuuion-B was pre pared by

d1,ssol 'ing 249. 0r g. Eponi-826 in .355. 0 g. xyiene. The A-poin anal, decal speci-

mc ies were taken Afrom, a mixture prepared at roomn temnperature us ing 33. 3 g.

SO] t. on -A ind Z1 0.1 g. s ohition - I. To' producie t'ie pr(etoinatrix resin, a ta redA

n~e -nekth rLbi-s u-Ilite rflask' fitited with a. reflux c on eni* a tttach(,d thirough a

Y-a dapte:ý was charged with 966. ý'g. solution-A, The souinwa~s heated wvith

a GlAas -C .j mantle md sti r redi with ii ro a ne t-d riven 1, V. At the re flux poi nt,

It tii B arie qui(Wyp f roni a dro pping tunnel at the Y -adapter.

T'he fý'Ivnc A'1 as irmrrdiateiy rc-plj t-J withý a th nlVeerand to tiiairutain a

A Te- I i"):I I 1i 1t the H3 p dun! ;unalvtu( '! vlt.o!\rv Lntaken aInd tie flaiik 'was

'.111.Itv 4 t i K d: v t I r- V N P' t. at I- I to t-ca in-iw z) ~ -4 1Neix c r re \ it

4' - i a Ii? c I c : l1Ia W!-1 t I Ii u\ l i' Pill C

IC i- ~ I ' Ii II Ii - ~ ,n o. A to ('4110

$A



'The fla a- wighed to di-ternmne the arnount of syrup remnaining, and a

nr~iK. ancwas made as n-iing that. the only resn components lost frorn

,Khe reaktoi Were, t~hose in th'analyti~al specimens. This calculation showed

that the 'iy riip -cunitai.ed CL 942 g. res In cornponents per gramn of syrup, u

cons ly.the ý324 g. of product contained 305 g, resin corin..onents and 19 g.

Ia solvent. which was assumned to be xylene. By aubtract~or., It. was cai1cu-

lat~d. that 1,86 g. acetone- should be added to give a bolli ion with 50% qolidri. `The

D-point analytical specirnens were taken after the dilution was made. The solution

was gealed, in pint bottles for future use with one bottle put in a refrigerator for

cold-storage testing. Soliods determinations were made on the. solution by drying

u. 3 g. sarnples dispersed in small pans of sand in a vac uum oven. The test

showed 49. 89 and 49. 97% s,1 ds.

Analysis of Protomatrix Resin

The A- and B-point analytical specimens each consisted of two 10 mnl..

sam~plesq, anid the- C- and D-point spec imnens each cons is ted of tw~o I g, samples.

For ea~ch anialyti~'al point In the p r o(edu re * ono- of the a pec.:irnenas was titrated

with 0. 5 N. hydrobrornic acidi in ;lacial acetic acid, arid the other specimen wae

titrated wAith 0. 1 N., pprc~hlor-ic acid it) Wcactic a( cid. Both of the rfeagent

-oswere ha3ndled in bu!mti9Wretie' 1. in)n~ ftatflifatiof wind

rvapo rat ion i (isi , They wr ta~nda~rd izt, I on the saine dai the anal vs.e were

A tit r-at ný,; ' \lt- r idt m~ IZ` nn (l'Asks ith iiŽ~- die , TkflOn-c oated

Sbe 14 ;d' I: J! i! dýi~ on 3 oanl I!~&Iu~ i ~~~ on i Ve ii t -,t

0ýý I ! t , 1 0 1.:n I- o It 11 ' r V 4 o n
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innerlaver smolution was then added and heated while stirring gently' At about

40'. U., 75 g, triethylenetetrarnin, was added and heating continued for a

specified period after reaching the reflux tý.:mperah,•re, 64*. The rin-erlayer

solution was then removed by su.ction with a filter at ick and the fibers rinsed

twice by ,Wri rng gently wivth a liter of acetone.,

Deposition of Outerlayer Resin on Fibers

An acetone slurry containing 30 g. of IM/3Z" chopped glass fibere from

preious steps was transferred to a one-.1-ter taretd beaker and most of the

acet one removed by decantation, eaving about 100 to 120 g. to keep the fibers

wet. The proton-atrix solution was weigned by difference from a closed bottle

and added dropwise while gently mix ig wib- a lifting motion to avoid balling the

fibers I'The p.,repreg was p,r,,c apitated in granular fort-, by adding half of this

mixture in Emali portions with a spocn to each of two four-liter beakers equipped

wiý,h a motor-driven paddle stirr-r and, containing three liters of 0. i P FDR-i 4

.SOl0tior. at o0 -5 c. The ;roduc was washed six times with about 3500 irl. ice--

,o,. w~aur to h, den the resin and %n'equently spread out on " fine,-nnesh sieve

over aos o.r.,•nt paper Iv draini water fro,,- the porcui granules. The j. .iduc, wa.

dried on Teoin ; rays in v'ac•oi ovens for about 1 6 hours sat room temnperatkare,

When 603 g, oC j aim,,atrix s1oluij on was s.ed, the vield of' dry prepreg was about

p , i'f;i)!,'C v,-r< 5 t55,xit.o ash mm§nt A.' ••PQ 't' (f j upon , ,gnati on.

NOW AV ' awr made bv -hairg" -'Z - g, of QqIF drie uep-rg in a. pOtirve

prv s r mol ¼ml t' ty I TV a' cp ai r v i t-Ard pr pa c k i n:ý vas rt ( ce s

A~r un- W11 on S d is ribo a')' 1 n h nh i~i h Ii 1,Cl prev¼ tOILSf

i- t i I I 1' ss u1 I m i - hyv 1 ie r - S ''e n s a.n

Ith ) " -1 NI -, m pih c W-w " 0 v l o h r

'"0 'A'ILP'll1,0n t t A , n 0 01 m o6 j e
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made. The rya:iirurrn oressure was rraintained or Lhe itOld whiie it was cooled

tto below 60°, Mvol~dinq-, were cured by heating for 3 hours at 150* followed tby

3 hours at 80'. An ilm., itical test gave better strength using this curing

sequence than when reve :sed. Two 3/4 x 6" strips wel-e cut froan each molding,
and these strips were routed to give specimens for ten '1e testing n an instron

machire vwith in extensometer to obtain atreqs -st rain data given in Table I11.

The epoxy resin (Epon-85,) and flexibilizer (E•M-¾-07) were used in the ,o

Thown in this table.

I:lasi Beads With '.ouplers and Innerlayers ......

Microbeads (Gataphote Corporation -: " . . ,

Type 4000) having an average size ef 0. 001 T' '

and ranging from 0. 0005'" to 0. 0015" were

surface treated by stirring in 1% solutions

of various silanes, (Table IV) in a ratio ot

I ml. per gram of beads at rooui tempera-

ture for 30 minuoes. The' bsads wvcre removed firom the solutions and dried and

u red by baking at 1i400 for an hour, .Sorn of Ohe cre.Alr-nents vielde ci ýiggiomrn rated

FABLE TV bvbeads. However, they were readily

dispersed in the rmatrix resin fl iixture

... ..+ . " -. or ,r, n rlýlyer s i -lton. Foor these

-. ..... . test-,, the' Flatlrix r'eJin nrixtu re kaS

Srati( t 7 f I. /I In those exiir ples

.•i +++. I+ .. h Ilit .In, Iin e tr, t,i y(,rI' (['T I lh I f- IV ) 1!0( 0 •

S.... ....... ... ... .... . • t ( t, ' 1 ' t i it ," ý r t, !i w d'( h e-• ,ltd qi .1 .' i + ( ( .te~d

8 . .. .... S f.

1>~~~~~~~ I I III->. I tr- clhir.;e ýw,,8 1 b v seaf, o1~ i ~ - fe
, ti I •iit,•t- f 0(11 p s I! I ti~l 6 l 2, V , g

-.7 Z'; t. l ~t~tl'•,d i:.• ;. , < t one)t• ,r . A lte r ý4 V11 k Yt)t,i l , { ý,_ t ! h ri+" i~ < il' l rn [if,!•l~t
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were separated from the solution by filtration on a Buchner funnel, dTid. ,o,

.15. ourq at 70' a.nd then dispersed in •he matrix resin mixture,

Ra-v Materials

Espon 815 and 826 ,ire comm.- rcially avaiiabie resin components consi',ting

laryely of bi -phenol -A -diglycidyl ether. Epon 815 conta.iins somne monno~uncyional

•.. ,dy diluent, Both materialýs were obtained from Shell Che unical Conmpany.

p, p'Methylen!Pdianiline was obtained as a purified grz.de frý,m Dow Chemical

Company. EM-207 is a low molecular weight polyester obtairved from Thiokol

Chemical Corporation. These rt sin cornpor,.i:nts were analyzed by titrating with

h-ydrobromic acid by the precedure used for anaiysing the protomnatrix solution.

'T'h( gram -euivalent weights were as follows: i83 g. for Epc 826. 187 g. for

Epon 815, 99!. 50 g. for methylenedianiline, and 6 x I 5 for EM-207, Theoretical

gram-equivalent weights are 170.2 g. for 'I.is-phenol-A-diglyc idyl ether and

99. 64 g. for n 'ethylenedianiline. A-I 1O0 is a commercial grade oý "-.amino-

poipy~riethoxysi!ane obtained fron Union Carbide Corporatorn. A technical

grade of triothylenetetrarninr ,vas used as obtained from Fiiher Scientific

Company. PDR-14 is a copolymrer of acrylic acid arid 2-ethylhexvlacr'iate in

a 96/4 weight ratio obtained from Monsanto Company. Analytic,:al reagcnt g raldes

of -icetone and mnethanol wc.;e used as obtrained fror Mlhi-ickkrod, Chernnica) Wor-ks.

"The fi r i-las , obtained as a /0-end roving fro.,n Ferro Corporation was designated

I''v 1e 01-1 'Ind had Leetn treated with a silane c oupler and c oated with epoxy reskns

bN, the }, pr•tiv r. Strands of th, roving wmc re laid together and sandwicýed be-tweý,n

li toph.m ne tape for chopping into 1 1/ 4 lengths with a gii•ilotine-type choppe r.

h .-ddd taptI was t -4 1- : I)ve by S i ,Ving. "he file- diameter wav i ea r:

V.I10) '.4 IT ) 0 A1•1 1 r ; 0 s

i' resli! e r c' shoold h: 'egardbo a, haItng knor+' (.- the

'harAt P r t ,f't flidin g" iathe'- t-.han a deti.ttie study .bec:u,. the ntnbe

~s f 1 ed g' II t * LIo ~ItI v qv s 4t r a tk& i I ni s t: a~ t oII I stI

LI



.rron a worl ing ewp:nnt, the innerlayer i., regarded asy the rnatirix vesin

thbaat irnmnediately sur4t'ondtv,, the, r.infot-ceri.ient and has structura and property

c. .acteri~s.c ,iignificantl; different from those of the rmajor portion. of resin

in &e matrix, Ba-ica,•y, the srnthhes s prc .edues were dee'gned to allow con-

trol o0 factors related to the mickness anti zomw k inoi o it nne rByer s.o that

test specirnez:-•s could be pro-duced for apprthe potei ,I £., .flexible inner-

layers in disrontinuous. fiber syatem,,s

The constitution of freshly prepared r'-otcrmatrix ;,solution has b.,ren deduced

largely from consideration of initial and k ,.aal va. ues of I)e oxirtne/am3ine

(Table I) and the known stoichionetry of t,-o resin components. Under the

conditions provided., it is expected that th, firet reaction product between the

diamine and diepxide should yield dimer-A and that the subeequent reaction of

this dimer wouid probably- be either tr'ný.2.r-B or trimer-C as shown schematically

in Figure 1. Yo eatisfy the requirements

imposed by the initial oxiranelammne ratio

of 1. 8 and the finat ratio of 1, 3 as shown in a ,t

NN NHl
Table I, the couoi,osition of the proto~rnatr ix r -) A"

solution at this stage should conmYat largoehl* ý' /

of dir-ner-A, trimer-l3 and unreactet,

ti--•xide mrionomer with smallI amounts of "CHO 14

trirner-C a:Ad hight: ,: goxnes.,

Storage data on pro I',Dnat vr solutions '"

(Vble I1) show significant diffeiences not

only in the rade at which the changes occur, N-

but also in the kind of changes, When

stored at 25', the analyses ihowed equiva-

lent "incceases i both the oxirane oxygen i....' •,•~gure r t at i ):s -

,n1,1 the arm4inc fichtaor.. The net e11e, t bvnthre n

a ppeared as an incrtase in the orxian/ / YiA hn/ ~t~; ' ¶3CCihr ctC~>03of ~ N wn pi ~J< o~~a~'I;tv ~o
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reaction. Fromn this, it was inferred that the epoxy-amine reaction had produced

naz.r 3nolecut es in which the amine groupe were inaccessible to the acidic

rea getis in acetic acid. In contrast, when the protomatrix solution was stored

at £*, lhe it ratable amine content was essentially constant throughout the test

pez:Iod, and the decrease in oxirane content was markedly slower. The net effect

of' the T!hanges at 5* appeared as a slow decrease in the oxirane/arnine x'atio, and

fr rn, this it was inferred that the epoxy-amine reaction had produced molectlar

species in which the amine groups remained accessible to titration in acntic acid.

"These interpretations suggest that different network structures can be produaced

by controlling the solution storage temperature, and thereby it may be possible to

produce resins with improved properties. All of the test specimens reported

herein were made from protomatrix solutiona stored 4t rocum temperature. No

correlation was observed between the age and properties of resin spaecimens

prepared from protomatrix se-lutions which had been stored at roomv• temperature

for, varisws time periods.

Table III gives the physical p-operties of composites made by n-lilding pi -pregs

of 1/32" cho,-pped glass fibers with and without flexiule innerlayers in a rigid oute:

rnatri> resin. Lnpro.'ed kensile strength, modulus and elongation were found for

the compo:siten, containing the innerlayer. All samples in this series were molded

.noder the sarnj,,, c-ondiidons so that the orientation of the fibers iýýhould be comparable.
10

"1-,lscn an) (Chen have derived a relation for Young's Yraodul,'r of -randomly

oriented fiber filled comnpositeo in which the rmodulun values are a function of the

ratio of the mod'i ,i of the filler to matrix and the volume fractions of the comnpo-

nefits. In the c,&,8- of gas43-epoxy systern, the ratio 2 /C, is approxirnately 30,

aind the ratio of Ifhc mnodulus at randorm .ingle to the moodulus w hen all fibers are

oriented po.rallel to tbe direction of strests irý .

Fr eom the equat~ionu,

!.t

ýVfllt. Vo V t l* i) VU<I'Wyt(tr P-z os tr~ca ~Lk ~~.hai

t~hrr .tk xv ox Lu LV~t' xim-)If-bl V shoxwks te A\.ide r.~ts(.xik
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with the experimental. In three of

the four cases, the calculated values -

for the modulus and fiber factor is

lower than the observed values, in ..... . ...
GCa 45 42.9 2.03 1.7 .36 J

the case where the fiber manufac-
GK4"391 2.23 .42 .30

_u•er's surface treatment was
G(C 47 43. t 2A,0 41 .V C
1:2 wnm. k~y

destroyed by heat cleaning, the
-• GR'C 32 ,2.3 I,32 Iia, 32 .32k

calculated and observed values agree. ckw.,

"- As a consequence of the com-

presvion molding operation, the

short fibers did show partial alignment in planes parallel to the platens of the

mold. Even with this very limited orientation, the observed modulas values

were, higher than expected and also higher than predicted for specimens with

a high degree of pianar orientation. Further work may show that these higher

values can be attributed to better adhesion and improved stress distribution at

the interfaces.

An examination of innerlayer-coated fibers by phase contrast microscopy

showed rounded deposits of resin on the fiber ends, whereas fibers free of

innerlayer have sharp edges which could cause high stress concentrations. The

reduction of fiber end-effects by an innerlayer coatng could contribute signifi-

cantly to imnproved performance of the corriposites. As subsequently confirn',ed

with beads, i.mproveo adhesion of the mnatrix resin tr the fibers by the use of

flexible oine rI tvrs r . ,(t Cofl r tut.-: " o 0npro ' .ed cornpousite performance by

tLe tollowing:

Z, Ahterattn t o of the slress- distribution ,unt •.ir es-i trarnhfer.

rMui; .U io f ,d t, L re Ixl In the v I c I ', of the -i er .'Ace thr gh ju•f r re61d

s1 u b e.~ oz~ ~ s~~O rvOrn ;<~ ;:L~rr~ t~ b ~~ce1 i!!
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For detailed study of adhesion and iracture behavior, glass beads were

selected for use as the filler since they present surfa~ces with known geometry

and known composition and thereby reduce the number of variables encountered

in fiber systems.

Kenyon and Duffey 1 studied the physical properties of a glass bead filled

polymer at filler loadings up to 50 volume fraction. They showed composite

containing beads treated with Y-glycidoxypropyltriethoxysilana had greater

elongation than predicted, based upon no alteration of the base resin, and cited

this as evidence of a change in the resin by preferential adsorption. In this

study the effects of surface treatments were established by using different silanes

as coupling agents. I yM"

WNidM-fP4O!€ C'iaP ngtmr T )Oqt .#'uLa

In Figure Z. the atress-strain character- M

istics are related to the molecular structure

of silane surface treating agents. The

principal curve in this figure is governed " I

by the properties of the base resin, and

those curves that branch off at the lower

stress levels are interpreted as indicating

debornding at the glass -resin interface. Those .

silanes which do riot provide a functional

Figure Z
group for reaction with the matrix coMpo-

nents show this branching fror n the principal curve, This be",avior is illustrated

by rne6iyichlorc.. phenyl and wethacryloxy b!lknes (SC-87, A153 and Z6030

ripectively). Untreated •lass surfaces show Stronger u'teraction with the

.n:atrix resin than gl asb s urfzaikes treated with the foregoing agents,

A -ini•pro pyl . glyci do4v .ilaes prov.Id.e functional grfcups that ý an react

ith the mnatr ix resin, atnd co rmpo) ite,3 d 'ade fron b hie',a' trea tec, with these

,cuW -'tiiii <i.vher Le L. : un 'ns .iiid Std.. . ...... .. ifCO

x, I iy( ixy i i.ie appe[.w d ar it b. i r; t eff 4 itv I " 0, c•i,: uie , ,, c"": w trn this

I3 It, rtn v ý d C e I n C 01•y., . 1 h tI -e ;oi.at • i x krli.t;i. i he Vji ! nl e f4 te

Apý u.t 't
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in which carbon tetrachloride was found to be a less effective solvent than tile
r 13

acetone-water system. These results are in accord with Wong who reported

poorer properties on composites when glass fibers were treatedli with amino

sitane deposited from chlorinated solvents.

4 The highest levels of stress and strain were shown by specimens having a

flexible innerlayer added to the beads with the arminopropyl or glycidoxy silane

couplers. In these systems, the improved adhesion allows stresses to develop

that cause some bead fracture when flaws or voids exist in the beads, Figure. 3.

Since no evidence of bead fracture

was observed for coupling agents

"giving adhesion less than obtained

with glycidoxypropyl silarie, it is

inferred that better stress transfer

is obtained with improved adhesion.

rhe principal curve in Figure Z

shows that the initial modulus of

all samples is equivalent. The

bead treatments and test data for

all saniples is surnrnarized. in

Table iV. he neasured moduli

of these sarn.les agrees with cal-
Pjjik.rtl*- i TIelsilt' F? ýiu-tul e .; rfacc(1:u t c ilated values based oil I rnoo4ificdl

Y, -40F,7 Slrftacr lre,,tmnentt pl•ns I:

PIl.'i Itln lrt. r ;t" )E . ini). f 'jd Kcrnic r equation i ofor ' v.4 ttun1)e
1"ra• ttirr',, I'l 0 I ),Q fraction loadint. The (I 1 l-rev Ut

i. l l ,I)i1 414)0 5 klt III 'pill tL II i nit ii i iiiti he' afs t hIX i~Ii r iri k, 4i1,4

4 I'a i w l li i) 1 / it 4)11 ,)1 t {it:' 4) • 5.11 4D iv€ t,4 it a i [ r i

r
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The effectiveness of silane couplers on

adhesion is shown by the electron scanning 4
photomicrographs, Figures 5, 6, 7 and 8.

'Tensile fracture surfaces of specimense

summarized in Table IV and Figure I are
a

shown in these views. Typical debondizug jN , A,.",,MA

shown in Figure 5 is characteristic of

results obtained with methvlchloro, u)henyl ....

and methacryloxy silanes. Improved bond- Figure

ing is reflected by the appearance of resin adhering to the filler surface as the

fracture occurs farthý,er into thke

.matrix. This behavior is

illustrated photographic~l :jin f

Figures b, 7 and 8 where W;he

impr ov,- efrlt irtk 3:h : i in ia ra s &(KS

the irnpro\ ýerritntn- .ie 4

shown in F jgu)ye

rhese r'selts iIlusil:ttu the

iinjortanh) tr'l . atO iracti (10Ca ,. :f

a ct)ncept that .s0 .-i fi Nib>,

-t [ I A 114 ,"•_ l 1 ii,(- t t s ?"

I,,)t r( I I<')sil. Ia i-tI, 1•.),•,

it .'\tin,, to I',1 3z-fld-• .aflc(,:-43'3.3
1

A52>

1' Vi V



- I06-

Fipg re 6 Te-ns ile Frac ture
Surface Glass Bezids Treated

Ask with Arcjino Silane (A-] 1 00),
54 0 X.

MA ............ N
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Figuare 8 Tensile Frac-
ture Surface Y-4087

Surface Treatment
Plus 1: 1 Flexible
Innerlayer, 985 X.

Prepregs made from discontinuous fibers have been s~iown to give molded

specimens with physical property imvproverment attribUted to a flexible inner-

layer with good adhesion,

Improved adhesion was shown to be at least partially responsible for reater

strength provided by comnpos ites made %ith fl,ý)ible ,nneclaye rs, 'With i~rrpr,)vrd

adhesion, better stress tranisfer is AlSO ejib.

The cont ribtutioni~ of s ilane couipling ag~e nt- - nd flexible inne ri aN ers hay tv-.

been s hown to be- rrnuttall cv"ornpiftnen:ta r in AC h cv 2 nghig tenJS ile pr opet s.

F110tire Wo'k-

Utilize -sequi-ntial depos itpji t'j hi.ie ~ vtti inne,,-aycf. of res in

"YoJl lCoC)'rA Umg~ sziyCý andl- Sikn j 'Lt j s. jý ý

C.o the titt'm~'W .' c. }' et t'.1,t~ the Itwit

perf.~ i~~fl (l~ji~ ir~m~ ofSo h
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DYNAMICMEQHANIC(-AL PROPERTIES OF SOME POLYM'R."C'ACID ZNG
SALETS (7, E~. Fields amal L~. E. Nielsen)

Mechanical propertie,, of a range of rigid Tioly~iý-ctrolyte type polyrmers

have been reported .Polyelectrolytec such as the m.etallic salts ý;A poly.me ri,-

acids were shown to have mnoduli valuies 'several titnee, g,_-ater than those of the

cormmon thermnoplas tic materials. Sirce preformed salts of such polyiý,cids do

riot measurably soften below their deconi~oaition temnperatures, specimnens were

fabricated by in situ r~eaction of mixed po~yacid and metal oxide powders in a

mold at higb temperatures (over ZCOTC) and high pressure (5-10, 000 psi). Such

techniques may easily lead to variable property rf~sults, partly due to non-

nA'form de-gree of reaction as molding conlitions may vary.

In th is work, the ,2egree of .-- action was followed ~~'X-ray tczchniques so

t h,0 the comnposition of the molded specimens could be estimated. Wiý'h this

informatiort, answers were obtained to such quemtions as: (a) how dependent is

rn )du,,s tiponý oegreic of reactionV? (b) how much increase, over clasijcal filler

"Io, s obta~rze(! by V.Li onding through salt fo7-nat~an? and (c) Ahat is the

t-fe ct of o xc s s -.vc theory) .metcX-, oxide. when charged as additional filler?ý

MatieCra' :ind TechniqueH

c o I y t e Y S i e Iy n Uvri ~eu d woi a t9 4 16 (hby w eigh t) c op olIyrn e r vf a crylI c

acdand .h bc. c~r yIat.ý V., pir' ouc t ,I Mons. aIr to ( ornp.ny, de i gna ted as

FDR '_14. The f yo hald ~i 'a v~ra (1 i A 139'~C, with~ the unaet of

dcier ~os0ti on kt '1010'C, as b ~~ v a P e rkn il~lrnei, o. ffi rent ial Sceanning,

Ca rlwc Vr, Thce density if T,ývil ded 8pe I~ cimeng of P DR-~14 (by buovancv) was

amI 3ýb') Pir~r 1-1R i-L 4 ii 3,1, h~ hours, V;Ac uon) vvithý a

I~~~~ ud ip h eO t I It, 0 i~~ \~uhn



Various zinc PDR-14 saits were prepared in situ from intimately mixed

Iry powders of PDR --14 and ZnO by positive preisure molding techniques

'he powders were mixed in a Spex "wiggle-bugR' for ten minutes in a mt talr
.fixing jar. Molding c,: nditions, varying from 200-300'C and frorn 5-10, 000

si, for the various materials are given in Table 1H1, Appendix. Strip specimens,

*377 by 4. 00 inches with thicknesecs varying from 0. 020 to 0. 035 inches were

re..red. "or dynamic mechanical testingo

Dynamic mechanical properties, shear modulus, damping, and glass trans'-
2

on (Tg) were measured on a recording torsion pendulum . The Tg was

ieasuvred as ive maximnumn in the mechanical damping peak at about I c/s. The
3

eory and discussion of aynamic mechanical testing is presented by Nielsen

The extent of reaction of molded specimens was determined by measuring

te intensity of unreacted zinc oxide crystal peaks in X-ray goniometer tracings

hich were standardized by mix ed but unreacted powders of known composition.

all cases the i. -oportionality between the (100) (004) (101) iines for ZnO

emnained constant and the estiYTated error was plus or minus 2%.

Infrared analyses of KBr pellets containing sarmples identical with those used

)r X-ray analysis were made in order to correlate metal oxide disappearance

ith carboxyi car-bonyl disappearannce.

esults and Dis,'11sio0

In an', rtedt tcd sytlithy' potsstlkiity exists8 thot tit't' -ipt.( iJ~ nixht H

vi rit yi.F in~ An t. Iu[; tli s depend~tl i r•';"* theil C'ti~l1 St 4$S I t' i c•*.t Ititl) tS. "; [II lt,*t4' i~i ,t.V sh )t-'|

Figu,-re 1j '.,-' (IlA) p tdt't, t ,' 1- .

09A 4 0 P fL # o fl~

on 14421i (,ft k . l 4t r 2 piw 1 1' f• 4 \ " 2- A it 11~

S ,0, A •o...."', .

9



However, each specie, wiiBt have Js~u' linfluence on the total properties,

whether modulus, danm.or Tp, Thus, di-salt forms (b) and (c) Will con-

tribute rmore to ~eigthi~in 1ý alf-.salt (a) due to greater restriction s on

rotation. However, the habh-'Sa; ka) ;ilcontribute mnore, unit-wvise, than

(b) or {cý) from a simple filler standpoint beý-!ý,se of its higher mnetal content.

Frorn a bond strength standpoint, the FL-O-Zn-O-J ionic-type bonds of the

Cli-Salt (b) or (c) are considered stronger than the (L-O-~Zn-OH] bonds of the

half-salt and, again would contrib-ute mnfi re to s iffness due to a smaller

tendency for interchange between reaction sites. The greater interchange

tendency of the half-salt (a) would result in lower modulus increases, higher

damping, and lower Tg levels. In a partially reacted system there is no way

of knowing which specie may act as the continuous or aiscontinuous phase.

However, one can assume that any unreacted ZnO will act as filler to all ether

species in relation to the volume fraction of that phase Present.

A series of zinc polyacrylate (PDR- 14) salts were prepared using from Z5

to 2 00 percent of the stoichiornetric amount of zinc oxide as shown In Table I

topether with the- determined emt-Prit of rea(tion

and thte mec:hanical prope rties of the !rnolded

- 2fi1 r od uc t -. Typical dy na rnic rn cc an ical resuldts

d Ie I I 1'~,At dIed Inl F v lg res 2 indI. I rif ra red

at' ýs s of Kflir pellets ofltaitulg, baz-1i}It';

k' a iii i t ~ h tho~i o i H d fnr t X riy in~y r ,iv

oý.r ' d for iiatuii)eA4 t h~~ ~udrI

i x N c a r Ii f'if k~h~V sd I I ji' - t I I f"

Xv I. I- tir i td I iIi i ift t

\V ~ I r ciV i t
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Figure Z Dynaxnic Mechanical Figure 3 Dyrarnic Mechanical

Properties Properties

(1) PDR-14 Polyacid (4) 100% theory ZnO, 94% reacted
(2) 100% theory ZnO, ?4% reacted (5) 100% theory, ZnO, 100% reacted

(2a) 25% theory ZnO, l!.3% reacted (6) 150% Jheory ZnO, 86% reacted
(3) 50% theory ZnO, 100% reacted (7) 200% theory ZnO, 146% reacted
(5) 100% theory ZnO, 100% reacted

salt was incorporated through reaction with ZnO a steady increase in the modulus

"was ncted as expected due to formation of strong ionic-type bonds. Further, the

1'g was increased with greater amrjants of salt formation until 1 00% of theory

salt formation was reached where no Tg was noted,, at least up to 300"C. At this

point, Sample 5, both ZnO and carboy were absen. by analysiv, and the moduluis

of (. 55 can be conside red as the rnodulus of the di-salt forms, Wherea.i over-

theory ZnO additions further jncreaaed the 2Y C.s-nodul,,s, the Tg appeared !o

drop below th. at attained by addling (and reacting.) only the theoretif a! am ount,

This effe,'t in Tg wirl be distm sed i-,er.

.Vo. products k (. nta. , uin q, up t I (00% theory ZnO, in4l-tnrlplete r,.a-, i olo k n ', r&

k Uý-Vf 2- f-igure ý, cUirvr- 4i) l.eia" to) cotiYnpieX Product nlixt"Jrea >.-rung vs

Hi I a s *,1're cted t, u. of por acid, and on reac *.'d Z,&)O ý -c g 'i I i T

o n ) ý .... .. > , ,
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The sharp discontinuities observed over 200"C are not characteristic of the

polymer but are probably due to continuation of incomplete reactions of half-

salt forms, polyaci 1, and unreacted ZnO as suggested by Fitzgerald and
I

Nielsen . Such further reaction cannot occur until. the Tg of the system is

reached. For example, with Sample 2, further reaction became evident at

over 200'C, This point corresponds to the Tg (about 210*C) for Sample Za

wherein only 25% theory ZnO was added. In this case complete reaction of

ZnO precluded further reaction and the product contained only di-salt and

polyacid species, The complete modulus and damping curvet )r Za resembled

those of the unreacted polyacid (curve 1) except for a much higher Z5* C modulus

and a displacement of the curves to higher temnperatures by about 70-80"C.

Complete reaction of the ZnO (Figure 2, curves 3, 5), whether at the 50 or 100%

theory level, leads to more tightly crosslinked systems through cross-chain

di-salt formation. These products yield modulus curves which are :;elatively

insensitive to high temperatures and are low damping.

The moduluts improvement due to ionic-type bonding through salt formation

relative to the classic filler effeci waj aJ.caulated assuming no reaction of' the

mnO. Res(ilts are given in 'able II and illustrated in Figure 4. For comparison,

r j

c Li.. .t I. v" ft S

II4a

ki ~ r 1 ¶fikIr'S~~ ~ ~ ~~
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the reinforcing action of spuerical filler particles was calc dated by three4 56 7

theories, Kerner , Guth- Smý,lwood and Mooney . These relationships

are given in the Appendix. A comprehensive comparison of the merits of

these and other theories of filler action is given by Nielsen Only the Kerner

and Mooney comparisons are shown since at the ZnO levels employed, below

0. 2 volume fraction, the Guth-Smallwood and Mooney relations give substan-

tially equivalent results.

A substantial improvernent ratio (increase in modulus found over that

calculated only as filler) is noted i.- all cases from 25 through 200% theory

ZnO ac-ed. This increase in modulus, due to ionic bonding vs. filler effect,

was found to be 60-80% greater as calculated b) the Kerner relation and from

40-60% greater as calculated by eitlher the Guth-Smallwood or Mooney relations.

The modulus curves (Figure 3, curves 6, 7) for added excesses over theory

of ZnO rplate quite well with the degree of reaction found, 'Table I. Although

the 250C modulus continues to increase, the result.s at higher temperat.ures are

more revealing, With 150% theory charged (curve 6) the product analyzed as

86% of a theory reacted with a remainder of 64% of a theory "nO acting as filler.

Thus, curve 6 is similar in sliape to curve 4 in Figu rv 3 obtained for 94%0 of a

theory reacted but with a lower level of unreacted fili c. At the 00/% theory 7 nO

charged level a lowering of the ir-n provori•e• rttifio is noted in Td ble It. AnIlysiS

of the product indicated 146% theory /iJ) ( (ms trned with S 4% thte:ory re-zni inzit

as filler. To obtain over-theory rearted *']. u •n one yni,,t mtFrodi, A new s~alt
()

spece, the p!.eri6ent hailf-isllt formn, - ( )--n--O)l. , , .,Z ~ e•' Fr-'-,.i uiltv

hi-ý --;,t -f()rl n)~~ be ex ec (od tO mel" r tm- tithei ,h dTid- 1 V'(.rrevhi,, I w2'

fhIItv v de iftrIe tL e e I eI •,; ji t. •per, tn r, n, Ii. it h ro t c.r.in. (r."v I I ut,

0 t1 I t "O' •( and i -, h ., h ,eti d ty jj tý eit f . ? r r i, . r tm t n ,(,'b u. vv



pendent: anid 0. 37 di-salts. rhus the dominating effect on mechanical properties

comes from thie pendenit half-salt, which would not be expected to exhibit high

temperature modulus stab Viity.

One can estimate a '.nodulus (G )for the pendent half -salt form as ?. 08 x I O'L

dyne! :iFn2 , This was dIone by distributing unreacted ZnO, on a -olume besi;5,

bekNween the h-tlf- anid di-salt species and, using the Mooney relation with 6. 55

for the modulus/ of the di-salt specie, calculating a mnodulu~s for the filled di-Salt

specie. Then, uiing the rule of mixtures and the modulus found for Sample 7,

one can obtain a modulus for the filled half-salt specie. Fromn this, G Xis obtained,

again frcom the Mo,,ney relation. C x, 7. 08, for the half-salt specie ib higher than

Gj. found (6, 55) for the, di-salt because of its higher metal contenr. H-owever, the

inmproi errnent ratio for the! pure half-salt-form (over theoretical filler action) is

lower than that fo~r the correspondirg di-salt because of weaker arid more mnobil!ý

salt linkages. At a voLU~ le fraction of 0. 209 7.nO, equivalent to pure half-salt,

the imnprovemient ratio was only 1. 14 contrasted with the higher improvemencrt

ratio of 1. 56 founid for the Ii -salt using the Mooney relation. TIhis smaller

imnprw.verent ratio accounts for the lower trend noted for retative moduli found

fo~r Samnple 7where niajo- amounts of pendent half-salt are presfn., Y nd

Fhe lmot idntial road and high dam-ping cu rves for- Sainples 6at

(Figure 3) twl ow 2 00*" :" gain indicating comnpos it ional heterogeneity, suggest

Ole ptre se vye of pende nt h i at~in the I )%theor y Z7, sainplte The s amre

skugpceý tion also( aipplies týo S-11r-n-ples ..' dnd 4 w,.he xet Ie-ti than (.om-ple~te reaction wa

obse I Hie shocrt sjtr(,s re I ~i-lon ti'nteq reportedr fo~r nonr vilent sodiium

Sat Y'~ ';iurur11dr p~oly- t idý;. i~onia rvd with fritic h sor~ trc,~i relaxaiicin ti!'ue, r

d1N 11et lth.l ritiri -l l t- lý tf'ev: ose be evide t iii th-e & o f - o ndertý haL d;,kt

~ re '' o l n~ e di-srAt 4o rri*

th.nil
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I
products. Incomplete reaction, for w;hatever cause - low temperature, low

pressure, poor mold venting, or excess metal oxide, results in p:ro'ducts

Swhich are high damping and have poor modulus-temperature characteristics.

This effect may be due to pendent half-salts of the form, -.C-O-Zn-OH. Such

a salt-form must be assumed to be presei.t where over-theory excesses of ZnO

were used and where more than theory zinc was found to be reacted.

The increase in modulus due to ionic bonding, from whatever salt form may

be present over that expected from classical filler action alone, ranges from

40-807, depending upon the theory chosen to calculate filler action. Any unreacted

m•tal oxide appears to act as classical filler in the polyelectrolyte salt matrix.

For the theoretical di-salt form, modulus values of 6 to 7 times those for normal

organic rigid polymers were obtained.
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For calculations, v7 of the polyacid was used as 0. 35 and tlvmt for any salt-

form as 0. 30.

5,6
The Cuth-Smraliwood relation Is:

G = 0h (1 + 2.5 1 + 14, 1 02

0 F F

The Mooney equation (7) is.

G .5 •

G , I = S .-

For calculations, the packing factor S was taken as 1. 4, see Reference 8.

The various molding conditions for the reported samples are summarized

in Table III, below:
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PROPERT'S OF STRONG ACID POLYACID SALTS: FI. OSPHORYLATEDJ• P OLYVINYL ALCOHOL AND POLYSTYRENE SULFONIG ACID
~TE. FidandJRRiiy

The dynamic mechanical properties of zinc polyacrylate as a function of

degree of salt formation hae been reportedi For this carboxy polyacid, the

shear nodulus increase due to ionic bonding as the di-salt, o ver that expected

* from classical filler action, ranged fzom 40-80/, depending upon the theory

chosen to calculate filler action, Only complete reaction as the di-salt, at

3000C and 10, 000 psi results in low damping products with "temperature

insensitive" high modulus. Excesses of metal oxide over the rv. were shown

to lead to pencent half-salt forms which exhibit high damping and have tempera-

ture sensitive shear moduli. The half-salt gives snmaller moduli increases,

over file" action, and unreacted -retal oxide appears to act as classical filler

in an intertangled complex polyelectrolyte ;al matrix. The di-sa.t modulus

was 6 -7 times higher than moduli for nornmal organi rigid polymers.

In this work,in situ reaction of mixci polvactd and metal oxide powde,.

was extended to polyacid,, of higher acid stvength than polyacivlic acd A :to

mine the eff.,-ct of ionic bond strength on shear tnodlu,3 inc rease. Two polyiciaz

were examined briefly, ia) polyvinylphox •j >iori, ( VlM) ?"nd )• polytu•y 1u,

(1 ISPS). The cormparativv acid st rengtits of t0e polyacid', wer,

p L. . •

iu (A y v t e-y I ph c's ph, I .0 I A 1 4

}Poly l~tyren-v ,litfolfic { 3-.7 x : .-

1 ..l. d( .'-V i (C"0( •)I) t, 15 1 o -

All t' ratedel Ai- monooisiv: a d& .i I he M3fc('P1vf .ivatliblj avid i ovip o I PVI -,k a s t opo

A LA ý' p'fk:i t bii1i ha-.d p p.gx-a: •If .•p t t. 00 ,;r at K of I x 1- 0

Atý h-f -re Jr ot-t iw eau-tkon (ý.aih formatn~it i Nvm ftdto.ved by N - rayV

tt~clniýquc', Sk" i'Ah w ojtI oi i'loldtvl "p cn-i; mv lý he "si itevl and a

iI



Materials and Techriques

The two t.iolyvinylphosphate sarmnples reported upon herein were prepared

by phosphorylation of polyvinyl alcohol with urea and phosphoric acid by the

r-ethod of Iaul and Reid A total of 27 preparatkons were made to identify

reaction parameters, but only two are reported upon. For 627434, low mole-

cular weight PVOH (Elvanol 70-05) (98. 50, hydrolyzpd. was used and for

627437, high molecular weight PVOH (Elvanol 71--2,4) (98. 5% h~drolyzed) was

used. In each case the ratio of H3 PO 4 /urea/PVOH was 1: 1: I with a curing

timne of 3 hours at lI 0' C followed by 20 rain. at 150* C for 627434 and 30 min.

at 150'C for 6?.7437. Products were isolated by solution in water, digestion

with HCl, dialysis to remove urea and salts, cation exchanged through

Araberlite IR-IZOH, and vacuum freeze drying. Product analyses were:

Phosphoric Groups Mol. Wt. Per

M. W. 5P_ S N Mole % Phosphoric Group

6? "1a34 L .?_5 1.00 0 2 3 :3

627437 H 15. 13 0. 61 35.7 /_5

M'.dulus vs. temperature data for molded specinens of these materidls

indicated the presence of water in spite of storage in a desiccator and dcnaity

(by bOy'dl y) uieast;r rernt-s were not reproducible, Therefore denrbities were

'- t ('.4 1•' ::- 1, Al, and foir 0L7417 a.- 1. t(O and tLie, e values were used

In suhse it 1 Iý utations relative to zinc salt cownp'sitiors.

iOe h ,il nitrogen conto.nt left after ion-nechinge may eithf r repi ýsent

ap1 ,r1,tin t per 10 phosphate units or I c r 0rba1ate suibitittuent

per i', ýh'ýd,itc cisinpn , frovm the decoinposition ,Of urea att 150"C.

w 1srcparel tion, crude atfjIlt h1ving about on('

.- , re,-"' vcllhr ",c i' k•, la t Wei•ght of post'v rene o.) i..0, 000. i -i -vas repeatedly

esi..d wi(.A, H{(' l . klii 1ld'. , ar~d iton- " xchan.,ged wl. h x.rlherlite ItR-- 1. .. i and t i 1.tn

"A C- I. I.~ iX 1) V .i9 %



*1remaining as the ammonium salt. Atte-nnted moldings, reported herein, wevfre

made on this matefiai. A sample of free acid (no salt) was pr,,ýpared by iauifona-

tion of polystyrene with S0 3 -dichlorodiethyl ethe r complex following a procedul •

of Baer 4but no moldings have as yet been attempted.

Various salts of the polyacids were prepared, as bcefore, b y in situ positive

pressure molding techniques on intimately mixed dry (?) powders of polyacid

and metal oxide. The powders were mixed in a Spex "wiggle-bug" for 10 minutee

in a metal mixing jar. Molding conditions for the PVP-rnetal oxides were 100-'

150*C at 5-10, 000 psi due to low decomposition points 'for the PVP sample's

(approximately 1800 C). The polystyrene sulfonic acid was molded aL 30O0-325*C

at 10- 15, 000 psi. Strip specimens, 0. 377 by 4. 00 inches with thickness -S vary-

ing from 0. 020 to 0. 035 inches were prepared for dynamnic mechanical testing.

The dynamic mechanical properties - shear miodulus, and damping, were measured

on a recording torsion pendulum. True glass transitic,,s (Tg) were not measured

since da~mping peak2 and mcdiilus fluctuations appeared to reflect water removal

or interaction of various salt 6pecies.

The extent of reaction in molded specirnens was determined by measuring

the intens ty of on reacted rmetal oxide cyrstal pealks in X-ray goniorneter tracings

which were standardized by mixed bjut unreacted powders of known composition.

For Z nO the prp nii~ betwet- fl-ie 0) ool 1, oI ' r~eS T'd.iillle constant anid

wofre used Lo cstt--ot.le tme e r-ror was 1;Iui or minus -

Resul Ls andiis 9

Eh ýe t o tho d8 d3 ( i of r" to phosphoric It Id )grOI.u: and to the pos5 Hibi~ity

of -est~ ~ idual hyciroxyl (froym PVI'V0 g_ oup1IS, the rOSS IIAC

oullber of e.zei, ,~ ing ir. teh PVIP Syscn 'tety )6 g2re *ter than ini the

fo ne a~i rem *d it)1 to nuctvd polvacid tn mva tii xtdte, A ,isey

montairiingf, Ch 1 V Si' C A t. d~ an, i n~ 1) ta i)'Jii etwo)r- of Ow~* ie~ ~ :el



creo-i--c:hain or large-loop salt fo:rmn

wit contribute, more to stiffening than

., •in-chain sa..: forms di e to greater

- ... ", -restrictions on rotation. From a simple

filler vit,'point d.>,-salt forms will con-

01' '%.. V.. ... .. tribute rnore, 'mit-wise, than half-
M CHAiR 0 MC"AIN UCilAJO

S AILW KM ? %L'N:L-Ai. salts becaufie of higher metal content-jU*-¢C.4K-C*--•r RGSJSSSl Qe¶At -C <.Wl-CM

I ~PSSL 53901101 WIYK WN0S m,

0"o-.--,•01 0"0 0... per unit. From a bond-strength

standpoint di-salts should interchange

Less readily than half-salts. Howeve,

due to the different acid strengths of

theOH grol:p flnere may be a considerable tendency to interchange at elevated

temperatures thus resulting in lower modulus, higher damping and lower rg levels.

in a partially reacted as'•tern there is no way of knowing which specie may act

as the continuous or discontinuous phase. Nevertheless, one can assume that any

unreacted metal oxide will act as filler to all other species in relation to the

volurne fraction of that phase presenc. Because of the cornplexity of the situation,

reacted metal oxide has been considered as di-salt (in accordance with the general

equation in Appendix I) for purposes of modulus calculations,

A sericzk of ZnO and PbO in situ molded PVP products were prepared using

100 and 000% of the stuichiorrietric metal oxide theory a: iindicated in Table I.

The extent of reaction by X-ray, where obtained,

the inolding conditions, and the sh er minoduJ.i u

found at. 4250C, aro e tis.o giveri, ' "

ketatoC., finoditlic'It ("'ZW/ } "il v•S & e Pi.0 0 d.. ...

ITl Fikiices Z, 3. 4 V,)-r the three systenis agai.n. -.

te the .oveicai reli, 't, rig actton sC spherica-l

the ei .!,i &I s i si :[t" , ? V l
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4i illp rove iceit diac I0 O ioli( ;ondril ig fIve' r (l I I t.T

art, w, I'.-;f): (- 8., fo r 0l0,¼ thOl.ry V ,nI ()

mi( of di ngs aIt 1 000 A 1. 120 C Ti l. 0. fZI ., t) 1- 1() .0 0 theorv vy A'r, 0) thev rir po v eF-cn t
of roPjo'd to 25 - -7 F( - I i 11 th phi1  (A v clI) la r x.veIglrtII LVI, Figure 4, at I100%If

the ory /, ri( the Iill 1)roveril cnnt overI f ille cr ac t ion ra n iýed f rom 40 - 7 01 r ega rdles 9

of' itold]Ing tem11perat urc v \Vit I SO"0 1)#,i mg bt-1 e r tliOAi nI 00'C 1) -~essurv, 5-) 0, 000

psi vari~ilion, gakve o)JNly rob'oinr differ, 7wes in mnoduluis. Again, for 200%1 theory

Zno, orud~ultus was lower 'Inrd woilul :ipjiear to bec determin ed by filler action.

Hjoweve r, dh(mil 77%/1 oft a :bieory Z'n() wa;s found reacteod (b), X -ray) so, that one

mus15t cn(.or11idý.' fl"It e.Xcess /,-io favored in-chain hialf salts whiich are free to rotate

Ild (l urs; do0 not rc i vi prove i oduml us.

WhnC1 it is r-cali,.ed tb):It thre I VI' .ks only -'()- -;6 mole f'/, converted to the

plrospbate, -indl thlt- tile phbosphate was only 10-75%o conve-rted to the salt it becom-es

of interest to I'irlt'() psdh inod'ihiis h.r the (,or.ijpletkely converted phos -

pl;ihte ii-SAlt, ind (-') 'Ir llrc\.ibt .riidl iuit ii for dhe P-V}P systern in.

collip¾irison to I'll /ili po -o rlte ysem These vatlues will give omreolrne

idea of tir piss h tl I (d . i -tIs re up th va ri at ioll lion 11u eli141us.

Niojirhis 11 IIi flli h ooildetely (oiere isjaedi-sallt (ait the

i 1:) 7 tposplO. i I' 'A) i i ri~i ie i ; di-esirib ed i n A ppf -r(dIiS I t ri aI I- s urnrma rI z, edl

ill1 ~ Ill, I tle resultsi urolrratt. dilt the, pirodirt ý;pwieres drstr-ihuiiton is different

de pe nld I lic ul Il( le On (liii nI ITIi it ions r nil tha~t i ,.,he r pr es si;rvrs mud rin pe rtri res.

a(t to hrole I> -hI' dltus spces distribuztmrns... TfLis- ;ri-aiiihy reifle( ts flire ýýrfater

v, r It it i~ o , ii milille diwi to dil -,o Id litrarct r. ')f tire 11 jhs p~imte c nd In(rvir'ors-d

bond irnfn-( iýi lmnr remij(t1iins with rip rf',ýsed terilPeraturc.
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(Pvl' (1~.1 osiit' (I 0'/" 'Heoicry /,140)

Molt)ding G( yle I o()/,./ I o ,/1 1)i/II

/pIn /ill. I 0(1/10/15' 150/vi / 15

zh'.rmodullm (XttIC. . 16 1 I7. 04

A compljarision of the JIVI ' 'll salt Systemi wvith the polyar1 vylii (1I)R- IIl) >'n

salt :iystenm was made o~n the basis of ( Actil~ited modulu~ls 01tibkoihleb vs.* an

organic /mictLl weight ratio in order1 to tuZrthetr ob~se ve the J~si~eeffect ()f

acid s treug th (ionic bond s treng thO. 'Tlihis is shown in 'Fahble T V. 'Ilb e data1 i .1(itditte

that ev-1r at anogni m, rtj (1)/", higlher for

....... Y' P ijia ri fJo t h e li t aL r bt ) .X y t te i lld f o r P V 1 o1' ~
.35. 70/ l (l 1h-,h)11Y1) ty dtt rfl()dN l~ rc obta ined (

'.vii 11 Ilet s11t1)5 a ?t i,l1 1y highe r thanl 1'or the

polvcatrbox ac~id (. TIhis ajtjea rs to ,ecflee I the

iflr reastr lo ()lit L~ ra 11 ot1ýCbý1 the SA t, bon~dS d111

to h i Ihe r acid (Itr cngths of t he 1) V 1 povIrid.

1)yn.1nuio mnoduohi: anld (iarnim;ig v's. tempt roluref 'uvsIre illus;tratel~ inl

r rir repretsentative o)f thle

1'V} (0,ý7,137) (35.7%, p1hosp)hate)

plills /n110 s vster) onl whic-h X -ray

(1i,11i We're' obtainojlc (sce 1%tle 0).

'11lt, h',i ied Afj" rt 0)ntainls thei (0(1r

rorv-, ~,,7, 8, ') for I 90% heor .

10) at t ithecr 1 000 (;r 15 50 C, ;ind < N

1) () r 10,0( ps i. 'I'le sh~ipes Are

41(1111v~~~~ilenRA 'i d th -Nd a zl .



('11, ritc ,(- r ,I t 0' (.t 'Ifit'c i r ti I)vci qn I 1i iixI,} Iart 1 1 ý.v tI I o r \V it -1 ) 4 iet h itý I tI- fe uI~i

(("I I vvc'ie 1 0 1 11(I I I ýire ý(OF ' ()0'/"' tfttiny/i() 1-,An kndI are dli ffe rouit hil 01apc f r omn

buit thei ItF'-(4 ;ihovc I 1t0" i:4 m~ort rapjid. iAg"i il thei d~i'ijorit;IltIlt) oreu I's bet'Aoe('

I '! 0- ! .0". hojte Ieit v' b ( Iov "')0 c"~ (Xil)I ted ,4 evek 1-4 cd Orflomp iti r1, w 5V1 lifl~

(-,IIr vecs (A ) f or 4, 1e oa se I , V I polIy; ci iId Il -mdets th1e ( p -- snceIlI.( o f ki uht1an1c iaI

,II)mnoints of \valte r hoII sceml~ to bc (I riven off' in two :,etps; at ibmut 55 and

9 01 C.

MOWldin ". of J"V I' /,n( Ive-Vij ll iI_' ~I-S C(I inl 1oil ing I iAtte r 'o r 0i ()-I') te.'3

\vjthlott e'vidlence tf s výel Ii ng or fi(ftening. No piuinti tit Ii ve s fudive we re- ivlade.

I lowe!ve in. thil, obse r-\-iti')f shouldr be qualitatively coinpi ru- With /.n poljys? 1 revie

Su-lfoo1 tin (s et'. below.).

P os i Iiv 1 pre sis 1 reI I Io I i 11) gii W (' rCAI 1 ieIuittCt('tWi ith rTIiiX C k yIM Wdl rs f 1,-; 'S

(ctntaining -tiout 2i0%, of the gr Iiips as t,-slt and vatrious (oxides flc~itikmg,

-110, I'll(, BiO0, ;nd1(1a( C I0 AL 00%/ theory hey .1. No reaction o)r tosl()n of mnv

jpoYvder (~t 'iV~e5 Iit'(t 00*" inadu 1 0, 000 psii. With R~t() arid C,() t)only pa irtial ( e~is

than I 0`/,% ftint) ls I)tainie I att "()0*(-, and 1 0, 000) psi. iiowe\'er, with /,n( at

30,0--3 nti "C and ,(000 psi (pre-ssure .i 1 'jImed It rotl)fieijottie anti held

throumghoot heating til-e1) Ctunjtlote fusion v.as obt;1 ned, yielding 0 ve.r-N brittle

light aini'e r :nd lItImos t triizispairenit sjtec liinen cl xtviine b rittle, cha racter

ipr'evieititl otdItif.r-g : rfljtlfs fitr torsiotn )iwrItiltho Ic-, tmtn

X- ray analysis (4f thc prodiuct Aiowved oplteasvn vut 0)! unreina' ed /nO.

A Ii~lIf malt I piece ofT this iS7 i s ail WIa S 1) t d ill wiOt' 1in ) 1 9or P -. , nilmue I ( it)'

resultanrt swelling to "")-90 tilnet, tIf) otrigia \IbT~.. Le ýwo!eri'blb

dhried in aiir o-ver night, re~turned to its' mia oinns ianti hi ordywss.
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N1 m I o~hil Its I l c I ch. r C .ov (I c Im I ac 6 1 1iu d I a( t() fe wet r si A t

I I 1te J!( I(;i ' I()~ v I, -A r i f IV Iw ;ib I r n l 01 (1 1 0'r t e

~. /.16 -Y )'- is exIYt. I Itel -I,; It( I* ,ctfiitiv c. III f~w I., B tc r rot)pitris

Omlly ftlit A\1 or K!' :;,ItIs ,II w) II W t tr I iti ,() I I I II f .k I i( I) I11 1 q z it tti v (

'c I II I 111 1Ol 1i (Is

1. Vu uther w''.ork is ioldicri ttd N. It NI I + fre~e fiSPS (,in liaril) %vitt

al"Jifliflul~l salts to) form1. posjleWaktcr inisiiliile p)r(t(hko, Is.

.u171(t viy ýilfl, 'w(1( u.17l he andji pol 1711 ct~zoi', S~

j)Olyacid (10 S1mildi b."St~ifd

5. Siolfolnal'ion) of I'VOII to1 form p)olyvirnylisIf~tte types slioold I)-'

s [Udiud , 11mVeve i, dec( I)1TjIf)it 1011 pli0)h1 eris rI~iay p., Cil el tlcs e

of .OvP tI)0\'C itnd (?orrlplet(ness ()f 'reaction Will againl I)( diffickult_

I? c e re orlces

F, i'Ii ,, I *I I... '1(1d .I_ . 1N.ielseil. 'DI) i,'n irijc mcchanfi( al lpro1) rtics of' sorile
Ijt)1\'(c2'1 acid Z~ino s;Alts, ''Ill; s I'( pu I p 1. 1 09.

J.V. P.. R eid *hild K. NM. I I il I r oftd. 171)d. n1' (ikern. , 46, N"o. 5,

3* l~uil,(~. .11 Jnd.1 1). fVeid. lI, 1; 01 09VJ, 100() (19TZ

P't r*je, M. 1 4r )a r, 10(1r oA- 'A't cr SI) I IE)vi ,lIf(ni t rd p(Iv s ty re ie , M)n-, tit

! 1.()j1 ('trIv i. rv I- jnimrt.

I v 1 1 4'I %1 1/0 f



111i(Idert-(! toP coIn ~i-i Iof, 0, N. Iliolesi oi -s-l (1-1) , 1 _(). N, ll lcýi mi~rear tcd P VI (A)

-0. X. fil OIC- trlflrtj(.t (41\I ('(() as fil Ic4,r I rrJ 0. X wol c. va t v r. Thel!kE(JM(

('11.II.'m"i~! 'Matc rof) rt'actiutm %vere di~st rrri',tt'd berwieri A~ .imd 11 in p~ftif i

fihcir t (I f-sp tive voillalle frac~tionsi M' U?.id( 1'. Thti''Jc volutne fractiotfli wVCrt

(',l(i~lckueL~ fromi X(- r~y a1*a0ye:.iM dad fromi calculm ed udensitivt jV'or t~tic ipp~ropriak.c

PV 'Vl~ ~rtejji aion 6,ý7 4 14 ,'I3

M olI. WA t.. P) VOli 1owx I ugh' 1

N1 lI 0/to i Oh() ; Il Io r' .Iti o9 01 15. 7

N1 l WI t. r ;I ;t rn A i i

o 1,c. I emisIt y I V I 1. 16 1 50f

mo]. WI I ) - Z 11)c l) i6 H.1 Z ~ 68 . 4

'lb Nh,() tli-&o \va~ ei her '/.T10 (d = 5. 47, rnm. wt, =81. .1) or PbO( (d 9 1. 0, In. wIt.

--ýnfitf no product w/it 1~ 00'. reae t imn was itch if'vo( tl-w objectiv- of' fill cLlcil~a.

tIOI1 s '.io-~ (1 t~.t(i Y1 idiollus ()I thet u&O~ich juIt net:il -ialt from I knowledge, of

fill i' ')duct Irlitu~ re corn1 -;Itioln. 'Irec re',;ttion .rand ' Aiiulation -iteps for inO1

i V ' V I ,rn( ' 'V 1 11'} / 4 /. ri( - jJ(

(A.)() (f leIt I-)

Ad :'L 1, ulrti (A) tji~i (B+) III r('idtl)i1 to t, irid ý1 where ýA 1

~. Add -'I)( !tille (f) iril' (A) indu ("I' in relatiwn tLu 4A lwIi lB to obtain tiilled

i~- t-, jind 1! lr ýt + 4,01=

Sy ernI sV WIn 2.



S\'tert,%, I - 4X -. \'A arl 4A 4 ft' I

~~iy~~teiti~ .~- VIfXI And1( ?ý11.

vIA# \ H l) d ,t, f) I

l'or v :'t.3e 1ur 1: 1ý.ioev'in (; , 4'PA an(]4 ca, (1 lzlate the 1oro luinis for the( filled

A ('(;'I tA( ) bly tile Nloan(y c(platit (1.

Kor >;yO-l(' 3: Friti lthe calculated G A and knowing WfA, MYl and G6I'

(dete riline'c by expe wrinierit), eilcutilaie 1he r-odulus fir the

tilh 113( 8 ovýýfew by .itrthr law of Illi~clres:

( ITS t'A ) . f4 1(,f 1

or b)~ the ong~-b~ lo io e rne r eq'it ioi, whe(' re it is ais umned that

the crFoss -euhij di-sal~t H is Tvl ('ontitlvtctt5 Idase with a

Poisson's ratio of 0. 3. The moduluts cilcul~ated by' Kerner

yes u 1iIts in aniSwers 5 - 1 5 liighe.r thanr by thý !A w of mni xtu res

pr obably Vu Nj)t to .-;civ interaution since Sys tern 3 is niot a true(-

mitxtutre of s pee jes

For S I-in .1 Front the (>~cil((ltehl . (by Keriner) and knowing 413 d-d~ tf

Calcutlcae tit(e mlodulus( 4 thev int(tl tlttiullltte .01 (i-malt (CS

by thl- Nfooney Tcl~lion.

Ahkt Ikit d v~ e: o (If, ritved to r I three mn 0(11nK cy ci s 15 31 with PV])

(6271 7) ids I () 1theory !no~( are given belo v,

NhlWint1 2 (yche: I 00/ 5/1% I OKI 00/9/1s c!515
(I Vasi/minu. I(M0/1 P/ 15 190/5 /1 5

S 1 , 1 -el I (f l(I, %k, t. ); tIool 41. 1 4 . 3 7 7.

'\A IV III te~ll (!(I) CP. 1ý 6 o. 1ý (.1 0. -'-'7

(I V l /r1 ()) . I I-I(). .1 13 0, 7 7 i

l ~1 11~ ' (4 170

7 C



N[(l;l Cy le Ii 0-'/I i 1 0/4

F Me iho '.yr e 1(1/ I IS/ I (iU /I I rN) o /1°(: Iips, i /m.in. 00)/lI /1l 1 l 01"/ l / I

In Systell 3: (By Kerem l-)

;ý'' found) o) .0 6 (7 6.#

I'fA (t)al . ab()v() •.(f3. 6,0 3. '8

ffA . 59 ,06 . •,

(f (c ic. b1y Ke:rner) I 0.9'! 9. (), 7. 4'6

In Systein I:

f (al.C. above) 10.9'1 9. 5 3 7. 46

f+ IO .+.1120 .9451 .9776

.fb 0576 . 05,F) . O12.4

(GB ( PVP /,n Salt) 9. 30 (). Z 7. 04

Sim iia r calculations we re not riade on the 62.743 7 s ys tern plus ZO 00% theo ry

7 nO since the mnodulus increase was sirnmiiar to that r(q-u i red by filler action

(see Figure 4). However, X-ray analysis indicated about 76-77% of a theory ZnO

reac ted, and the excess ZnO thus appeared to promote formation of only i -chain

type half.- saltS ,which would not incr.ease, modulus bec aus e of rotational freedom.

Further, such calculations were )oot made on the low mol(ecular weight PVP

(627'434) systemrn due to tilte absence of X-ray data.

PlRO)I','VII<. OF" ZINC iO()IYACRYILATIt AND ITS COMt'fS

(I,. E<. Nielsen and I). M. tterrnenrly)

Woirk has c()ntin(ued (on neisillring the( rol.ihanic a l r tie& of zinc poly-

ac,-VIite ai(l con ,ds ites roach by using this imlyele,,tio()lyt(e as the mi atrix material.

'lhe I-,it 1'x mnatcl'il gavc on) prssive st),,n~ths (ft .) I, 000 pi (p naixiriini)) and

4,7, 0 (0 ps i t (. v, , t'l c AY)o A c 1) o,,ot-ite r i ntc ining, 10 tiI r v l )u e re(':r"e t ijron fl'kI, ike ,I•,'(I

v , !Oj)I i. ', :ýtrv(igth Itf 1, , 0 0(1 psi vwhile i fn ( ,) it r t i iL 2, 0 \v Iiii n( ) (, r'ent

tItolli ifn i) I k Iv .I st)'1 r .th t , 20. ,), psi. , C p,,; th se ',,,Iri, fi "st attf'- T s

and bi.( 1)1 it ' t(o) s aojil a n•ill)[i r ()f seirnpls 'w'fre -mtlv to, get g)od statistical

it I,; , ell'ii thii, hgl r tire, thi, •-olet. with the



T'yI) i(.11I shac; r 1110(fI IIu s d'It a aIre:

Vol ', Iha Modulfus (1 ps)
N11teri'll o;)ui(Ilif T__ C__000_C

Zn1 PoIyacIrym. -1t c/~ 5- 50, o0c,) 520(, 00

ZP - Al po-wder 40) 1 1 370 000)()( 87 0, ()000

/' ± i-on flakeý 1 " 380, o t) o87 0, 000

X 1) ~ Cu powdcr 2i1 ,27 0, 000) 870, 000
/P 1± 7,n powder 2-0 920, 000) ( 580, 000

1J) + oronr fibers 1 /8'' 2 1, 530, 000 1 ,530, 000
(random 1y orie~nted)

The rn ore gene rally mneasutred Young's rnodulus sh ould be about 2_. 7 times

aIS grea c1it ashe se v,.aluies for shear n)od u I i. The value for the( c orpos ive filled

with randomnly Oriented boron fiber-s is slightly less than the value predictedI by

the theory of' Nielsen and Cheni. It is aliso worth notinlg that the mrjodulus values

fr- the mectal powder filled cor pus i tes aire le s s than w .;a tm-i ght be expeCc ted from

So~rrIe heoi This is because the noeltihis of the- rn-itirix is, so high it~self that

it is beginning1L to aipproach the modulus of the fij.lers.

At tO'.Ilts Irixev been madce to rncasu ye teuns ile stre~ngths, but the preseýnt

(--III IpII wle t is not Adit-ie iate for SuIch test.- Onl brittle sp~ec irnel)01,s TI I z' ,inc pC 1) -

ac ylie iatI \ materia-l appea-rs to ha~ve a tensile stireIngth of about 10, 000 psi
or, higli i.. NicI,, I powh (I- fillt-d ýOt1poýs itei-, ha~ve expe rirentail values of 3ý;00 to

5000(1ý j , nIt tsevaIlues aire believecd to actually be much to) lOW for- the tensile

Coi~ctfI wiets ot' therzirial expansio)n ire( very smAll for pyletrytscompared

to norol doyllrls; in flitA the v, lues are in the samt, ratnge, as ,ornr on myetals.

TIhw t olIox luý IIg tabei t gie daI ,cJiII)n po)I Iy Iv t Io Nyt o ani on polys t yrecn:



Mait Itv r~ia I \'o tiuI e I e ice. itt ( >cef. l~ ti;it

Y, I,

7, c p o 1 ' rc, rlk. y II Co. I o""

1'm H\ i ittiiake 40 (16 I ,

lo v tyi' i un -k 40 1 11 xi I O

FRAG'l'UB 1\ ut 1TW(i INKS OFl (I AIý i 1m, h1-:0PMY1 I I:NY L, -N !, : PNl)C

C ON4I 'OI 1' I>s_ (A- TViia U,1. 'ra chte and A.7 DiIAnedlet to

In the design of any loadc hea rinhg struictuire, the choice of the mtate rial must

be iiifltincecl by its ability t) tres:is t fracture. TIhe ability to res is It fracti:e can

be tineas, - dIcy a prtoerty ckiieul fracture toughnevss. It is rcl:teM to the energy

,equi rel for a c'rack to p~ropiagate' through a mate rial.

Fractmaif, totighuess testing perinitm an evaluation of the stress level or strain

itergy teciii ro"1 to cause fracture. Tihe fracture touighness dcpencls on d" ad~he-

sioin bet ~t'ti lie, tmatrix and( the reinforcing phase, the (legrees of (iisjpersioiil of

the reittlo ruert-e, and the, prcei'tt ins -f the constittuent pIas es, The senisitivity

S)f frakicurtý 1ttiightcss to subtAle chianges ini striteture~ gives it vaolue as a nieasure

of the pert on narw~e mdt( c'fficiuricy of it cornijos ite.

he Cc ; mutiy, Chue ftacttute ittighiess hads bieen detemtninel us ing double edge~-

notched tn-i ic trwiuons. All fracture snrt( wfo ii~ hve heeni ca refuilly exarnined

by ;sinv itce, cl~cttofl scanning aik!i ('Icc I ii rotc ro)sciopy. Stanard(it~ iic ro

tensile wIt havic niso Imci~i us i ctrdir to, let' tiyitieu tensýile mloduluis a0(1

yield ;1 1-c .11

t'e~ccttir% I;~ ot pcct\IiL :1r11e ;)Xfctc (PI ()) fille'd wti t iuuteated glass

a -it -1111m. ti .Ik I i(w Ws .~ tdý, . I (), arid . I 'ý mdif.tte 1 'i in( I u'l".' in frac.ture

toc~iit';; itht Afillet crc tlt iic By trc~tn tie boidtil A'uh/-l 1 00 s tlane at

1 ~ ~ I, x'lii tii''t )i . it(, I S!;,riitiiift de~crted5E M abtt hotti (0 tw! ct iii tcci 1 hness

is I I' t ,, -;'( ilt citi ! Siiiitm timei tho tuttib' i flttS 1 5i : Aft(( it'd and the

SI It ,nI . At I l ii7, I A C1 1ý !1 t- Ir t - ,~'t ( c I ,,F)V . 1 ! Ic' c t , I 'IoAsI I c lit Atv111A I j-,A thjAe )ý ic I I Iu



i ~.1•

1t 01t I I I I '(tti tl Iil ' (I t ' l, },r' * .t o 't)gr. ~I*, t 141 vidh in,:v of itll),p oved( adihý, ion it,

\''h to" tI. he W.f lS t 'I*Ateid with A- I 1 0 :0 ,, In, ktiuvc ling afgi nt. A tentative

tiie'cih,,,iiin fii r ( c1' ;tac +k 1)jrop)ag.lti oi t.x pI h' ! t ttd •,'O? thlt' exi.i t ii. iviev ihenii .

Th o I, y

I(Ct)nside," ain unist rt',ss.- o dihet with I citack Mit one dge. As a stress is

a ppl iii j)ed r pe rndid ula r to the "x×is ()f the c rc k , the two s u rf;ic es of the c rack

s cpia rat e. Stress inmcdiiiitely e,)IcO.nt 'at(- a round the tip of the crack, causing

the strain in tdhis r egi.on to becomen, vtery l artc, Very litl( . avI ,rage stress is

r' requitred to cause plastic flovw in die region very near the crdm (' tip. As thi-;

strain increases, t.h e sharp tip becoyems relatively blunt. At a critical value of

striain, the matevrial finds it less difficult to fracture ithan to deform further.

; ri iffith and Orowan have discussed this concetpt from an evri rgetic point of

v view. It is postulated that a crack will propagate when the I-creas5(, in elastic

strain energy is at least equal to the energy requtired to croate a new crack

surface. The release of elastic e:train energy is the only source of energy to the

frrlult(re process zone. This implieis !hat all fractore energy (i. e. , the plastic

work, crazing, ge, oration of heat, and creation of new surfaces) must be obtained

from release of elastic strain criegrgy.
3

Grmiffith a~nd (irowan use Inglis 'elastic anailysis in order to calculatiý the

elatstic strain energy arountnd an inc'luided craeck. The Griffith criterion •or crack

insta )1lity is that thle neit eniergy chainge in the soliid is n(gat ive as the crack length

inc rtes(,, (i. e. dF/ da < 0).

For a continuotus sheet with an inlxluded crack, subjected to a uniform,

tm a:-,ial stress, the critical gross stress for plarte strain is

i' iii ,' y I the ki(, til energy' r+(t'qiit- l tif) : rcae ' vr / (i- tl' re slirlt.', (a) is the

half lIingthi of the inclu-1ded crack it instatbility, ' is the Po()isson rattio and H is Lhe

•. l('lli 14 iI( lit nod il])1s.

/j



l' I ýx itr ?-zti,enta 4'it'i: t ui a;1(ý h Iil tt 4tHic cl ic rgN .1 is is h) 1114.i or e

Itt rIagli It 'III(- p 1t-ale r 11.11ri 1 le ; 1Iirt,,e 4 rerl.1gy h) r flit.IlIs Iiii ' 1. i

Thue ( rIilfuthu -Ur) Ht.. i t ýl'' v hi.i"i rot bfetit Ilsed f.Xt(II!;I\.vh I -' ,I , II - h Ij- L ttlIe

iIIt(?.1 1- t 5ri I sIt i .1 , I high -i ?II l, . ii t i 5 e I S aitiiti I111015, lindt nIl- I OI I Illo I-. )fie m,

its hI i) tI I # IIS i pp c 1 jt1I5s to( II i its I Ihib Ii t y to I Ill )dIfy th~ *l et I, I1'.1i i -ru e e g y fo )r

f rri t' h tllA i i e- d to rll1t 1r o ill thel' ViC iii ty oIf Illie I, r (ik t i ,

Irin.ii -t!'lli/.e( till jtossibte Siti) rt(-orilinp,'Ind lhas ')l-I-(,(]h t Teut(h 1 1 1 uo1

whtliuhi jptrrIlitii -it calcuih.1ltio of lt(e si'.e of tile plast-ic zmif, ill I rt ofl the ctiuik tip'.

1tiFro this the1ory oil" (-an cdlcui!atv fthe em'r rgy and~ stres;s It-\ -I requiired1 tot- lth

c rack mnovemenet ti) cha,)ge froin a Slow s tblcl growth it) a r~ijipid, czkti5trojihic:

piropagatifon. A\ mlate rial proper ly caulelc the 5 train (flct gy I eleai..3 rate, t.PI,'

chiarac~terizes this condition. Th(e strain energy releasoe raitc iii'.7IIults all coat ii-

huitions to thc energy dliss~ipated ats thet c rack advances4, ou ltring tho~se which are-(

riot. related( (hirect~ly to that ri-quiri rd for- the formation of noeA' sio rfaee a rea. F(o r

the edge iott:hedt sheets shown in 1, igti re~ I, 7 i
Trwin has shown that thre f ractur-e

toughness is cha racte ri-ted by FikuIl~re I I)oil

6 FEdlc Not uh rd
the fo~llowing equat ions IJs

for F'ractutre T
'I'ougliness, .trI

a WI! 2  (t,;ty it 4- 0. 1 sin, 2.1)/

W
y

vA,h~ I ( IrcKl:'nd U~f I ire, ti es!tre-ss jnttriýit% pair.imfriet' arid -,i ruin t'rnergy, relea-se,

rattc itrd ire( niati-r'ia F ~ictiti ()f theý Iortilsitu-. I li- (ptlirtity U ts; the gross -

StI )Itt tens Ile st r-es.-' 1 0 s th tht- i f~ s t rength o)f theý trI -I I., ;ind (,I) is die



I () I il c tt/ II( ol.bc () f~ du ir. A lo h s - vL;i a l

'Ihi: jliti zolne ,i e'' is (41cil VCUV oN,i in tIII !yiit('ill we have 11(0'!) situdyiug

but it is foltI tllit it, Ili.?iybe I n impjo I- ant plr i-rnett r f(.or (lid ric tv rizing the~ di sip)a -

tive1 otoces s c in (lie v Iýitinit y ( if t 1 -(- n c i(k t i 1.

It caLn bo shown that the st rain c-norgy relvase rate is related to the energy

"jIrIauiicto Ir of 1the (II-iriff ith -Oro0 r Uueor 1 v b)y:

Ex pe I-itll ct111 tI es ýIIt s

'I'l c( doI 1b1e c (Ige -n1otchled te. ns ilIv 5ei I: Ieun. shItown ini F gi g r e Z, was used for

touht'hicss tes ting'. The ge'omet ry of' the s}'e(: icrne confo rmsO to Owe dimfenlsions8

rtoumi(-ndIvJ'I by Irwin~f

Thb S, 'Ii)! s 1tr I(n)otclied With i tl c us torn de ' igneol,

ca rhbide-t ijpj)d (I yc utti r us ed onl a mi ii lng mat hine.

I Jcptl) 0. ZOO ~ 0, 001 in( lies

Vwidtlh 1 .I0)~ 0. 00)3 inchecs "1
I nc 111(id( loI It4c o)f tI. - .150

1 1a IIt ýoiiu ()f :j I p 0. 0 0 08 1 mIm bes.

Ihue ll(I lied loo i'i'l (,in I'v olI ex eItyllrt~in(e

is 'i S!Iitict Iof giecat dliscusi~on i?) literatirs-q ifl

7
till Iro-IcIti re tollilines~s of wetals '11 l , re vs . 4 q u n I Ire 4



T I

11 l tj 1) f.t I re pi o( 1) rlt .)pa gati (III. it iul tII~I lg.lit i f -!iiA !; il)ng A.i (t(e tI'a id pr- ))--

(i' aktatt roj'hie failure 1,' probably mnial! ernuigh io that flit- fracture toughne-ss

I s 11 elat I \(Ity Is t-is I I Ii ve tot the infitia 1,1 ich itied not() h raidi 1v,.

WV it f :IheI notc( th radhiii"-s bevi ng veF fetýc t ivelI Zero t ý), .IIn I )tII) r11 ri cj o (I).-, 1(d1f r.aIt ion I

i-i \kiiithticI t11 0 maichiining merioun Iv affect; flthe proc tie i vu ea r the notihi. F(I I.t II-

o.u tely I'I Uis bi refringent which Mlomsu the observa tion of the dis ruptance- neair

ftho c rui-k tip by polari zed light. Wh 11(1 the4 j))ly 111 cr i s s tr ;I In v( d I 1 oninfi ,r P I IIY

coloIred lbirefringert rings are c reatedl showing flth- (list uRhed rigioruu. Aft V.r

macohiniing the notches in the unfilled 110, only sýlight dist urb-lance wýas noticed.

f I~he mieasu-iredl disturb~ance region extended lessi than .00?. inches. If tht, ri)otcl'

wtvs further exterided with a razor blade, bright rings vxere apparent with Ihe

disturber! region extending to aihou! , (110 inlches fromn the tip). Since Uth plas;tic

zone, r , wits determined to he ahboiit 030 iflcti'5 it waSý asSinimcd that Otin

disfjrhiict,ti diue to mac hiniing v~as neijighicl. The filed polyiricers we-'re tither.

Opaquie aInt] it was dijfficiilt to reas'ire the region oIf uhdtisIIhirIo0 duhi to rmachining

'vith IiolarizL'(l light. lt w v i il h, (-,?I ilitir r is ahout . 0)70 () li e:

aginii the (listurbaner is Assuimed nef'Iuiilcl It qhouihld M iT)vt pointed exit th~i

the- st P -cack growth regioni extends an average distance of . 010C inches vhit-h

woutld appeai;r to insure thaf thu mmii lining effectis were gv zh

The spreci me ns irI, Ic ritinted I ri I the 5wcin if h)Ilde rs shv i n V'i kirt It.

hie e -riIt, rIInir- ieto the1 1j trl f'n I i 'A tio 111 T. 001 inches Qf the loading axis, In

ordetr to iinprmfvf on !he pin loading! suggrsted by Orwn (:nd used exchiisiv'el Aor

t e ti 1 on f irretal'-ý) the "pc( rui)ns ai rf er t IIIo (II, the ie imenf hboldirs %-ith1

1,,1ý i ,Itroi '1) 1 oadhi. .wIvThe wspe "irvn biAllers are then Imn lotohoul. It us v fel tha t

Toltaring viafithe adths;vc e limt pe iritsý- more mmnifo~rti lou;f th~in aftor led by p jn

11 Idinrg.

.Af f e itl~ a l ~t iil 1 i tu1 set ( at Ivas t 1 li "1 1 lo h rqA"Idupt s Ai ri "rmuun! il

'11 t cf~ !r)- fI( rum i; n~unuuna hArmbv r. Fbe infmu niat Ion needed for Analy sis
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IFriirturv tcughnleis tvsts Ihavt- bet'' fld(t, ff~r JIm tr' P1'10 over .1 rangeo

thickm-iscs of .03 to 0( inches, pilre PPl() over a rdtngc o)f ( rossheuad ratv:i ',)f

0') Iri/nitin to 5 crn/mi, })J '( filled with oIlitt'Ititf gla'ss fil( robeads ((il)itetr

W il) mac ronls) ot filler concent rationsi of 5, 10 andI I " peci('Pn. by volume, and PPO(

fiIleU; with A-Il1 00 sjilane treahed glass 11lirobe Ids. In adidition, the f rdc to T(

toigh ncss, f or IlIM MA w .ts d vt i r r i in (d ;S tsi ( I ifk w ith1 1 11 f~bis - -ýIda (jL. li'ttsts

of pul rc I I '() ove r at range of tIx1',,flcssv' werv ý:arric(I mit ml room0 tefliWrait uarc

ill Iotb hc i sVr re (- )rrnpicte(I i 11 th "e' n I-OTIj ror)ntalI chart)~e 1) v t. I lb datt

'Ill(cb ei ulo tc(iY y- f rtcct ti ro tough ncsu's of-

PI ex %,I lit,- I fI I V A 0 ) N1NM A) wva! . 0, x 1 0)

v r g C!1), ll'h-u \'"ilef d)jV C' (LAH \va l vtli .'

1iuubl ished( v,1lue (if I*-0. 81 x I0 ()'~ ' ;ai/ e '

!'.V Ctrlk 11ldta~l l)1.sti(~ zon fur PMMA,.d is only -- -

u001 ciii). H(.( ocaa f its S111,11l Sizv, the -.

1.lis c mi (r v.t n a t r i i g i i lo

adflol tII' -ge piuircy f-laisti( tnalvsis is' s11f f icien'Tt.
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1 1 DO

Yielingbefo )r1 f r1c tt I'e. TIsy ield Ii n g ('stI s (1 b)y 11he-ý- 1~) itc i i I v i b re ;ik intpgI

it net sitrIess near~ I i ts y l mttand IthuS- does n;rot I)-e- iot. properI- ariallys is .

This diifi,- IIIty w~is ()vv rcorie by inc r-etis i g the( c ros; Oiead r-ate ii t(2 iri /"n, in

it Lwh i chI tI al uhIbs eqeItIv t: .es is "e v r t'ý i- -ii te- (fI It.

Both I< u &-d' Y-fracture toughness;,, (If thE tintreaclted glass beatd composites

inc reas e Iinea r-ly vitLh voluime fractIion oIf filler uip tk3 about 150"0 loading (Figures

8 and 9). An aidditional point it 20o% J oa(iin g indlicatite that the frau tur e toughniess

I, 'II N ",0 N" 60

A 10 fl Afff S%

I MI 5* 2*9

Vigui re 8 t'igure I

rmay reach ai raxirnorn in the rag ~V.Although this type of behavior is

reasonJble,, it is uiot yet cer~tin whe' (t.i4 Iho (14'( resc( is tass)ciuted Only wvith

the abrcaton r '.ess(th 2.% sp irrro ''eie made firo a different batc

of raw mna tl'rI- tIs, It 1i I the otthec I ) 11(4 I u -,It 'I n ; ).

Fi-actogi--tphic eviderrue inidicajtesý thait there I, pr-ihably little or no idliesion

between the untireited eadls LInd( the jo! \rV hcrn ub're is no idhiesion between

p~has es onie mayVenoer thait eu.w hfb-id I,, tt s v)id~ i ri the ~ stol id. Fromi the

(I it t , i t s el usw thait a Io nc I r I .I o,,II ) f I Iu Ii ' I f _ (I I n i n r eIII, a"S e I tl

frIactue teipti moss)11(ý-ý. lre't-It'llt of tilt be'eIs '- ith o, fI ) JIM ,ime I-, elijlitig agent

s igni 1fl iut uIlI (I4 (- I-,-I vsIe5 I Fi V i( I I - t Iiý II II -' '- (II ( IIII t I' t'e v.,l u Iit whe , corInIi i r (d

to theit Sirne- ()t #-I olI' t II~t ( If 'illittl4 f-11 - 1), 'i!". 1 4'! I '( till.(,14 tellgil lss Is, e.ven

bjead." hll 4. tý 1 o t t I i gr , eI ' t diilif ; I -11 1') tf p (dj \ 1(14 I i Ix. Fhisý, it Id jews

tha't antrvui o'u(14gr II4 thesvt-i (.* tilt-Inu %1 ((Ilds) so-en's to

(lec r-eaHs I I jt trite f. uo~s



''lI'slt'iot'~~~~~ Il Aujl \'jl I it hI) ih t o~.itu nun 11uul leut tI I. t' sC t I I

I Ii fi tka It (1 pt i Iii 14' x i iii I l .! 4I g t I) I I il r '( - 0 th s-ii~i

v Ifl: ift- inil I~t thi -i~i,ut -I'ii tdI) i hl ite used I od nl four disI p rceqt ad v t las I ic

iMIii luh , rtIiiýý Iit, ' uijn, I ht Id :t upp rhsIiim i thatcIvd 5 1h fra t r tiig niss tt tiiv. sill he

.I It l IS I; t Il. I 5 It[i 1 ttii m-s ni ircqou I rt uqIiis m rgy. ts cai lthe cZ ov hi I d r o

lw~~~~~~tdý,,~~~~~~~I ((I vIi)i crns s t v e i ru t h ,v o pq a er t o n

I-tilciiii'ir y ii :c (Inth Iirinit ( o'ari xj *Snotui- cnergy s irjls rvqit c i iltI fz'upirat

I t I I ,_l y ) ii i i il f 1iq 601 (hi " it ) t-i 1i: i vn c ti wi th, A - 0I i s i ntvI) 1 i (Y'



chosel 'is thie k' osi-'wad rate for ill sam~ples. ( )n~l vs Ih, Ni NT\A samples- fitilcd.

ki shov, this~ kind -d' yielding and( rcquiired that an1d~O5 apritmat ij prtcvnt (-tfltHE't

be tus '(i.

FigUre 0 showvs tha~t the ul1titiate

strength of the pir P]I ( ) ink ccas .sal: out

l in early with the I ogaci thin of~ t~h c ross -

head rate. The add it ion of uint reated

glass b)e ad(s to J 1 )0 dec(2reases3 the ul ti -
-11 A.l*Xf

inate strength as shown in F'iguire I I .

The re sults s how little scatter, with the Figu re 1 0)

c urve showing sharpest. decrease in

strength in die low conicentra-tion rainge. OMeSVIN7

fly treatii'g the beads wit~h A-1l 100 silarie At66'

at 1 0 perccnt idy Volumne glass beads,

the strength was inc reased by 4 percent

ove r the unt cei.tedl beads bu.. remainedA .1IIII IIA'

0 05 10 1 S

fa r below that o)f tile unfi lied I 11K0. .01 c 111)

The tens ilIe mo dul us wasi deCte rmninecd

fromrn -ic r(it(,is ile samnples and in most:igr11

cases v 1is checkced lby onsk-hialf inch Will( bars ri 'ain "vas nieasiired 1by

Ilust so stra in gage extens omi eter.s r-ounted ,)n the Sa nip] 55. The c X.t~rs(r11 (.t.ie(.

at_ r ( ule th uu l (within I/.;)but it ',as fomund that I.\.trfsmne c-i rc 11o1st. h"

taiken iii placcement (in thec s fiyplics. I iur o[Ok IItt i~ig' Ia

perl-nit ai 5 p(ý reiý error duei to ninisa1i,;,nmfnst. f,
VýIgice I ý'shovs til o the' tensleldils-

mn1CY(isfeS \kitti flletr :()niterit rattium . 1'lie

'ncce.ss- ippea~rs It) fall v. ithin the retgion .*.9'>IAS

prcd('tictj hv due Kt rticr a.nti vAn de r Poe!

q k."i tiuI ( -1 . T t1titIull)e t vvi tit A- ! 1 00 u u es ri,jo

s~~~~~~~~' 50i, m d c t 1( Il) Ii
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f~t Ii I;lld t o I 'I( fI~I ring1  gl I -I s I I II

Tlw ,~I ( o rs w~i~-i) to) (X )~~i t I -i tj),Ilfl M It) N"j 1. .[ )11 1 J- I) i I-ri I g fo r

o)Ijlajnitigt' (ht, tract 111.4 -,I~t 01('i.p 11I cs t Alke) on the (ejet r~or, scIenI~nif IIIg " r 'icr (7 pe.

i I I rf fi th, A . A. 'I't e v I)! n ()Iilifrti o f r i i r e .IitrIid o % i n s k)Ii d s Ih I 'rr a ns

r "v ow1n1 F-1 . tIJ1(LifleltitL1s of 1) i'ittl I v hellIv o I in ItIIetals, 1 ~g II e; 1 nd

V r I -t I I of 4ect ýI Is, I 19) (19 50).-

i , [ r1i)IIs , C. I". ''sl e vsU Hil I )Id't(' (fit(, to I lhit, pyt itici of c' .-a ks and Ala rj

C o V Iev rS T Irans. Inst. Mt v. I A I-chItIti'-c t I LV. .ý19 ( 19 1

'I. fierry, J. 1K ''11 it te behavwor in j)dyflen i-i sid ids, '' Frac ture P'rocesses

inl J1(IyIrH'ric t-So1ids, H. RmOsen, '-d. ,ttý ., In''if''ne, N. T_. 196jj 1)TiT-- 95.-

'i I r~vin), (t, .R. '' A t 'i Iy s Ii o st r os.i es antid stra i Its Tica r te et(-cnd of aI c r i ck

tr tv e r s ill', a plate,' AS4E- Tranrs. .' 4, 16 ( 19 17).

6. 1 r-v.', 1lt( 1 R . ''1"ra t ur f toigh ness of h Kigh -tre n gth sh1eet mat e I- atIs midecr

cInod it I m a 1pl;rop ri tt(v for s t.rovi anal~tIys is Naval Research I~i) Repo rt

-7. We i-, V. andj( S. Ya kaIwav~. ''Critical tppratis,'j1 of frictore mnechanics, '

8. 1''1 Itast Ics -rrI) e thods onI tecs t in, ASTM Stanrdatrds , I ;Ir-t '7 , 1). 5 53 (19 05)

93 f'~virn-r. E'. 11. ''hwel.'astic andi thermoI-eLas4tie properItieS Of COInopoWitfe

Id '' roew. 'hys. Sotc. ,69 13 808 (1)56).

1 0. -aIin di-r 1Poet, ''On tHip rheoiogy of ctineieettrated di spe rs ins, '' Rh coo

Actil, I1, 198 ( )



wI t, -e . I' I II I I " ( it tI I J( it- itI .!. % I I I Iii i ) I ' t il - ,, l I I I I 'tlIt I Is a I' v .I' Ii v 111 e I II ) ii s I , 11 -

*I' m- tjte f.vast(' f ig t I h w 'iit (h ej x ~i. I~l ;II-f ) c(IIp ý4-I Ii{ ( ,Ot I 1 yi~ r111eIs I tt . Iif I-

I. a tizto i l cmitt l )j(t !;i O I ft f. tticetti Igh )I ' i IItI ut'J)OX ' IW and (I. - ch c daXl ()I g t heuly

t~ I It.i c ItgII r It(It1 d i s df fi H i ifI t is itt )f iI ' ItT IIIIr~~n in I- e Io a rv. A ks -\, s IritA d s th,(I ro igh rit tlve

1(5111 !1tk n 104 the rd I-- t lit e. aott~t w -( i, the tit.ii I t)itt1cg]I th ir -e~tijlm yIfi t c .L(fac

.tri0 flillt vsi(f ca.ýIvI.th 11 1 rmite o he (ljfful-i 0 -Slong .the .1ute1-fare.WY , I y 1O1-V1 - ,I Ii ittt

ti rid as gireat .: I diffus ion of waite r through ol r glas s -epoxy svs tern an nindr~ that

tit(-e pjlirattionl of cmhijlinig 'tgtrit to the irifelrt.rial re1gion soli'etirnlýs (lid not

Itii ride r anifd t)theý I- t iit-qIi f e I epod re ta r-d thec i ittis ion of thec wa ter . T1hIi wor-k i s a

itiitilitlittittt )f 0le W(tth hlekilfi ho/ J. Sthl.i('ff't

A mod)(e-l j.las ('ioy tijtsite was, coosti-eut-c is 0hown in Figiur-ý 1. 'I'll

I- I If rie't IionI ) r itilk tiat d \.V t vte - fro- ntI t Ie inI-s id ofc th~e

(-1.11 t hlrough Owt hris inl and h t-ough tlue re-Sin-glass

jirlteCai-e vts rS auri a I; - - 1s a f IInfc t itoi of tiuxu. A

Jr rni'aietion o)f I o-8 O/(rn'/dtY was easily det~ected.

I )i ffus i!n i cci Is, ;is shown in Figulres Z And iweree

a' 1s ct rn strI rtd an I these IIsat (el T1)rx I n I It I o- thu

OWN. ' (mdtit~itor w'Oifro onily the diffiision m-curring throughj

the recsirI a detected. The Iliffi-rence between

it~~trthrough theidutt aliu- time. Thi r-esin itiliuinks iwt\vy f)rlthe wialls elf

the cyinrdi I-he tielopt' i" allowed to rotto rooruun te-ilftfritutre aftier being



fac(c. l'14 eltecct (if Ilhi!4 tr~ lul jpmf int('rfl('ial (diffusiton woas studlied by l)oi-r)iorfl-ni

the' \i cxjrlie'it~yý It ci i'iriolii tAlss riir's \o, in uuicier to inc reaIse considerably

the intelý fiii [it 1re'giii inl I dli ffi', iocef 'I ll(an ifli rc',s(' the s vns it ivity by which

ilih.1i'tt iiit .4c'tte'c ( ciilld hI' ilitr''tii, CIexperimnents were' per' formied oneflpJoxv filled

W4 c. "Oii to) oiiijulias i'e' (I it iiie;istiii'cfi(nts iwc'rt' iiily made (m( ce](Alls w~hichi

S1)imk'i(I ni) ý;ijlr) (d iiter'ft i~ilt rick ir tijibre, in dieed, a goodi manIy ceI' s were

r i 1i11l' iii I.

A vi f 't r Iit lt t c i I (t c ti~ f c I si i e'lsxI t C I Sn i~ i T- ~'i tI k ('c I C I )1 w I II C II h d S jI t

(n Iyi ii ci : i\ v i' I Ii-!' ~ pI 1 -r' f c'111111ft 0 ) ki eliic t , iý~c (li s it hIiy a t

()11ce nd-jit') ;Ii 1.li(H 'dI t6l i\llch? ich te Jif uiirv p) ,iilL tnd mni-ilu~c d 20111 ght Tiiih e

isoj niic~ii )tl Hcl l' yii lc r ih-s vla'ci ciu cu r~c liridI ho' t r'e-jr1'ihi ai'c ontol the



.'~Il11i;)jfH. (I'A~9tilormihlod. mlix(id \kith , ;hvIl Cur~ing ~Al-ci~t 1) Inl a ratio(i f

100 p t (biw weight) rveont to I_'.' part.-; curing agent. Ten g -am. () otilt- mix-

tilo. r als pol11red ti a-nd t I 'ý c' Ii ndv IcrL)i(-e( in an oven to cure at 71ýOC 'Il t

1to a tji 71(c of U Ijre , l)~gIlfill ir1i" with the Illixinig .f the resin with coit im, Agent,

wais three hillrs. '1o remnove (-ai r- hubhIivs Itris ing fromn thev rn ix irg 1) rm, vs s aid o

the( ini~tiai (ciring p~ro(ti- a vaicimini a poilled o)n the sample ;duringk thc fiirst

half hotir of cure. One sarnpI. (1) 90) dlid no(t rccc iv-e the(- vacimion treatilmenit, and

air Ilril)hles were c-le.irly visihic in tile cured. resinI. The( Kel-F film was remrived

after the ckire. 'Ihe( top part1 of the( di ffuision cell was then attatched to the c ylinde r

(SeVC Fig, ri I). TIritiated waler, 1',0, and it TeIflon coated magnet wvere Soialedl

into a b)reakah~e glass vial ind the- mits•ide of the vial washed to remnove any

trace-s ()f radiioa( tivity. For rol)m tfriljterat'.re s tidies the vial wais placed in

thle diffol.uion clia'td Ole tiop oft the cell -evalvd. For hligher temperature work,

a cond,,n-ýtr anid a cold tr~li) %,crv attn hied to the cell ats Shown in Figure 4. D- 17

rat r4g('n g-ts' was paIsse o Cve~r the bottomn of the

ilK .uýid(I ,t' tile diffusion cell and then into at col1(

I p C oletor7. The flow was sufficient to essen-

ally ri ry o)ve r to the t rap any d i fos ing wate r hot

'1ýv. r~mghso tha,-t in testOs at seconrd trap in series

ih th#- dis idc not -;how any raio oactivity. 'The

id Tt I,1() inr t he c( ld t rap ,vas in l'a-( Ii icl i

!fl" Itir (tOld replacingý) the ('0old trvt 1 conitainer,

1 11, 1 ' it)) 1 1) tit of si u i nt I I att ing si )] uit ion, atnd

t-lj r''I 'm i' I dm(t i n tho()rou ghl Iw,ý ith th c (m t r't V o~f

ti,11 p. Ihf [0 t nciit~s o4 tlln' trap11 we'# re lhf(rl p'ircd

t~iiitc '1 1 a11,11 1 i1 ,tI I ki I I eI1111'ý I e I lltlo- r 1 hl cvftori 'tilr. lh IBf' ,1dO~ e



A n ouit c g Iis s J,(kt #1 o,- i I a~(hl tIkIo t liv (IiftfI s i~ ceAl-(Il as ; ihoWri inl FigPuIre

i Id II Ii iUtiI Ig I lpe )v ."',!k s x rappo(I a b)oiit the jau k 1't i n thIe v ic(-in ity aibo(v ( ýIi (I be- Iow~

tlw e-poxy disc. A the rmi !;t er p)robe and ai thlernil mile tcr 'Ni-re in'sevrte d jls t b ehow

tu ii;- i~c .111 with the hiel 1) of a the rmiite r relay, Olrmleratu~re held cons~tant to

""xithin + lC.An tearly ruin whlere the telfpe rato re control was moick poorer

(1) T A1) is ind~icatdti as 50(i) ill the' results. Tempe)lratuire equlilibriumi was

(stabl)ishted befo re. the viol wvas broken.

TIhini Cells: Ihiring curec, a Teflon rod of 2. 5 cm dn(iarmete r was inse'rted into

Ohe epoxy resin at aj distaince of a few rniliryite rs from the Ked-F film. A f te r

(u cc, the rod wkas pulletd away fromn the cesin leaving a circular cavity in the-

(I is (. A py rex cylindlet wais tlier. attached1 to the thin Icirt of the epoxy disc by

p1111 iing room t empe~raturie caire epoxy res;in libeýrally on the outs ide of this inner

cyl inrder and cuiring. TI,() was placed ins ide the innerc IURcr

'IoC;Y1iInder C(Alk: Ani inner pyrex cylinder of 5. 1 cm diaimeter was partially

misclt('( into thii cui ring dis. The%; area futw en the inner And outer cylinders xvls

fi lhlo" with wxater and l,(7 tvas placed ins ide IF e inner Cylinde r.

Siuttirfid C;c5 elu<. A c oarse sinturedc gla.;s ube of disc diameter 1. 3 Ann

%ko h-eaned ýy firs-"t 1 cfluxing thue t(bes e-:crnight with isopro.panol in a soxheicot.

Alf I ryilig, hli tubesý w'er icehatcd oxeruinhi t of190'(C in a muffle oven andl

ll~u:rdslowlyJý. Ii 1wdis( a fillud with a fewk drops cif epo,(xy resin whOichi

li~if hqufn uIll forý [ I /..1 ior and( theq i-f.-,t of the cilrec ofltflnuev for the noirnal3

r-!. I c op I nd bo(t tom It ' the I to )ell 'k cc thn taiheiiv(. as is shown.Vl in Fi gulre 1).

A~!T~ Ith~t 1i 00, n ,ionlroyt r i1ot 1 (Ix I.i lafl

I I1 1 f 1(1 1. 1 f i I i I I ii d it 0I( II 1 1

I f ill!]'i

1-li fi it!)



So lintiilatinEg ~'I ioT! andf~ >I''tnardiatioOY 1 6,9 gra~nn of 2, S -diphenyloxazl'oI

a rid 0. 64t gra i) Iof -1 - nI e t hv I1-5 - 1 1 ph 'viiy1t x a z(oJy I -bevn z vnt, ouained fromn tGo Packsrd

Inst rumrent Comoparnv was dijssoilvedf in too r pints Ai reagenit grade tolut-en* and out'

pin of rr'-genit grade niethanol to produce the scintillating soliiti on 'rritiateil

water of opecific ac~tivity of one millic-ure/grain was obtained fromm the New Eriglanci

No(clea r Curporatioji. It waus dilhitedt ibout ten-fold beforme use. 113e %vat ur w is"

s tanda rdized by jpipeting 50 X of the dliluited iwaler into a se intillating vial, adding

scintilating soct utio and I.? mnting in the scm.ini ation coaunt er, A, typical .saicipi

gave about 3 ; 1 o counts per rn invite per grain of xi,,te r. A c orrectLion was,

appliied to take into accouint the deadi tin ecr ro r of the ccaunt er.

Method of Analyrsis

Ass urning Fic kian di ffuiison and neglect in~g end effects, a me as retrile nt of the

arriflflift of s.xater wh ch has (tlfhii.ed through at riicinbrane- as a funiction of toine

all ow-s one to de terminine thb di ffus ion co ns tan t, 1), (cni/nirizn) and the s oltwit lity,

C., (g /crn2 ) for the y stern). 'The prmoduct of C x D is known its the 1)( irn elk) lit y

co,,nstant, I-). Most onuoron .inaly,-iis (A the dmat~ (Lirnit- a-h rnetriod) involves

p)lotting the arnount. of water xhich has diffuivd th r-)1Igh the mernbr i-ae as a f unction

-4 time until the steady state has donfirnitelv bee-ri achieved. TIhen thie s lope of the

sLt raight line in the steadyf stite region andi the !nter(ept of this line extendcd into

the tilnie axis, it re si.-rip)ly rf-lat,ýl to~ P' and C iHownvevc the arnatlijess of Ati

(Iiftitsion cons-tin! for the sys;te~rn of ouir ine tsurftioent and the ni-ed to) us(, rela-

fivctAy thick rionwiIraries in ordi-r to Wntrantee iriteif"Acal contat hi-tween resin

oirl VIaSS Madeh airalySiS hIv tliIhe e-i lIi-thioi iiiipraktic al. VrtlhA-

,Ivaii'\ sti'c A! rc")i"i Wniiiw~rittiri man not Auhir-v.d aft-r a year for Hic (httusior

5iton. I-'m) shwr! rimit, I n'mrt-i\i' f Witi h<iit iv Pi~t wr:ot utii "I h- I!( Kaim

hrf02oin lt 1i niIa e ri by i'r I ii.- I-tu r-; mo tI n f i I-ie I w

in U n I



A Iw 'kaiilmiilt of Iwdif I, gmn, whit( Ii s li-i ifblumcd( thriinu 1 thll ine.alirane.

I Ir \t I sn I t ce (1 in till lit c It \V ;todHi It () F I I h,]nl i c -it I h I i j- (it r a h i on'i are p ret i t

d. ()t,,- Io tt If ehy It Iisg t,)yI ) I int' to rne ito )r m ti Iij i ntl tL h ,t xis t hcie (I()n ) to

C~llvsk' and hy firs to tkfuil, tin ofit I~iii til ofI ! 'I it - irWia eqis t'i of flit

lývc i i pano( Z76~ 4!t Ca zlor i , ;in ( hiltit r ;j . F~t'o I I-:;It i In l I fi )l s 1 1 ld th- put ino

( Iit I'! I( M t ( I -I- 1 S by tI Si TI i-I t , 1)( Ill fe r I( Itq rI c of l t I ofli r I ll;,xi- t 1. t, t' vi N veh ji- \r oi i

\% w , I i fill. - lt to h h t r'l It i I I i n -i I I tI t Int .- I) ni kcl W I rt mi I t 11tv

li !~ ,1~ tlrt i 1"'11) 'I'll, iit t Ir lt.I .f l- ) the solutin onh

rýie ti I i I ' ron ri ii th it ti if a Ii (iti~i I ,tt k t1 5 ijt e rc(,



| l

SA typical p1lit Of the i lt' iffii in datat i.s I •,vvn ii. Vigu iir- 6. As clin hI c teen, a

!tt iti I Ii li e f it 1 thie I ut i I, iflcicaItilig

SI'1 .. " I if , s ikiln i ' e• I S otila )1b] c i) ut hi1e

".6 C * -, d t ! t i " I ()f tlt- fit is irut v,'ery gotold. I'Ile

"s .. . " ' Ivulte. of I) anld f i'tt aineld f.tr,).i stuch fits

s... hli be ,inalyzed talkinrg Iito cons ide ration

-. _ thie ilu.,'ccurrck y of thO fit. As pjreviou-ly

Vin vnt ; fle-, the1 v le v..Iiit f C , so o (it ijnev(I, i i

ligure I) 6.Si 1 w-all inaccurate. DeVspit'-' such

ii n(a;cIli c Ii ,t-i , thIv re aits c l va ly inoIicilt ' that alli i a-eCdIV V((I dif.1 U- )n 011 rCeI-d d(ie

to tilth presence of thev interface. (;r3tjphic~dl1l Fiitllr'e 6 denmonstrates thAs ji)!nt.

Th'le top line repre.<,ents th(e beist fit for tilt nicasured rawc of diffusin and the

bottoni line is what the straight line would be like if diffusion was only through

the resin. Diffusion through the ri.sin alone was measu red in two ways by use of

tht: thin cells and the two cyli.,(l(er cells. In borbh ,,ses, * end effects are assulined

to be negligible. The two cylinder cell, ir particdular, clo'nely resemblIts the inter-

face cells and the resin was subject to identicad cuoditions of cure. The value of

C for room tempjerature was also) ein(.asured dir,'ctlv by weighing a thin piece of

epoxy, which had been soaked in water fori a tirme :4uifficient to guarantee equili-

brivurn ab 0 orb)tion of water and then plotted and w. igI: ed. "'lhe ri-,stults for r oomn

temperature diffusion is shown in Table I. As ind(licated, intel'rfacial diffusion

differed trouin diffusion through the resin primnarily b y at, inc r eased value of C

while th( values of D were somewhat lower.

The pr*oduc t of C x D, tie ptermeaibility conqtint, wa /. about an o rde'r of mlig-

nitude too large. It was not expected that interf;acial diffusion S.rhould show itself

by an increas ed value of C and no increas e in D,. Such a result on igh t be an

artifatct arising from fitting innaLckirate data to an inalý.iid Fi,,kian mnodel. Itoweve r,

another explarnation is pessible. Nit\rnvly, that deterioration of thi, interface by

diffusing ww4ter otccuirs only after w.ler has real, •,cd the inte'rfacid region i)by



<A~ ~~~ It r~ 'I( l k I I te I e t i i Ig v e

DV.I r** ,I,'I. I II wD IiCI~T Ic It )cll ( 1  v rtitl/ v
0V, I . .I .~ -II 1 0 tI I V

r .11 w I gII t I ~ i C wIl ji i IO tev15o

044 h1tiT31 Ik- 0jlii'jh0c. I
11 9 .. 1 9 ' 4 (1.2116 T00 f. jI

a ny ov~irt . tho atmount t wi~tvr
1101 TI, D 1 IA 0 0i' 21V

.19 T, 2I 0 OS o0 Ile rmn at Ing th rough the i Wte r-

II,, ~,,. IT 2 002facial celli Was Id( rs ()f

0~~~~~~ -)1I~0, 1 I I T'4 IV

P IN 1.-� 1 0_04 19reportef-d by o thIer rcIsesa rcherIs.

It 1.110(11(1 be emphias izedl howv-

'ever, thiat ext r-ilem care was

t, Ik crIIiI i Ithe co I t I ictiI In I f thIet,( dIf f I s Ion c IlI tha it theIIt-y no ( tbIe c51 shjvct to mechanical

or thermal shock. Al.-lI xny cell which shnA'cd , yen the slightest, sign of an inter-

ftý ij't1 crlil k V1 discardjed. Hence, the i iasureriintq we arc reporting, are1

rcrIJI'serqI1tdtVe If 1(el('11/,o(( c(mlflit10115 lnd M rye -is in indication. ()f what might be

4 'Ipect' d t TIt1. im) (il T intcrfac A bonld it;.

Inicre.1sing the temnpler-:Iturc )f ýOVC akid 7 1'(7, ALsI inchreased the value ()f C,

(hut 11()t 1)) .1)(1 hence P h,,, abo)ut a facltot of 1 0) is seen in T'able 11. Thu high values

oIf C obt~ained for the two Iyfindler sarupi is-, i ) 1 00) and 1) 1 03 a re no doublt dl.e to

e1Xper i mentl e rror ((ru ks ) . The reskIts m icIi te that re I va ing thev s train at thle

rI te rfau T- b\ inc reas Ir ng the, t enipe raltu re , (iI(15 not 1(-( re-is c' the ilift-fa. ionl ()f wate(,r

along the iflte- face.

thel reISUlts 4f diffusionr through thi, sinte red cluio cvIer are sho(wIn in)

Table !'.These cit hadl abouIt 1 0t0 tones thf, In~ert locral a reeas 'is com?1paredf wit~h

the i I'dta c1 fls;~clls l \dis( ir-s sed. mtil hwxvevv' r, the gimnte-ed dILIFCS
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i<l'l,'~(~lOF 'ES) AND) A(; R(' NOF F'IJlVR PARTICIJ I>

l)ulteronce/; in th#ý nieasured vAituw of a- phsca rop(eI ty of a] (orY1i)Hs it

tu~ioriilare usually ittribluitod to severail factors, mne 1being Ili( degro'e of di.,;pf -

Infird *iggrcgatiun of the, tiller i.1itveriiI T his work %vas initiaited to (listirwih

wkha I effect total dispe rs ion a-nd va ry ing (leg rees of agg!,regat ion havoe on the(

, h( ohogical properties oIf a filled systern. Viscos ity mecas urene nts we re selet, ted

fio the work because of the, cormpa risons which can re/ic lv I)e riiacle. Thev exIcn -

;V,(, lit and theoret ical equat ions fo r thev viscos ity (f4I Newtonian s us pensio ,n



,it tiill it- rllH pjIwri ca I.i J)1t( w(Ies have ltwor 1 \I I-xv(I it) r .f e t~it ye i.s .1 * Ins

.I hI ti )It h 4 i [Ifl itent, v( f f Ille vr c onlt ent o II ~hI% vis c ,)!Ii t o f a tI4 i ., ell.,I oilt4 i f la th-

I I , I c aI I 1all tIog( ) is t~ t 11e veff c t o f flI I vr c 3ntien t oil It v s ne r nil hi Ius- o f a

Ml poý i t

A t(,tally ds ~e rs ect s yqt f'rri is chartact e riz'ed bly nvfgligibl e inte r -pa r-ticlIe

colti~sive forces. Ani aggregaited syiterin hats stroyiv2 cohesive forces betwee-.l

pt hu *whilk an atgglornerated systein wo'utld hAve4 weak cohesive forcus.

(Wiak and strong cohetsive forces are d!istinguished by the ability and inability,

rus pee tiv ely, of ordinary dIis pe rsion teechniquies to o)re ak up the clhuste r. ) The

rite r -particle a~ttractLive forc es rep red en t the eordit ion of filler particles

exhibiting a 'stickiness'' and not being wetted individually by the mat rix. phase.

It ~i-, pssiblIe for the extent of aggl omrntat ion and/or a ggre ga tion to range fromn

dotiblets or triplets to very complex. structures. In these rr'easuremnerts, all

e.XJ)pein-jfltal parametervs and conditions are held constant except for the extent

of aggregation of the filler particles. The aggregatedl sys tems are characterized

by the natriber of pa rticles iper aggregate. The inter-part cle forces are of

sufficient magnitude that the extent of aggregation is constant, independent of

-hewar rate in the visýcosity rneasurervients.

The concent rat jon range for s uspenfs ions can best be cons ~de red in three

sei~iiients: i nfiniPtel y dilute, in ode rate (to abouit 0. ý 5 vol urn e fraction filIle r.), and
7

hiighlIy C onc ent rate ci (0. 2-5 to the rnax iim urn v olurnCt ri c packing f rac tion). Einste in

(tcrive(I the equation for the viscosity of a suspension of non--interacting rigid

ihisporsed sphe-res at infinite dilution. Most of the thf-uretical equations in the

I iter~titrv for finite concentrations are based on his result, and usually arc-

p res ented wito supporting data obtained concairrently or with ain analysis of several

sets- o)f data fromi the literature. Trhese- equations p~redict essentially tht- same

behav.ioir at mode rate concentrations, but very divergent behavior at high concen-

trations. In all the theories inter-particle interactions are taken into account,

11TII)IiCItty or explicitly, at high concentrations.
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Hici toIJom;Itlkl tvct'( qlrl tjit d'I f(i\ lJ' d ft~l 11iiiki III" wL~irit Brltads of

Ic.1 rkit iil zI.e rit 1 t' \A'e revI) Ioure .(InIto I( I \'v (o)r v I- ý i tl OI t . I 1 ifI) g latrgev gIa Is s

eti , te t ilme.11ff-rns Il 1rge.r ill (jI 1171etcr anrd of -I (Ittr n - )s i ioti fl hth n Lthc

t r IeIIr ,I.IidS-. fly vi bralting the corlt.1I II(- r %vitl a1 rIebah'nical generator. the sm--all

hc !(ke otfI #(i i it() thec iI) t crs it i t s it es o f the- larger s-ýpheIres. Thel( mixture was

hbfati'' to 6ý) C* (, rlltiatdifined at this teinjeri-ttirc f\ir six hours, and allowed to

c' l io~'v.The poinits of contact of- thlý' surall spheres fuised togethecr, while

the L lar)ii sphere-S WOuld not fulse together or. to thel smallier spheres. T hec

.ig..pgt es were,( se pa rateri by patissIng Ihic rmixtuire th rough a se ries of TViler

s C !i A /\ verIy s hit rpo (i s trI-)ti t io n ini t he ace.i rcago ti Ii 11 f-I-b of pa r t cIe s ptr a g re -

L t I b( ob tainet)d 4r7rn eaiI ,Ich of Itho sievvets , ats WaItS diett, r n ined f r oni oise vr -

i II ý In wt h :1 o I) )Im t ,1(1 f(' O)c. Ani e-xatrnrpl of the type of dlist ribution that

ITil0r f I(run Iui'ld, )f, 9;p ave ra-Igeý ii.ifi f.tr.

I )1)(f oruiii roiwratphs of s ingiu ts !ý isei toI- flit.

,1g r 1 4 -ri ;I T-1 Sh n 1n ( )\k 1 1f"I r I- I IFo r t h hbea (s

bef ý or ý - (I" I -Itt I I r t h1e inlita e I as I(I fi at on )

t.I (~t It. i on . ,', Illtrpl oi f Io' re Igates wth1

at I 1V I- It i IF i , 1I. 1 .it itd 7 Iu ri1 e 1-11 f- h -I-?

I ggig at ( ,I1 -f'S I I 'Ab'ku I I n I igsi rr' Z

(a) , -rw n b ;Iro Iii t ype, f otaItIne , fo-ntit j ;llot in iI I iv P )~t tr B ros. I nc
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Agg rv'eates made of the 95 sI sphe res were us("d for the complted visc 'iSity

rneas uremnents of a ggregated systern:. The smnall es t tigg regate s. ize selec ted

had an average of three particleo per aggregate. For this system a noin-finr,-alr

behavior of .h ear stress as a f'uinc tix-.. ,f rate o)f b.ar 'irst deteeted at a

concentration of about 41 0. Z0, although viscosities4 could b1 fairly accurately

determined for conceeitrations as high its ý = 0. 37. These results are Fhiown in

Figurre 4. It can be seen that the slope at the 1)%k, ost co ncentrrations is greater

than the slope for thu- singlet rnea! urementu.

F;iure I Rý,-lat.v, Vic,.(,,);ity of Aggreg( ated
"S;pher(cs In Arroclor as a i'iunction of Vohume
1Concentration for Tw(), i:; (if Aggrega'c.:
3 Particles per Agg,,ate, 0, and 41.5
"iart ic-],s per Ag•,egate, T 'he Srno)oth
C(urvcs irv I'lts ,,f the Equation:

k

w ('he r (1) ('(c rr.* s pomn s to k 9 ) ait s s
I . 'I (dispeis cd syste(-n); (correspids r)

k 3,. 3. (, a;ind s = . (1 ; ind (3) , orre• p)nds

/7 b ' ; . P) ;:n d -3 1. 8.
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IIIl p.1 1, 11c e.- pe ag r tI .~I t tt VI Ii I ý , I.II I I It t I t

t Ii •' ) 1 .( bI• t,.•t i..ier ( ,le1 1 . 1 4 s n th t-II t

I I. I•I' . g.e o×i t t f 1) lt I I tt, i I p, b,,.' .1 I� iIV ' UI oi ir , , II ,

%Ni•. , tl AIIeI'II , I q t i nlift( , I I t 1'ol 1 'k I ' Iv 1  ci II h I .I t r 1 0 " v, i s, i I ,

r I Atr ( ,'), WY I 4 , t rlf At Io 1 ' v, t,

t I'

V I r 1Ictt( i I ll' ! in t -vai iivr Va )iu ..A I k tI i ArAI ,6I x )•r ntt :• ta • '+ i! • sa u of F' _. t n ft

.... . ... in .it r c t fr or t. 5 c 'A Airl , ( i,'' r

*VF MO ,ARTICL8,, /A,,.4.I.,rg Ag,, .t, wg t)btiined by Ixt r aj lI t

I )i>- 'i( IS p;tt

l('Iv resiultsI , I- ,\v) n iIl 1i ktIr, q ;Ini l .I I ',trly in(Iltd c tt, thAt (he sl.)p' oIf Ilih

I.reLttit 'e viscosity v1ers Ius co nc((.+nt rIt ti1 o rlli ' ,tt i \V c(oi 'Int rf tiot n i lflQ- rt,(I,...•es w iIh

thip •extent of 1.'. re(gti(im. 'lh' Fl, itt'kln relai;t n for dispersed nfoln-init.raailinL

slo-'t r i t s i r. ) i',s tli r v(lll'ves .it inIfifnit v (Iilttion to

li.i -I pI.'(lItI s a s:lop(e for the dispersed c;a.se ý)f Z. 5, and this holds for th( data
8

pi4''rl 11"t'i4 (;il'ti 1 'tpt' ;wkt(mirltc'( to) itggreg;itiori by rnlodif ying~ tile PLin(15 U

25 •

whl, r1-(' is the average nriinbt,, of pa rticles per aggrt'c ite. 'Ih'l I iL% CS vAi'les

f, k eyl:,i to ý. 6 and1 3., 8, f or ag gr f_,,It t es with in ,i vrrate I, ra threer arnd 4. 5

pjar tie I'•, res pe ctivcly.
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I* I(]r tt r' ( ; ' n ( ( r• )( 1,0 1 1 . w it t I 'I I't' - r I I t I I I, 1 4)k') " i• < i 't e I ht I ,t I v. t I o" - )

1" 4 f! , 4 TI !llV,

or Iru n listcd in Tabtle Ill We re tistrd to (It d titi1r1111f v'IlieM o)f s aiccording, ito

h fud 1 ()%k, iiig e x 1) ' 1 .;s in:

(d (d isIe vr ed)
(;gre'te) .1.4(4

s~ ~ ~ (agg rg~i r is) ý

.ind Itl ' includied ill 'Il'l le Ill.

" .',i •,c v l•tli s of s al.Iong with thO
fait IlI

I It I cs kf , I t e rI ) t i ll ein f ur(Il (1 l '' t Iitio 1i" lAAui JAV()[I)u'M1 IK PAA i IN, I M T'IK)1

the s I;'IotI ill .i4P•it ure l. ''Ih. I.- ee ,. ,, 0. .9 ,,

c If 5, 5('iI\'V('S Iju 'iti<lu i• hti.i;v~or ,aThui-} is

.Jightly groatt r thian the experi- cnit tal ,i 45

no ea s uire .i .i with th, th re1c pa rt ( c Iv

igreg at'' 's, ind litghtly less than the

,'ssuilts with th- 4. 5 particle aggr-,'atfs.

:xl iu'),nta1ly Olne (4ftetn finds thalt Iarti•les tersil ti stick together ()r tgghlon -

('rate" as• parli-iuIc siz-" is de,'ri -d. i•. relirninary viscms-ify results ()f di.(Lipers(ed

,,phc'r s in the riange 5-10 p !ndiniat, a siriilar hellhvior to that ()btairiei with the larger

spher(•s. II 'gglwurneration d(id b)e('uirne apparent, similai r ehavior' to that (eteited

for the aggr'gated iisystems would h)(e expected.
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- t Ii t .I rI- It .
m IT) ! I v I s zI z. idltor(. -ti 11.ti1 the ')- lw tad-, 'i . 110 8 1v1.i Vr.Hr l r ,iie ol,y0y elii 1in1tA ,

\Vi~h the. agg~rt'.ptlic of* the Iilare r *I,,. i/eu l~i

I. V is . o4 i ty l ie'.Ct ile, ts (k, r (ii:.ý;pf, Is ef: ! p.|h( rvs' illn .li. pe ls ionl ca 1 1,,

lpre icted ove r th! II t cfit co)nlntI, oiitjo r inge by the Mooney ,vt ation;

2. 1',k r~id'l v !ize effe,, Is :,I • li i spt' r.:i d .ty..s tvl fo r the range (5 p1  - I (0 pi)

art, not Ipp't rent il I l• v!•.I• 'vi ll',I(nltt' ()f 4 the relhdtive viscos(ity.

3. Vi.scosity 1 ea81 r'I1en•1 1t'• for aggregated systems can be predicted by

the Mlooine'y '(lilu/t W)n if the ,insrein coefficient is increase(' according

t (c:q-tation (3) :•nd v ilu(es ()f s ;irle (-alctulite(d from maximumiry voluametric

packing data.
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I 1 YN1 I-, -F I I M ,IR I N l-,RAC TIONS I N C( )NIPOSITl'Es (1). LDrotite and

A, IF. IDilencdet to)

(risider-able effovt. has torte intoi stinlyirig the niatmre of title r-cmipler -

poliyner- inte r-faw..(s becauIse of' the stirouig influience int-r-Laces have, on the

p)hysical prpriscf com11posites. Much of this wor-k is onI model systems.'

iuid ueail treating c ond~it ions. F i'( i 0 .i'v irk has cor-n an, unde~rs tandiing

o~f the types of bonding possible :rn variious r~le-o~) .pimrc.Inbinaticjm,.

and a feel irig {o the conditions rcclizitred for- o1piinti:n pr-operties.

In. spite of the e~es e disougrcemnrnt :n the liter-ature, as~ to actual inechanisrr

of cToupl in g ac tion, s ev eral1 b asic c onc 1 us i I 1 atre a g teecd upon by almrnost e'veiryon0e:

I. St ruictulres that Contain nOn-aullie ring 1 i o be-have diffecerintly than~ those'

with adhe~r'ing p-hases.

2. Coupler-s ir-e used in ()-orde to Iioil ( continuomus adliles ive tutr

ti r-ough the phas e1 udc ie

3. "'he (,x!e!r-t of inter-action bet ween phl-ise's iý- a h ichly specific phcnorr enon,

dlete rmuncd by the naiture o)f the mt(i-ite rting. ,urfl-ics in(,, in many caises,

thec way in 'eh ich thcý are bl-)Jrougt togetherl.

1.In order to achieve inter-acfion kI~tW.ve71 ipha";cs it is niecessaIry for- the

rinte rac ting comnpjonent s to .orn into n-iole cc ia r contact with one ano()the r,

it is g enierally rec ogn i zed that when specific ,oniponents a re -n ixed( togectne r

in a conipl ic at ed fa b ricationt process, onvxiuc ted events (7 an oý-te oc cur which

plac:e doub~t oni ;he nature (or reCliability) of the finlished omoste Thus ,

nie bOanis tic laborator-y studies on model systi'r.ls (ho riot alw'avs relate to the

piei ori-nirice levu I o(4a speouific cornuosite material.



tTle v Iit i 1) ( )bj cti %,to of thIIis ,t Id(yI 1 ' t o (If t(- )I I Ie. cI t tI X"Iy s0 jit) e 1 11y s calI

p property niveasi rem entH or, it fa I rIateu v(')I I I jwýit c k bIate r nIa I, that cazil be

itite rjre tv ( i it tet-m11 s f tlu Iovxtent o f i tt - tc r (litjf) bet w een the v t tis t it t en ts (4 thev

InatevrialI. Thes e expe rim nits renot a Iill ed it (Iet t r Irn IIinig Ithe in rch.anis i l4o

interaction, bu~t r~itthttr are( de-Sij~,fli' to (Illntilty tHeI eXteTt o)f thle inIterac 1.IC (,

an d to (det(. rini ine what ef ffec t thev in tevr~c t it ti has kin the pe rj I v n bco h

inatIe' rii. .

Our study is based oni theý ass umption that, it* theIc.( is interaction between

a filler and a pol ymner mnat rix, the' in Ie lajrope rties of thev pol yrne r 1matriix

will be affected. The na hire of the molecular c-hange will, of c o IIrs e, de pend (

8jitc ific ally oil the typ~e of inte rac l~ion involv ed. A chveni ical veac ti on betweenr

the cons ti tuen ts , for e xampl)1e , can change thli ch em ical cons ti tut ion and ave rag e

molecular weight of the pol ymner phiase, A strong adso0rpt ion of pol ymner oni the.

filler surface, on the oth er hland, may mne rely chainge the rn oh il ity and fle ,~)ibii ty

of the polymner chains. In any spec ifi c comnpos ite system, it is likely that mnore

than one ph enomienon m-ay occuor that ran changt, the properties of the potlymier

mnoleculeCs.

The important point is that the phy sic(2al properties of thec rriat rix mnatercial

in the cornpos ite iroe not neces sa rily the same as those of the pure unfitlled

i-nate rial. It follows that if oneý makes ta c omposi te i n wh ich a s ignl'ficant f rac ti on

of the polymnner isý in contact with a fille~r surface and if tije polyr-ne r st~rongly

intc rae ts wxith the filler, the die gree of inter ;tcti on ( r ga rd less of rn echanis i-)

should manifest its elf by c~hangcs in the therm -odynarn ic and viscoel as tic proper -

ties of the mat rix,

ExPe rirnental Pi- og ,-ai

Two experizinental techini~ques are described in this paper. Thel( glass t ransition

Ctempe ratu res of comnpos it es we re -ne as aredl us in g a Do Pozlt 900f Di ffe rent ialI

Trherm al Analyze r (D)TA). The has ic ide a is toi supply the rman en1c rg y to) boi th aI

sample and an ine rt rcference mnate rial. 1',he tempe -Wuzre dJiffe FiflAce 6etvetýýn

sample and refe rence is recorded, When a sud~den change in spec ific heat or



thernial conductivity of the sample ,cclrs (such Ht that occurring at the glla,,ss

trans ition ten-ip.rature of the polymenr), t change in the li.ating rate between

sa.nl'le and reference oc.curs, which inarks the transition teimper tkire o)f the

-i-atte rial.

Dy-namic moduli and damping capicities of tho con posit es were mn easur ed

using a freel,. oscillating torsion penduluml . A schermatic diagramn is tihown

in Figlu.' 1. The Was ic idea is to impose a sinusoidal torsijonal strain on the

1 Stationary S antlpi Clampn)

Z, Movable Sample Clamp

3 Polymer Sample

1 4 Moment of Inertia vlemb'- r

Figure I The Simplified Functions
of the Torsion Pend'ulurn Indicate

3 that this Instrument is Primarily

------ used for Constant Frequency

:Measurements.

4 composite sample by mneans of an

inertia disc and measure the frequency

of oscillation and its decreas;e in

amplitude with time. I'rorn this da.i-

one may calculate storage modulus,

2
loss modulus and damping capacity Two ,:ornpo, ite systems havy been chosen

for study:

Phenoxy PK{1-I*, a thermoplastic with a repeating, structure of

-()-C 6 HI4 -C-(CH 3)2 -.C 6t 4 -_-CllC .CH(OI) -GCIz 2 4 and a molecular weight of about

31, 000, was filled with an attapilgite clay, Attagel 40,** which had a rod-like

rnmorphology and an aiverage uJtimrnte particle size of 2-00 A diameter and 1 rnicron

in length. The actual BE ET surface area of the filler is .l 1 0 m in.

* Tradenarne for a phenoxy resin made by Union Cairbide Co)rporation.

** Tradenarne for a -lay fille-r made by the Attapulgus Clay Products Corripany.
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TUhe jphenoxy cun-ipu)s;ite sptecirlnefs were( Jpropa red by d(lisolvinlg thle pol yme r

in. a solvent niixture (,f -10(" atcetone, 410'ý', tolulene ;tntI .1%bitnl nd s locryinpg

the as-recejvedl fillvi. inn the soluttion. After sonificaitioni ot the slur ry, the

solvent wits s lowly evaporated i t~ld thenl the COurn puS itt esI- wer jL ced inl aI viW1c Hor

oven at 12,0*(.- for 100 hours, The resulting powders were then compress ion

mnolded into 4 x 0. 5 x 0. US" b ars at 3 000 psi andit 1 00- 1 , 0 C. IThe .'4ofl 1 0-31

cornpos ites were rn idle ir. a s irn iIa r manner, hut the solvent was ace tonek.

Experinfental Results

Figure Z shows that the additiun

of attapulgite to Epon I 031 causes at

marked inc rease in the glass transi-

tion temperature of the matrix. Th is

increase is a manifestation of a

stIrong interaction b)etwee n the twAo Fiolre ThIe 1"'kus n'ne Of the F ille r

constituents: the matrix material in the FEhon 1 031 -At tagfel Coniposite-

has onsieraby dffernt poperiesRes ullts i%~ Maljor Shifts of thle Glas s
has onsde rblytliferet prperiesTrans ,itton *'exnirperatnnre.

after the addition of the filler. Th ereI

are sever cal potential niecharnisnis tha~t canl ibe 1:ý;cd to explalin this Inte. 1.achon.

(The. po~ssibility is thiat the filler sor:c cn act ;as a catalyst for the olrria

tion of the umonornecic tinttc riAl. Ani inc easoe in moule. uiir wfeiijt could explatin

the inc rease in Pg, Anot~h r puasibility is thiat a significanit purlizun o4 the rronom--er

is st rongly' adsorbed on the filler stir-fatc, the roby tlrcc easingý, the mi-obility and

molecular flexibility of the mole-cules. Piirthier e-.xjprimcnrittion Is Ireqnir-od to

distinguish between these or othecrnoansrs

* Iradenamne for an epoxy res ill Flifee Iby SheI llu kjont,-ýl C, )T)Ipanrly.
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cau I ' n Ii re se i t1 re ! if)tt nsitif

h it (ii111)4' i~Lt (I re'. 111 11i 1s I s e t Ie 'I chaIII,'(-

,in(I (lit rctf()rc tIi( extet i (I fi i terc -. i(,t iot)n.

i S ,i III il I e r thIIAnI w ithII the FjPpon 1 11 i.

F~igu re 3 The G~lass Frans 1tion T'he tor-sion Jpend(tilirfl wvas uised to

'Ieinp.. raitu re of the 11-tnl ote cm u-it .0ictficr thiese inte ra tji~ns
lPKIIll-Attag'el Coniposite is
1 s s A ffec ted b)y the 1) rt sercWe wouldI als o mnan ife st t heis el vis in the

Of he illr.vis coelas tic prop1erties Of the matrix.

Thie o c ross linked Epon 1 03 1 systern could riot he studriedl becaus e the low

mnol eculhar weight mnate rial was too bi i ttl e for me chanie al testing. If work on

thiis s ys tern is continued, the mnat rix mnate rial w'illI have to be l igh tly c ros slinked.

Figures 4 and 5 show the dynamnic test results for the phenoxy-attapulpite

cornpos dtes.

T'he shea r rmoduli and loss inudul i nea r 100* C s how the same shift in the

glass; trainsilti')f teiripe rato re as was found with. the DTA. At the transition

tempe'ratu re i( f the pu re p~olym er , the on s et of rapid v is cous flow causes a nevar -

infinite rise rin the Jarnping capacILity Of thI ma1-te-rial. TheC addition oi. twenty

percent attiij)Olgite suppresses this peak someiwhat 1)0: viscou-, flow agatin p~re-

domn mnates att a ternperato re that is ai few de g reci- higher thain for the pure polyrner.

At thiirty percent filler concentration the (Mi-fping peak is relattively low atrid a

de4finite rnaxirnuni is ohs ervedl. Thus, the compnlos-ite- is beginning4 to e-xhibit sorne

strength above the glass tranrsit ion terni~eraitore. Tbhis is, 1the kind o)f b( havlo r

one"( would expect f'-om a crystalline or lightly c ro-sslinked Jbolyine r.

Low temniperatu'.-ie peiks ait -67 (-, in the loss mniodili and damnping caipaci`ties

ace- also observed, indicating a secondlary glass transition for the polyiner. Thef

pea-,k tern pe ratur4's arnd the shapev of the damnping ,,uirves appear- to be- inclepridtent

of filler concentration. The relative peak heights for the d~mnping, corves are ilso

jpr§)portiotnal to the volume fraction of filler. Thuls, if tht damiping capacitie.s are

crmpipared( on a unit voluiiie of polymne r bats iq, the dIan) Iui ng- curves maity be

S opc r If1n ps e) vd
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I hese uat zra iig tr I hc i rlt (t et-1i t -( ' 1 (! lov:;: Ih )I , w)v t 1iii)c, rat urtr ran: ;it ion

involves sjt cifie short s, glncnt:, ,1l014 the l)oIyli, l- tli'ain. T -e tlexilility andl

!TI)bility of these short segme'n ts. 1-s 4.e nl)r ,it rt _,y ,Ifftt•'tt l l)O, 1it l)r(5 st-lcf ()f

filier surfacet and Ihits the j)0 iti(on ()f the(' I-a x it oi par l lthin ksH ;ociaatc v.i wt ih

tII i(vse nioto t, o s is niit ¾;iglnific a ntly clilt ti,(c by tile p, ('.cs(. (' of filler. 'l1hc hig•her

temperature transition, oin the •dh, hind, inv)Ivcs the flaxittility ,and tIl)bility

of larger segmrn-nts of the polymer (hmins flih shift t)f thel .. ,. Irinsition

temperature and the decrese in viscou: (i issiat ion ipe r unit voltime of polymner

leaot one to believe that the ong ci' ran.ge chain flexibility and rnol)itity are

inhibited. In other words, the r(l;ix,iti()n spect ruin in the longc r r(lax,ition

titne region is shifted to still longer timnes because of the preseonce of the fillar.

A physical picture of a polymer c hain be ing adsor bed at. a few points along the

chain and forming loops back into the b1,lkk of the polyiner matirix is consisteint

with the data. It should be pointed out that this latter clv.scription of the polyiner

rmorphology at the filler surface is purely hypothetical but is ait least consistent

with what has previously been repo r t.Cd ill heC litera ture on the ad(sorp)tion of

polyme r s on high energy siurfaces.

The data alsc show that the filler increasies the shear inoduli of the

cornpos ites. The effective reinforcement in the gilassy sta te is close to that

predicted by the van der Poel equation (3). In the higher te-nperato re region

around the. glass transition point, the storage moduli of the c()rfýiposites decrease

with temprerature at a faster rate than does thet storage- iriodulus of piure phenoxy.

This might indicate thiat the effective t'i riforcerrient in the rubbery state is less

than in the glassy state, which could 1(h a in anif(estation of poor :idhesion. To

investigate this possibility data will be taik.n in lhe rubbery region.

Co)nc lis ions

The rasiilturerient of' glass tran:siti()n tetnipi-rature, dynamic rnodtih, andI

probably any ()thlr propelrty ,'lich c,,pen'V jiritnarily ()n the' flexibilitl iind

mobility of 'he I(ly me r in•lcI( ules, ratn hi, iis 'd as i yiant itatiyve mci ic-it, on of

the extent o)f interatbu in betwee(n a reinf*u' trig tiller and a
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THE GROWTIl, MOR(PHtiOLOGY, ANI) R FNP)'J(T'NT'hi, ()t'" I ,(W

MOLECULAR W E-IGF'I C RYSTALS IN AMOIRP HIOUS 1(;,YM E'RIC MA 'l'1C( 1,

(J. R. Joseph, ,I. L. IKardos and I.. I-,. Nickvl n-

In many cases it would be convenient to be A)le to mnkc composile mante,'ials

which could be fabricated at hi Idi ternmperatures as homo gene(Is melLs from whiich

a rigid reinforcing phase develops its the, system is cooled down to the solid state.

A possible way of achieving this goal viould be to (isr mixtu res of rigid am 0orpho'us

polymers and low molecular weight organic cortn ounds, which are soluble in the

polymer at high (fabrication) temperatures and which become insoluble and

crysta llize out of the viscous melt as th- teempe ratore iS lowered. Thus, the

well-known difficulties of processing and f-_tbricaUting filled sy items, .specialiy

those containing fibrous fillers, would be avoided. In addition, such techniques

offer the possibility of controlling crystal morpholougy and orientation to a degree

not possiblt) . with conventional fabricatiý)n techniques involving the fl ./ of fii ,'I

polymer rnt Its.

Mixtures of organic cornpo1imds and high pt olyrers offe r p issible dtnlvori to

a nurnbt r of important sc~entific qilq tions in addition to those ment.icri'd above:

1. What is the mechanisrym and ralite Of crys tal .growtih of orgalnic co.p•il,),ds

from viscous liquids?

Z. What charnges- in mr'orphologVy of thelý crys, tll:irh 'th , arp isss• il,(

3. What are the vlastic rimmiuli o)f socill urplni• Drystl'i"' 1)o siich ( ryst!iis

offer the possil)ility of 4( ting is g.mi re rinf ru ngr tillers in the- s;rii- a

as single f ryn:stil vwhsb rs ,4 ml igrlic rn;iteciiis



(Grys~illizatiun kinetics Awl1 cryst.ut Iunjphology khve leict1 dete rn1:l11cIo umnder a

vIrietx' of conditio~ns for crysta Is gr~(k'1 Ownn very v iioeuq- Imlyine i- mplts.

lDyn"1111i: mccha~nic(1. pr opertics of :w1cfh two-co-npncriiei, two-phase !iysteiis have

been invasiirei. It. ajlp'a rs that the( elastic inoduli of orpaniu c r ~s5a s, which

are heldl together by Van der %VaalY 'h-frces, ire about the saflie au th~e moduli

of urganic polymfe rs in the glassy state raithe r than the highvr nimhO~hi assmuiiated

wit-h inorganic single c rystals.-

(Zriteria for System Selectio n

In choos jug ihl, polymler mnatrix andi the low rmolecular weighlt (LNIW) -or!Oo-

flent to be scle('tiv-'cly c rystalli.'('(l, the following criteria -mist be considere&d:

(a) Trans it ion Ternpe rat u res

The ineitinv point, andf in rnoot case-s the dissoluition (fab rication) termpe rature,

of the 1,M W comnponent rius t be cons ide(rabl y above the glass t rans ition teliPe ratu re

(T ) of the p,'dyrner ma~trix for sexcerafl re.jsors. Fi rs-t, crystallizatioti cannot

occur !rdilv fromi the glsyltdiffusion be-ing much too slow; second, a.- wide

c rys talliiz at ion t emrpe ratu re range ab ove T1' pe rmnits be tler c unt r o over the

crystalliz;ation morphology; and, finally, the highe-, the iielting pioinlt is abo-ve TI
g

the lower will be the polymner viscos).ity, thus liaste-iing' the dissolution process,

O)bviously, te(licdssojiltioi teii'je iatilre cad~tiit CxC(,(,(i the degradation ternip-

e ratm- r',ý o mthe r she pol viner ()I-ri o the I A10W coil'i1onent. Lihe IAN4Vv' cfirnpofent

,AL;L TM-It not be voiaitite at the disiioiluitiori temp('raturo.

(h) Slhlt

A~t the fabria ition (dis sihitioii) teoiperatoru, the twov~ curnvionents ;-nuist be

(iljlIl~~'lscib~le. ý,;)"vvci , the soldbi!)ity s;hould decrease as the tempera-ture

is- lowi erev SI) that the 1'MW co11pmij(n t can crystallize. !dieaillv, the LMW corn-

portenit Wvotldih IV o~t Itib 1M"' ibo\ its iiielinnp point and insoluble at the

t !c 1i0 l 1- -i11.4 1n tl- IT) I( i. II i Ip Io iI , l i'n to h]inde ring
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T'w typesi (0 j)o-c Icirl ,vrls i utp.t iiW. 'The ' ilr-;t ,a. a te, i t- ,iiiw sol'• !',

colltaillil , ) -, , , n.l) v(lQ. £l lxl ire. Hi'h ' Tlv :;t 1 '; iw ,, c I l'd III an

oil bath fm. -t fl)m i at 100"(, folr thfe .Itctfl ilide ILnd at (),)00 ( for ( fl - ,4inthr ic ne,

llit l ,.. (k t-:, cent I s ,') a luble sII gilly below its InI(.Itin1 )po)int.) F()IIllow iItg

CI)IIlplete dli, ,? .) ii Iht' samp't les W 'Vl' (pri l1hed ill li(qui(I til i'ogel to provegit

crystallization and give it hard gl,,isy s(lid solutiont i. Htl high vodlin'.-flrctiior

acetanili(he sHikm. )ts weIre s )toritl ill liqui(d nitro)' .1i1 since the glass tr,1ti.itici:

temperature 4f the S-;AN wa:u derlre',i.l !)ulow room teilp(erattlre. At this point

Ihl ,a" pls were ready f,ýr usc in (Jeteriilniiing the plhse dliagrr,•is a:nd th'e

crystallization kineticts f(or both systems. 'I'Le second type of sample was pre-

pa red solely for dynamic testing a•wd will be dl,-cribhed belo()w.

}l'a:-e I)iag rams

Phase diagrams of the two moidel svsterns were C(--:rznin'cd for use in guiding

sub.sequent c rys tall ization kinetics eCpe vim ents. u,•;ach phase diagrarn consists

of two clurves; Lhe glass transition curve where T 9of the polymer matrix is

plotted against the volume fraction filler, and the solubility curve where the

crystall ization temnperature is plotted vers us the filler volurne fraction still in

solution after complete c rystallization (equ'ilibriurn).

(a) Glass Transition Curve

Seven acetanilide - SAN and five anthracene - SAN test.-Ntue samrXpI s were

prepared containing vari.ous filler volume fractions frorn () up to 0. 1, and 0. L

respectively. At higher concentration-a it was difficult to avoid crys.tallization

during the quenching step. After yienching , a !)TA scan was run on each sample

to det erminite the glass transition temntperature.

(b) ,Solt'bility Curve

Seve ral sets of test-tribe sanp)l(-s containing dis.,solved vol-,me I ractions of

0. 3 aceanili(ic and 0. 2 anthbracene were prepared. Each :,,et of a amnpl es was

immersed in an oil bath at a chosen tmnprt•i-re and allowed to ('rvyst;lliz,,

isothlierr.,iily. After two to) three days of iu,,,)th,-rr-nal r-v.t ,, first

sfmple of the set was q-ienched and its T ieulsulred vvitfl D)TA. 'lt'h - ainingg



.4 I I I) h \JV1M y wur~lc IItr' ( LA! aI I n .t ( IN, wit th I )TA. TIhi,,, tio \.V.1ý i'tj Itef-1 w tila

uoristan!l e~tqiihi)i~llillT I.,'e oht.linitiI. [t'ie a1"mount of I'MW1\V lihterfiltiriitil

ill solut1ion at t110. (1ose'ti cryi'ytalliviitoi el)e 'tr 'A'.1H de(lt-CIliiii(! fromn tilt-

equiilitbrilliii T v' tJ.\1 adul tilt- 'iý,5 I frall5 itioll (ur'vI\f. Ihev e1tive proceduri1le Is

relpe.lt evl f or kr-,nlge o t (. r yst Illi7,IdtiorlI teII p (rIattI I t ; 11 i ji ,i )ll lI

1Pulk rys t I Ii za ion IKine t ic ý-i

Iw.o us v ,of tec s t -- tubv s aroilevs wc e ) re~i pit I(d(, one c ont i.i ,1 Volume

£frac tion ace'ta nilide and the ot he r 0. 2 vt) 1urn-i f ri c t or a nt.h racerc Th~1lie following

procedure wiu-~ 11Iiucl to decte rmine dic inc reatst in c rystall inity is; ý function of

time at Constant "empe ratuy cc

11V11 samrlplei were sirniltanr'ouslv mimme set inl a the rrnstaItted oil bath at

the dIes iredI crys tall iza ti on !,inperatu rf. At r e gtala inter vakI one sapewas

rerovc.d( and qu.iwc hr.d in liquid nit rog en and its TI det errn mied with I TA. The

voluinn fract~iois Ivf( in toklution afte-r echWl tun~e inte rval were dete rmined from

the T curk'e, an41 the Ii'fe renc~e bet~w-eei thefe values and the initial volume

fract~ion yieldi-d the crystallized volume fraction or crystallinity.

Specimnen (Tha race[Crizatiomi

(a) Eit ct t(4 n Mit roscop)\

The Inlorphol ogy of the c rysta!li'Oc 1 )h(5(' As ttldit(l (I ilectrltt' m'f icr u-u

S copy. Samples, crystaillized at va riouls tunije ratures were, quenicled in l iquiid

nit rogenr. and frao: ttur-edl. I ) Iat tmnum In - c irFhen I repi C IICS o f thie IFrac(-tui i e suiir face( w er e

then mnade ani (di cainedi inl the r-n-ic roscope.

(h) D~ynamic M'~chanical Measurern ~ts

Speri-ti samples we i-e pr( plireu for dv flarnic tes ting. A large excess o(f powdocr,

mfiXe-cl as Irevietisly ( 1 esc rilj('i, %Wa poll -(-(I Uit( a To' x x I 'I o'' s-andwich-type

r..')-;Id. A heating, tiroc of one( hoimr at I if9O , for aaealieand "'fl00C for anthracene

was suff~ciu'nt to dis solv(e the fille-r (, rys Il& in the polvryie r. '['lle solution was th.'ri

ri o Ided v( i ndeI r 1 0 D0 ps i t o f! is h oti I t h c ex c s i- arlyi (eflr(v r vf' vo I(1. )'id~scquent
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(jIletin hing in liquid ( l it r ('gen ( au., ed s ,v(r (r c racking in the thin .iispec in 'iels

.,naking them isele • for (lynalmic t,'.sting. I loweve r, cold v,'ate r ( 1uenchinfg

ggave c rack-free .; mlnples"l alnd, at the ai,.1n,, timei, pr(evented c rystalliizatil)f.

Afterr moldiing aind qi(cnching, the r( ,anrgullar bami -shaped sje(:ecirnens

WV) rI)' 1)_yItS lliZ,'dl is other0 nally in It the rrios tttIed oil bith for seve rail days

while still in the moild. Then, following a ck ldl-w;tter (itench, each sarnple

wa.is reinoved froam the inold mnd mounted on a -freely oscillating torsion peln-

d(1ull1 l)MIf1 'ed oscillation curves were recorded at 1 cycle per 3econd

throughout a wide ternype.'ature rang," beginning at 243*K and extending through

the tiarinsition of each ar, plle.

Phah, IS(! )iag ranis

(a) (Glass Transition (T) Curves

DTA curves for quenched samples of various anthracene c. nc ent rations are

shown in Figure 1. A noticeable

)ire(;tk in the sl, ope occurs at T
9

Slx' I dissolved filler volume

fraction increases, the T break
g

shifts to a lower temn eerature. ,-, ,', ;, ,

Similar curves resulted for the Fi gii r c I )TA Scarls at Z5' C/Min. of the

acetanilide systemn. Anthrace ne-SAN Systen f at Various Volume
Fractions (Vf), Showing the Lowering

The effect of dissolved Influence of the IPlasticizer on the Glass

tfiller on T is summarized by Trans!ition Temperatore.
g

th( data points in F! ,, res ' and 3 (" , curve) for the acetanilide and anthracene

Ssystems reslpectively. Thc. selid lin(-s atre the resvilt of fit ing th, following

ex p-es sion to the data points,

Sa (-)T ~.V T
p f J) f f Tf 

(1TV + C V
Pf f

S.N,',, ,-,, f a ) -p ,fefr to thi' fili -r and plti'" i' )t :iO,' reSj t, ively. V is the volum e

fraction, an, Ia is the linear t xtI).ansir)n w'f ;ci,'it. F')r SAN, 8. x , 10-
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Figurie Z Phatse D~iaig ram of Figure -3 1 Ha se liiiag arn ot'
the Ace tanil ide Sys tern the, Ant h racce n S yste to
Showing the T Curve and Showing the T1 Curve and
the Solubility "urvc. the Solub ility "r•ye.

per 0C, CL and 'IF are unknown and we re adljus tedi to fit thý dataý points. In the
if gf

case of ac-etanilide a.f = 18 x 10 p)e r 0 C a nd Tg -63. 50 C. Both values appear

to be reasoniable, although no data are availab~le for comnparis on.

For anth raicene , the expe rime ntal points fall nearly on at s trai ght I i n e. in

termsq of equation (1) when CL f 0. 1 , the li nea r exprerss ion T 9 :V 1)T 9)+ V4 f'tY

res uL~s. Fitting this equation to tlie data res ul ted in aI J1 of 44WC for anth race ne.

As expected, ace-tanilide Is more efficient In lowe ring T 9becaulse of its

lower glass tran-siti1on k.m pe rature. It is intere~sting to note th-at the empirical

rule predicting a glass transition temperature at about ?./3 of the mnelting te-rnp-

e ratuire for unsyrnmetrical polyrne rs ;ýpplivs to the anth racene, but not to the

acetanilide.

(b) Solubility Curve

Figures 2 and 3 also display the equili:) nub dissolved 'olurne f ration of

filler as a function of temperature. The curves for both systems fclatt out

while still below the melting point of the putre filler, indiciatirig aI markcd 1eg~re(

of solid sol1)iity in the eoncen tra o n range s t 0(10

I'e iritersectitn. of the solobilii evith tHe T ri rvi rijpres(nts Ole

teinpe uraoe at which toaxitorm un +rystIllizai on (all o're 3 (90C for thle afntih rwe(e

and 68*hC for the acetanil:di). Aove thils optyilnusil fete niimre, the en ,rystallizys-

tior t is limuitedi by it therrnodynamic .sohiibvity f' 1 uilibriumo wiile below the,



op~t iTr11111 thc glass y s tate is; tlt-' rys t~jIIiiZ.11ionl ba rr ier, Illhc latter wasj

chec'kedl by 1icas uri~g t1 afte r ('oni I dtt ec rys t tllIizat ion ait low t emnjratures.

i gi

In all cascs T'I Was found toa be equal to the e ry.stallizat ion teinher.-tilre.

F'igU reS -) anid 3 thus sereve &S pha~tse diatgr.ixos w!1ich mark the bJoundaries

between th ree statt-s. Above thc tw Wacurves, 0he sNysteml is one viscous liquid

jphias . Between the curves, the s yý,ter is madi~e uib of two phases, a c rys tall ine

p~has e arld a1 Vis couls liquid phase. Be!IA low th 'y cxi -rye,, the polymneric ma~trix

is in the glas -;sv state conltainfing (Ii 55Wv ed fille r, although filler crystals ma),y

also be present depending on the prior the r.-nail history.

C rv; taldliation i neitics

A primary concern in the fabrication of selectively c rystallized composites

is the rate at which the filler crystals are formed. Kinetic &tta also are helpful

in the inte rpretation of crystal morphologies. In Figures 4 and 5 the satrPe

'.106k 2)60 100 400

F IurI A I C 'I 1rgrcssion1 of 1suthermial F i g re 1) I'm o,' essiori of isotboerrnal
Crystallization of Acetanri'Lide in SAN Crystallization of Anthracene in SAN

at Various Te mperatures. The initial at Various Temperatures. The initial

\ t Alurnf- Fr-action in Solution is 0. 30. VoIumne Fraction in Solution is 0. 15.

-crystallinity (volumle fracti,,n c rystallized filler) has been plotted against time at

severtal iff rent crystallizaA en ternpe raturves for both systems. In tho acetanilide

system (Figure -1) the initial voi~imue fraction in solution wais 0. 30, while the,( initial

dissolvedl fractiot ,vas 0. 15 fo~r th(e :nthracene (Figureý 5).

In 1Ii ib systems the crystallizattion r,ýe, as evidenced by thle Iniitial slope o'

the c u rv.es, iencr eass tv a m .aximn-tum andi ten dec re as es as theacry s a crystaltion

temperature is (levreio sed. At first glance this sugI, sts that the fiynilcr coflpeti -

tion rihetwen nucleation co n rin (tbositivo temnp reltirv elryfitieit) d ditfpusion

control (negative tempf erature coefficient) is taking place, result4ni in a t nhanxrmi,.



Hlowever, when the crystallinity was plotted against the s(pu ire root o)f tilne,

a straight line res tit ed for all tL:'o p ira irres. Tb is would ri ply th1.1 the crystal

growth was (liffusion-controlle at all tern peratt rev if one assr•ies thutt thit

crystals grew unifirectionally with a t constant c.:mcentration gradicti nt. EI ec t :o( r

in icrographs showe,,e that all the 2 rrystals did not grow oinidirectionally; conse-

quent.l1y, additional growth rat, ,.udis using hott-stage optical microscopy will

be rece:ssary to ezstablish the limits of the diffusion controlled regime. As one

might expect, the mnaxirnurn c rys tallization rate and the maxi-urni yyield ,of c rys tais

occuar at nearly the same ternperattr .,.

* Comparison of the two systerns show.-s that anthracene crystallized consid -

Serably faster than acetanilide. This is expected since the thermodynamic driving

force (T eq. - 'I cry.r t.) for the anthracene was larger than that of the acttaniliidc

in the temperature ranges investigated.

Filler C rys tal Morpholo.gy,

Electron rnicrograplis oi'f fracture.-surf-ace replicast. from various coiturn sito

samples are shcwn in Il'ggure s 6 - 1 1. They clearly reveal well-formed, low

molecular weight crystals with a large variety of sizes and shapes. In general,

the bumpy polymer fracture surface is easily distinguished frorn the Smooth

crystal surfaces. Thb well-defined morphology of each sample depends on the

heat treatrment and crystallization temperature.

(a) Acetanilide - SAN Systerm

Fracture surfaces from acetaniliode t.)rnposit.fs cry stalHizcd at 90, 75, and

600(C were examined. In all three cases the initial dissi>lvd filler volume frau tion

N vis 0. 30. The final volume fraction of filler crystals (V -) wa: ,ltterrnino d frt()urn

ih,- phase diagram under ccr-r)lote rystallizalion conditions.

Y t 90' - (Fiture 6), large cryysi;lls hav gkrown in an elongated r-ctingrula r

shape whose endcs oftenl o.Jh bit sharip crystallograJphic angles. Tihe ,w,•t;uri)l(-

aspt'ct ratios vary fro•: , ,) 10, with the 11ngth i)vinrl. ao')ut 10-50 ricritni 3 an(d

!he width )-2.(0 rni( rons•. The shadt•w lengths and overkilapping, of crystals srugg(-

a tLhickness ",-hichi is considerably smaller than the width. The I(a irk fibrous
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m at e ri I vl Vi bL IC vofl th( 1t -ft en td of 0Iit~ c k: ry L) I a I) F ig gI re 6 is p)O o y' nI I I c V Iii w ic

adhe red to tile c rys tal edge (during U ract tucc and then Cl 5U I) 5(u e tty adhe1wreCd to the

replica. The bright ridge vh ichi rutns tile i e gth of' the icy s a I is 1n or-. likely

a w rinkile in th C replica filiro andl not it featurc. of thet c rys tal itself. F rum the

dirawn appea rance of the polymc 1 the fracture was probably do -tile in the( mnatr ix,

while the faint f rac ture rings on the c rys tal sourfac e indicate a b ritt le frar to re

th rough the filler. One imopo rtant ohs er vation is that the crystal -mat rix inte rface

appears te be intact, indicating that adhie s or. is relativel1y gocrd at the( inte rface.

Crys tals grown at 75' 0C (Figure 7) have aOout. tile same as pect rat~io as those

grown at 9 X"C, but are sm-alle r and more numerous . T[he occas jonal (lark lines

stretching across the crystal fromn the edges are polymrer threads whi.ch were

(drawn out during fractLure.

At 600 C (FigUre 8), the crystal mu rplhology is cons ide rably diffe rent from

that of the previous samples. The crystals are long, thin and highly branched.

The dend ritic bundles appear to have her n nucleated at one poi nt from which they

grew in all dIirec tions . Figure 9 s hows a rn ixtore of' the, two ninnrph ol ogi es which

resulted from a slow-c ooling r rys t:il lizati on, The la rge r, inure pe rfect :rystals

were foinmed at the higher temope ratu res , full ovwed by denrid i-d trot'. h which, in

somne cases, nurleat 'd on the alreeoly-gro),vn llirgfe eryst~iki.

The( reýplcat 4b[servatio-IS we-re 'onfi rnielý byb>erin ictu~ti fracture suir-

(,ices with scanning electron irlic ro-0-op)y. Itdeat'v,int~ij,,f (4 the- reJplictI technique

lies in its higher resolutitii which al-ns ore det.ii]:; to tb' seen at thfy inte rface.

(b)) Anthracene - --AN $;vsttun

l.Thýt(ad of tvv'u dlist inct i'ojhlgth tis sv,'5 ('u" .)Xil three di{fferent

types of crystals growvn irorn -in initia-lly dlissolvedi filler x'olujrne fraction of 0.20O.

At a c rystallization temjperaiture o)f I ý10 C (Figure 10.), poiyguflal-hdipedi crystals

ha.ve 'L rown which rievasu re be~tweeni I adol ý' nit runs ac ross. Figure 1)0 illustrates

a rather rare caewhe re the fraictiire has propaigate~d through) th( polyrner mat rix

to the, inte'rflace aind theni tii ov~e r the, c rystal all ing thle inltu'rfacv. 'Fle left edge of

the crystal is p~rotrudling fruin the mnatrix, as evidencedl by the b)right ,ihaliow, and

the ma-jority of the crystal lies embedded iii, the mat r ix.



F ic tit /ý it ,ctj ,~~uce oi in te in id, S SA ce'ttficsi fe

crystal I II J- it /70 C. Tho~ ct>'A't IW mll'dei ind worew numerous

th~in in) the pi evIii5 iqf V 1 Q, i ; 8,0Oox.
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crystalis, derrdtiiic iLundles inid c.;iiL);rmtioris of the two are

present. V f 0 .17; 12,OOOX.
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Figure 10 Fracture surface of an anthracene - SAN composite

crystallized at 121]C. The ieft edge of the crystal is protruding

slightly indicating fracture up over the crystal along the interface.

Vf = 0.10; 52,000X.

If
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At 100GC dendritic bundles, very similar to the acetanilide dendrites, were

the predourinant0 morphology. However, at 83"C long thin rods appeared which

grew with random distribution and orientation. One of these is shown at high

magnification in Figure 11. The c•, have aspect ratios fi:3m 6 to 30 with

lengths up to 3 rnic.roria and wvidtis of 0. 05 to 0. 1 micron. The rod surfaces

appear to be striated in the long direction. Although the reason for the stria-

tiuns is not known, they cou~ld b- due t 'ractare alortg the length of the rod or

they might be the faces of a reasonably perfect single crystal fiber of anthracene,

For both systems the filler crystals are larger and more perfectly shaped at

the higher crystallization temperatures. As the temperature decreases, the

crystals become smaller and n,ore numerous. At still lower temperatures, both

systems exhibit dendritic growth, in agreement with general crystallizations

theory. However, the needle-like anthracene crystals diffe:entiate the two sys-

tems, Moreover, there seems to be no obvious reason for cdendritic growth to

be replaced by needle growth at still lower temperatures. Further work is

presently aimed at determining why and under what conditions the needles are

formed.

Mechanical Properties

The elastit . ..-- uius of a polymer filled with infinitely rigid spherical particles
3

should be at least as great as that predicted by the limiting Kerner equation

G0 15 (i-v 1 ) tz:- = I + -
G 1 8-1 0 V 1 ý1

G and G, are the shear moduli of the filled system and the unfilled polymer,o

respectively. The volume fractions of polymer and filler are given by t 1 and f.

while the Poisson's ratio of the polymer is V 1. Particles of other shapes generally

increase the modulus even more than what is observed with spherical particles.

If the modulus of the filler is not infinite but is comparable in rnagnitude to th~at

of the matrix, the composite modulus is less, and the more general form of the
4

Kerner equation must be used for spheres
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Figure 1I Fracture surface of an anthracene - SAN composite

crystal I ized at 830C The sma I needle-shaped crystals appear to

be striated along their length. Vf 0 08; 39 200X,

L
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where Q32 is the shear m-odulus of the filler phase. In both of these equations it

is assumed L-ht rheze is good adhesion between the two phases.

Figures 1? and 13 show dynamic mechanical data measured on some of th e

0 I oo / / / ,. I .... -:'::" - •,o

62 l

1 58- 7o 1, F. F A' .

50 I ] 0 10 90 *+ p00 ltl 410

?FlPIfATuRE U c

Figure 12 Variation of the Shear Figure 13 Variation of the Shear
Modulus and Damping for Samples Modulus and Damping With Temp-

of Various Crystal Volume ;"rac- erature for a 0. 13 Crystal Volume

tions of Acetanilide, Primed Fraction Anthracene Sample and a

Curves - Damping; Unprimed Pure SAN Sample. The Pure SAN

Curves - Modulus: 1 -Vf 0.30, Curves have been Shifted 16"C to

Non-Crystallized; 2-V = 0. 18; the Left for Comparison Purposes.

3-V. = 0. 38; 4-Pure SAN.

SAN - acetanilide and SAN - anthracene systems. Dissolved acetanilide and

anthracene plasticize the polymer, but if the curves are shifted on the temperature

scale an amount equal to the difference in T between the filled and unfilled polymers,B

the shear modulus curves are essentially all superimposable. However, there is

little indication that the organic crystals have increased the elastic modulus. The

crystallized systems contained crystal volume fractions of 0. 18 and 0. 38 in the

case of acetanilide and 0. 13 in the case of anthracene, If the O.eczr rs;oduli of the

crystals were much greater (say 10 times or more) than that of the SAN polymer,

the shear moduli should have increased at least 48 and 1 33 percent in the came of

acetanilide and over 32 percent in the case of anthracene. The experimental

results show no such increase. Since the electron rmcroscope studies seerf to

L
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indicate good adhesion between the phases, it can be assumed that the nioduli

f of the organic crystals are approximately the sarne as that of SAN polymer in

the glassy state.

However, if the filler phase is not spherical in shape but fibers or needles

oriented perpendicular to the specimen faces as electroj4 rnicroscope pictures

tend to indicate, then the shear rmodulus G should be t qual to or greater thanSGL

what the following equation predicts5:

G L ZiG 2 - (Cz-' (7,) 1 (4- bT =zc, +(4)

In this special case oi oriented fibers, the shear modulus is less than what it

would be if the filler particles were spheres. If the fibers have high rn%;Aii
4

compared to the Polymer, the shear moduli should have increased at lecst 44

and 123 percent in the case of acetanilide and 30 percent in the case of anthracene

as filler. Even after the SAN curve is shifted so as to compare the data at the

same (T - T) values, the observed increase in modulus is only 9 percent for

the anthracene case at 38"C, For the acetanilide case containing 0. 38 volume

fraction of crystals, the experimental increase in shear modulus is 15 percent

at -30*C and 22 percent at 10*C. The rodoulus of the material containing 18

volume percent acetanilide iq ac'ually leq than tha.t -f pure SAN even after the

curves are shifted horizontally to compare at equal values of (T - T). The error
g

in the absolute value of the experimental moduli is estimated to be about 5 percent.

rhus, even after picking the modulus data that show the greatest reinforcing action,

it can be shown that the shear moduli of the crystals must be less than twice that
i 4, 6

of the SAN polymer Additional evidence thAt the elastic moduli of organic

crystals is about 1010 dynes /crnZ is found in recent measurements on polymer

crystals; the elastic moduli in directions perpendicular to the polymer chains

are essentially the same as the moduli of polymers in the glassy state7,8

Elastic modulus measurements are not common on single crystals of organic

materials. Many measurements, however, are available on materials which have

strong bonding forces such as rnetals and ionic inorganic crystals where it is

4
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lound that the rrmoduli are ten to one hundred times an great as the moduli or

polymers in the glassy state. Molecules in organic crystals and glassy polymers

are both held together by the same type of weak Van der Waal's forces, so it if

not surprising that they both appear to have approximately the same moduli. Thus,

it is concluded that high modulus polymers cannot be appreciably reinforced or

stiffened by organic crystals. However, organic crystals might be very good

reinforcing materials for rubbers and low modulus polymers.
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I V. FABRI CATION AND PR GCESSINcG (J. M. McKelvey
and T, L. Tolbert)

The role of Fabrication and Processing Section can be summed up as one

of demonstrating, through application of Association research, the fabrication

and performance of new, practical, high performance, composite s.rl-actuli'A

materials. In line with the charter to develop a new area, the major ernphhýsis

is on the development cf discontinuous fiber composites which have high

performance properties and can be readily fabricated. Initial performance goals

have been defined here, as elsewhere in the Association, in; t:en-s of surpv.s3ing

the specific properties of aluminum.

The work divides naturally into three areas: composite fabrication and

evaluation, process research, and technical support. Work in the fabrication

and evaluation area haa hbon- -4 4,-- at (a) evolution of new technology ifo the

fabrication of discontinuous fiber composites, (b) establishing experimentally

practicable levels of composites performance as determined by fiber morphology,

loading, and fiber/matrix modulus ratio and (c) testing experimental samples

and providing performance standards.

Process research has been concerned primarily with the refinement and

improvement of processes found by Association research for incorporating

discontinuous fibers in ma.rn " .c c z,n %re prep-,egs and/or fin'.Ahed cornpositus.

This work has provided specimens for evaluation and mechanics studies, as well

as the base for process engineering investigations.

Technical support has been provided to the entire M/WU Association by

(a) providing a supply of fibrous materials of known quality (whiskers and

chopped continuous filaments) by carrying out filament chopping, fiber and

whisker cleaning and classification, and fiber characterization operations,

(b) fabricating and molding test coupons anci elemental shapes, and (c) performing

mechanical and environrnvntal tests.

Whisker fibers k:Ilicon carbide and silicon zi. ride) and short cho.pped

fibers (boron and carbon) have received primary attention. Each type offers

utility in preparing and I.fectively reinforcing complex shapes which cannot

be fabricated satisfactorily from continuous filament or fabric. Glass fiber

has been ernployed as a PRzoto•)e fioer when its use was cnnsidered

te-chnically oound ind effective in reducink the cost of roea'arc r, materials.
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Work has been restricted largely to the use of epoxy resins as matrices;

studies employing higher performance resins are being initiated, however.

Preliminary experiments with polyelectrolytc resins developed in the

Chemistry and Physics Section. have shown particir.,r promise. Scouting

studies with metal matrices will be initiated .bortly.

Efforts in the major processing and fabricAtion programs1-1 are summarized

in the k'ollowing paragraphs.

Cuttin"g, j7lean-up, and Classification of Short Fibers

Preparation, clean-up and classification of short fibers and whiskers is now

routine. Methods have been established by Messrs. R. E. Lavengood and

D. C. Morris for cutting filament to size on a rotary or guillotine chopper.

The fiber is then cleaned "•nd sorted using a vibrationally fed trough device in

which controlled amounts are collimated and carried over a series of increasingly

large collectior, slots. Whiskers are to-) small to be handled in this way.

A technique has been developed by Mr. J. D. Fairin ig for removal of the

large amounts of debris in "as received' whisker material and sorting of the

whiskers to size. It is bzsed on water jet break-up of clumps and wet screening

of the resulting slurry. DS-grade silicon carbide whiskers from Carborundum

Company yields about 30% of reasonably good quality whiskers in this process.

Qualitative observations indicnte there iý .':ttie breakage or loss of the better

tibers. Nominal aspect ratios of the classified ,,iaterial run from 50-60 for the

better whiskers to 20-40 for the poorer grades.

Fiber and Whisker Characterization

Dr, R. C. Schierding hias established procedures and developed techniques

for characterizing fibers and wAhiskers for size, conditio- , and orientation.

Characterization for number and volume a,/erage length and diameter is based

on standard cuunulative' photocountung techniques. Condition, extent of over-

growth or other preparative irpe.-fections, and degree of processing damage are

determined by optical and electron "?canning microscony. Fiber orientation

in pre-pregs and cornposiles ;s measured by an X-ray diffraction technique

developed frour nruetailog raphic practice. Measuieernents have been automated

using a full circle gonionieter.

An expanride1 testktnrg capability for rneaskuring 'iniaxa xl C of npu site properties

has been developd 1.qy NIr. ,avoengood in c o-,iunc'tioro with the Mechanic:s Section.



Facilities are availib.i to al' programs in the Association. Strength and

mod,..us are measured in flexure, tenrsion, and conIpression. Pois son's

.atio and shear are obtained from the antielastic plate bending test. The

tuoe torsion test for shear is carrently being set-up and a cooperative study with

the Mechanics Section on test evaluation has been initiated.

Use o" Oriented Whiskers as Reinforcing g.gnts

"Fabrication of whisicer reinforced composites has required development of

a n-amber of special techniques. Whiskers are about two orders of magnitude

smaller in diameter than conventional boron fiber. thus are truly micro-

fibers. Typical dimensions are I x 50 microns. Dr. 0. D. Deex has

demonstrated exceller.: fiber orientation by dispersing the whiskers in a non-

melting carrier polymer and wet spinning the suspension to form a strand. The

whiBkers become aligned during extrusion and the subsequent drawing step

and are "locked' in position by coagulation of the carrier polymer. Mats can

then be prepared from the strand and the carrier removed by pyrolysis.

"Selection of the carrier has proven to be the key to controlling fiber move-

ment during pyrolysis, as well as spinning; and to avoiding some of the problems

encountered with this approach by Wohrer, Parratt, and others. Dr. T. L.

Tolbert has fabricated well oriented whisker fiber composites by laying-up

whisker-filled strands in the decired orientation, pyrolyzing the carriez

without disturbing whisker orientation, and impregnating the whisker mat to

give a prepreg which can be shaped and molded. The technique is reproducible

and amenable to scale-up. Comrposites of silicon carbide whiskers ( /d • 50)

with flexural strengths as high as 99 x 10' psi and moduli as high as

156.4 x 106 psi have been prepared.

Studies on Composite Corriposition and Structure

Mr. R. M. Anderson has carried out a series of studies on composite

composition and structure as a guide to processing work. A Land lay-up

technique has been developed for this Furpose which prvides maximurm control

over short fiber orientation and other variables. Although somoewhat tiune

coniruning, it pro'rides a means of checking the effect of individual proctess g

paraiiete-rs, establishing property bench-nmarks for new materials, and obtaining

property maps for the various compos ite systerns. It has proven applicabte to

conventional "E,7 and "S" glass fibers, standard boron fibe r, a fpecial boron fiber

1. 5 mils in dianiettr, and "Thorr,-,i" grap-)hite fibers. Loadings as high Ps

60 v /o have beefý.l 'b t ailinet
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D2.Ly-Mix Moldinf±rf Short Fiber Co-Ipositcs

Studies involving intimate mixing of short fibers with dry, very fineiy

divided matrix before molding have been carried out in an effort to avoid

the adverse viscosity effects and fiber entanglement encountered in blending

fibers with viscous matrix resins at high loadings. The study was conductt d

by Mr. D. A. Ludwig as an M.S. thesis problem at Washington UniversIty.

It showed that fibers are at least partially protected from self-abrasion during

blending by the matrix powder, that uniform blends of short fibers (below I,")

and matrix can be obtained,, Although model systems were used for Lhe bulk of

the study and properties were not in the high performance range, the potential

of the dry-mix approach for orthotropic composites was demonstrated. Details

of this work are reported in Mr. Ludwig's thesis; copies are available on

loan from Olin Library, Washington University.

Encapsulation and Flow Molding of Short Fibers

Encapsulation of short fibers has been shown to be particularly effective in

overcoming processing problems and increasing fiber loadings. Follow-up

of the preliminary work on encapsulation of glass fiber and flake reported by

Dr. 14. M. Andersen at the 1965-66 Annual Project Review has led to develop-

ment of a well-defined technique for producing molding compounds of high

performance fibers. Free-flowing, rice-sized aggregates of collimated fibers

encapsulated with resin can now be obtained from a variety of fibers and

whiskers. The granules can be compression molded or readily transfer

molded. Mr. Morris has shown that encapsulated fibers are not only oriented

during flow nmlding bet also overlapped as the grains interlock during flow.

Fiber efficiencies based on a mule of mixtures calculation are in the range of 70%.

Fabrication with Polyelectrolyte Resins

The po!relec- trolyte resins s ,ti ,ted bv D)rs. 1_ F.. Nielsen and .J. I. W' ielt.s

and reported In the (ihe ist rN and 1'hysi< s Section offer uonique coil)binations

"of properties whiich slwuld inake ct!.i stuilted for a variety of hglh pe ronnanc e

applications. Stiffness aid shear- propl' ties are ttstanfludirig, val!,,iis as high as

1. 7 S i for Young ri Is a 1 2- x 1 0 psi f, shear I t dulXn haVe

been nireat;s red. Flxo,;al si, eSt t s appear to r;..nnge fr 10. -C I " ) K 10 ps,
a Ia dIt k I k, }h n)l } 1 a1 11, cag --ti~l~ l rr nt fit:Il- s 111 N. h t)'ii ,•ll'i dc, ý f .- at 1 ;tIi t I111{l t ý , r- Ir,ýi r '-

adi vc eii abo1 e 1) 1 C 1• and a Iit,itioa t i prIt( t et t terniely 1W v cev1p. [•r r(e-

Iitiix)atVo, exf)1'riliileIs irlndc(atc that soolinr ()hiploglte9 tn IT)o' taturch Atr( fronil
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the resins, that fiber-resin bonding is good, and that resultant composites

f are not seriously water sensitive. Work to determine the potential for these

materials in practical applications is being initiated.

¶H SumEla ry

Overall results of fabricaticn work in the Project can best be reviewed

in terms of the property levels of the composites which have been produced.

Figures I and 2 compare the specific strength and modulus values obtained

for the various types of composites studied. The bars represent what can be

accomplished with a specific fiber or process; experimental data have been

normalized at the 50 vo loading level for comparison. It is apparent that

a high percentage of the properties obtainable with continuous filaments can

be achieved with short fibers. Sorme trade-off in properties is made in going

from a careful hand lay-up of fibers to flow processing, as would be expected.
-~It

The properties of the transfer molded and extruded specimens are still high

enotvgh, however, to be oi very real interest and well wkithin the high performance

category. The specific properties of aluminum- are shown for comparison.
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COlJTINUOUL, FlLARONy •EINFO4RCED EPOXY C:•MPOITFS
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Figure 2 Specific Moduli of Composites Unidirectionally
Reinforced with Short Fiber (50 v/o)*

*Experimental Data Normalized for Comparison
* **Boron and Glass Fibers Encapsulated Before Molding;

CM = compression molding, TM = transfer moldIng

Figure 3 compares the specific properties of aluminumn with the.se of hand

laid boron composites and silicon ca:-bide whisker composites aq functions of

fiber loading. In both cases, fiber loadings of only 15-25% are required to

reach the aluminuin level and the composite cuives continue upward. This is,
of course, a comiparison of unidirectional compo.ptsite prope:rtie s againrst isotropic

metal properties. l)r. Tsai has recently shoxvin that, at least for modulus, a

n•i, rmeaningful coniparison is obtained using a value 1. 3 times the specific

p ropert1es of alumninure. Exiveni sso, the prorn ise of short fiber boron and silicon

carbid- whi.,;kecr (ornpo'otes is apparent.

Work in the F'abricati(,ri arnd l'ro(-essing y 5;ectin has progressed throu.-gh

all oi the steps ino lve i ' iT ge-tting fibers itto c'Oteomposit es - fror raw rnaterial
relirir(. ent to a( t'al ftalrbi ati(n. The tec'hriqiiue , quality of niaterial, and pro-

(-t(Iti r I ,et I f r ate fphIe, iys tt - ti t i estudies aatd e i haard. The f prst

(&xpdl,,rato r pha ";Idecs r 's entu I . i tI n c,-> t etd at nd elI a ."i: , , oh d N T(h vel oprr et

a!1,1 ."-•tu1A ol0 ,f t ies,( lli( ftat ricalo,,s and processing nmethods. Systems ard
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Fib*, Vi " -100 si "----0,/d.--

Figure 3 Comparison of Specific Properties

S• techniques wiUl be s, lected shoi'tly for scale-tip and prei,aration of a variety of

elemental shapes. Concurrently, new fiber and matrix systems are being

evaluated and new methods for combining and processing matrix and fiber are

being explo~red. The research program is closely coordinated with those in the

Chemistry and Physics and the Mechanics Sections.

WHISKER FIBER FRACTIONATION (J. D. Fairing)

Fabrication of discontinuous fiber reinforced composites having highest

performanace capabilities can be achieved only by using clean fibers freei

of particulate matter and having an aspect ratio in excess of 50 when emlployed

with organic matrices. Coi-nriercial whiskers with the necessary high rnoduiius

requirements have a wide range of aspect ratios and are invariably contaminated

with excessive amounts of particulate matter.

Sproce-dure was developed for upgrading the available mraterial to p,,roduce-

' clean, classified whiskers suitable for fabricating test specirtiens.

Silicon carbide whiskers, as receivedl, contain 1r, to 30 percentA usable

fibers, the rest beirng a nmixture of short filbers, duzit,, and irre•gular partiics.•,s
ranging in size fr-o-rn over I rnii to less than 0, 1 rnicron. Figures I and

illustrate the idon geneit y of this rmaterial. (laastiiication is achieved bv a

'!
==C
.9



three step process involving (1) dispersion of the tangled mats of fibers in wvater,

(2) removal of the short fibers, dust, and rmost of the pa rticulate material

by wet sieving and finally, (3) scepa ratioin of tlie wvhiskers from the remaining

particles by sedlinmentati on.

Dispersion is a ccornplished by first \'. e!:ting the fibers \\ith ethanol and then

gently stirring thcrni into a large volusne of water; typically, 5 g. of fibers are

dispersed in 4 liters of \kater. This partiaflv d-ispersed slurr.y is then washed

rcepeatedly through a series of sieves of inc reasing fineness wAith openings

ranging from 707 mnicrons do\\n to 44 mi-crons to achieve complete dispersion

and to remove the short fibers , dlust, and inust of the pa rticles. The dispersion

step is a critical one. It must be cornpletv, for c~lassification can be achioeved

only after the fibers have been untangled and arc mionodi sp-ers ed.

F gki I I 11 -i i r blo (I It i k c s A-, ik(v t1v,-dI

ivd-(f 1ly (I'i ro'lL~cd \k~l,1 1 1 si t IITI (I. Iiojiil ItiI I'i cipi Ir m tho"d S

i~tr iF ttJ i 1 ,-e tIIU e 1tIt 1w~ A't I-\ tit lit Ii kr ac
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Figure 2 Silcon Carbide Whiskers 'As Received''
Showing Large Pa~rticulate Material, 91X.



material, the short fibers and dust having been washed through and the larger

contamninents isolated in the coarser sieves. The removal of these remaining

particles is carried out by a sedimentation procedure in water. At the

present time this step is the least efficient part of the process, and requires

imp rovemn ent.

Classified silicon carbide whiskers obtained by this process .kre shown

in Figure 3. These are now being used for the fabrication of all our silicon

carbide whisker composites and can be produced routinely on a laboratory

scale at the rate of about 30 grams per week.

MEASUREMENT OF WIHISKER ORIENTATION IN COMPOSITES BY X-RAY
DIFFRACTION (R. G. Schierding)

T1he properties of whisker reinforced composites are directly dependent

on the degree of orientation of the whiskers. Consequently, development of

optimum properties requires not only a method for controlling whisker orien-

tation but also a means for quantitatively describing it.

X-ray diffraction methods, which have long been used to measure pre-
1ferred orientation in polycrysti1.lline metals , have been found to he applicable

to measuring whisker orientation in composites as well.

'This report is divided into two parts. The first describes an x-ray

photographic method which has been found to be very useful for measuring the

degree of whisker orientation in highly oriented strands made by a wet spinning

process. Orientation in composite sheets can also be measured with this

technique provided the samples are thin enough to transmit the diffracted x-rays.

The second part of this report describes a quantitative technique for measuring

the degree of whisker orientation in flat composite samples. The reflection

method used in this work does not require that the diffracted x-rays penetrate

the sample and therefore is not restricted to thin samples. The x-ray intensity

is quantitatively rmeasured with a radiation detector ard the degree of

orientation is described in terms of the standard deviation of the intensity

distribution.

Phetographic Method

When monochrornatic radiation is used to examine a specirnen in a Laue

camera, the result is called a pin-hole photograph . The technique involves

imnpinging a mnonochromatic bearn of x-rays onto the composite sarnple. Certain

crystal planes of the whitikers will make the correct Firagg angle (according



5 to the Bragg equation) for diffraction (reflection) of the incident bt, a

powder sample or a composite filled with randomly oriented whiskers, aorie of

the whiskers will be oriented at all possible rotational positions about the axis

of the incident beam. The resultant reflection will therefore have the form

of a cone of diffracted x-rays, the axis of the cone coinciding with the trans-

mitted beam. A separate cone will be formed for sets of differently
3

spaced lattice planes

When a sheet of photographic film is placed to intercept the cone of x-rays,
4

they form an exposed circle known as the Debye ring . This is shown in

Figure 1. For a randomly oriented sample, continuous concentric Debye

rings of constant intensity are formed on the photograph. In specimens with

perfect orientation, the Debye rings are reduced to a set of intense spots

symmetrically oriented about the circumference of the ring. These spots

broaden peripherally as the degree of orientation decreases. The length of

the arcs thus formed is a measure of the degree of orientation and the intensity

along the arc is a measure of the volume fraction of material within a specified
2

degree of orientation

The composite sample is placed between the incident x-rays and a sheet of

x-ray film. The sample thickness must be such as to readily transmit the

diffracted x-rays. X-ray diffraction patterns were obtained in this manner

using a Nonius general purpose camera and copper K-a radiation. The samples

consisted of a polymeric matrix

containing silicon carbide whiskers. The

silicon carbide was the hexagonal high-

temperature polyraorph (cy-SIC) of the

6H polytype 5  7 Their growth axis, .'

as determined from highly oriented

samples, is perpendicular to the basal Figure I Transmission Pin-Hole

plane of the hexagon. It is this Photographic Method for Measuring
Orientation

common growth axis which makes possible

the measurement of preferred orientation in coniposites

One of the most recent n-ietl-ods for preparing highly oriented whisker

corrposites is by the spinning of suspensions of whiskers in viscous polymer
8

solutions The smali orifice and following draw results in highly oriented

whiskers in the polyrner inatrix. This "strand" can be laid-up, the polynier

1*
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burned off, ax d the remaining whiskers impregnated with the desired matrix

material for fa cA ition of a finished composite. The degree of whisker

orientation obtained in the spinning operation and carried through to the

finished composite can be closely followed by the x-ray photogramns.

'The strands are approximately 0. 015 inches in diameter and are easily

penetrated by the copper radiation giving good distinct photograms after one to

two hours exposure. The following photograms demonstrate the sensitivitv

of this technique. Figure 2 is a photograrn of a Cupram strand and Figure 3

an acetate rayon strand, both containing silicon carbide whiskers. TheId

Figure 2 t Photogranm of a C(Uprani l.igitrt' 6 1'hotograin (f an A( 'tat,
Strand (ontaining Silicon Carbide' Rayon Strand (7.mntainiuig Silicon ("i flide
Whi ske r s Ihisk,,rs

\k\ iskcrs in thiet (:iprainl st, Cd•Z•t ,h\. a higher (legree (if oriet.atitn thlan tii,

a<('ifitc strand. Til lcig14tll ,If thC, arcs l. ndkiatcs that the. niir pf rtiozi ''0 the

\\hlskt'Es rt'icnietid ,\ithim 1 1 '.f the strand Axi~s fo)r the- (7ipra,1inilar

for tnc acctate. 'i1t voiiiur tt 'raeti'm r'prcsf t r'ts'd Ih\ tin' intensitV ailn flt,' .IT-
ejii in, ')isndlI\' t'-,li~licjIt'(l or Il,' more •.* ,lraL:'i' it~t'r•'Iiiiit~tl 1)\• , (Itii, iti'- iilt,' r

P (it(,f t' c f)it (t'Ist is ts st'bnit(ii}i'iitive he'd ;111k

mi dqle I notef- I I•
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The composite was a I x 1/4

x 1/64 inch sheet of epoxy filled

with silicon carbide whiskers. The

x-rays easily penetrated the sample.

The arc lengtta are much greater in

the composite photogram than in

that of the strand indicating that a

large degree of rnisorientation

results during the fabrication process.

The broadening of the ring is probably

due to increased strain in the

whiskers as a result of fabrication.

The transmission photographic

method offers an easy and rapid

means of qualitatively following Figure 4 Photogram. of an Epoxy-Silicon

the degree of whisker orienta- Carbide Composite Made From the

tion in composites. This method Cupram Strands

is limited, however, to thin samples and therefore has been used primarily to

determine the orientation in the highly oriented strands produced by wet

spinning. For thick composite samples or where quantitative results are required,

the x-ray film- must he replaced with a radiation detector. This method

is described in the next section.

Quantitative Method

The rneasurement of preferred orientation with a radiation detector

(diffractonieter) provides a means of quantitatiwvel) neaso ring X-ray intensiti(.•;.

The diffractomneter is set to pick up a segnment of the it'hye ring wNhilc the,

sample is slowly :otated in 'ts own plane. The inte nsity profilc arouind the

I)ebye ring is Lhus quantitatively detern cinid. This is denonstrated in tYiipure ¾

for the transrnision rmethod.

Crystal planes arc oft-n di-scribcd in teris U tj.ir rzrixal t,, that fl.iiir,

called a "pole'', and prefer ,ed orientation is dislussed en termis of Ie'-i-

Ueusity 1' 10 anc the sanlipli, to he at tf.' cent•• er et u ,•i r ra .n,pa rernt

sphi r e. 1,mt the pole,.s trorn- .I .i-IvCII earIrly of elall.s bi, ('Mtt,'l, '(tIttir ci'.

r'.stci'li"'e (\'.Illský vr) unilo( they lilter( . pt ti s1h ' Ie Or it ~ OwF s ir ' ti d
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randomly in the sample, the density of pole

. "intercepts will be distributed uniformly over

the entire surface of the sphere. If the whiskers

have a preferred orientation however, the pole

intercepts will not be uniform but will be

Figure 5 Transmission clustered in certain areas on the sphere and

Method Using a Diffracto- absent in others depending on the degree of
meter for Measuri:ig orientation. This pole density can be rneasured
Orientation

by rotation of the sample during irradiation.

The projection of the pole distribution from the sphere onto a flat sheet of paper

is called a pole figure. The pole figure is usually shown as a contour map

where lines of constant x-ray intensity represent pole density.

Several authors 1 1 ' 12, 13, 14, 15,16,17,18 have described methods for

determining pole densities (pole figures) with the diffractormeter and one author19

has measured the orientation of clay particles in starch coatings using the
15method of Field and Merchant The transmission method of Decker, Asp,

11
and Harker employs thin sheet specimens which can be rotated about two mutually

perpendicular axes, one axis being normal to the plane of the sample and the

other coinciding with the anis of the spectrometer. Equations are given for

correcting observed counting rates for changes in absorption and scattering

volume as the sample is rotated. The corrected intensities can be plotted on

a polar net to give the pole figure. The transmission method is limited to samples

which are thin enough to transmit the diffracted x-rays and is capable of

determining pole density only in the outer portion of the pole figure, from 900 to

900 - e (where e is the Bragg angle). This iirnitation is due to the geonmetry of

the sample and holder with respect to the dettector 14

The central portion of the pole figure is obtained by the reflection method
13

of Schulz . A flat specimen of sufficient thickness is rotated in such a manner

that absorption and effective volume of scattering material remain constant.

During examination, the sarnple is rotated about tv,,o-axes, one norrnal to rthe

sample surface (0-0' in Figure 6) and the other located along the intersection

of the sarnpie and the plane of the spectrometer (X--X' in Figure 6). R(tation of

the sample around the skirface normnal through an angl c ac, correspond8 io

scanning the circunofe'rence of the I)ebye ring. C)n a polar net, this is equiva-

lent to rntasuring the pole density anr und one ot the latitude lines of the pole
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Figure 6 Reflection Method Using Figure 7 Pole Figure Showing
a Diffractometer for Measuring the Position of the Pole P as
Orientation Determined by oy and $

figure as shown in Figure 7. Rotation around X-X', through an angle f,

determines the pole density along a longitude line (radius of the polar net) 0

The reflection method is limited with respect to the range of tilting angles, f,

in which satisfactory results can be obtained. The diffracted beam. intensity

decreases with increasing I and is the result of defocusing of the diffracted
21beam . This is discussed more fully in a later section. The reflection method

is capable of providing data for constructing a complete pole figure. The

outer portion of the pole figure is obtained from orthogonal surfaces of the

sample constructed by sawing or grinding the sample so as to expose these
16,17

surfaces . This is destructive in the sense that the sample may no longer

be suitable for mechanical or other measurements go that only the pole density

out to I = 70 ' was determined in this work.

The Schulz reflection method was used to deternine tie orientation of

silicon carbide whiskers in an epoxy matrix. A Siemens full-circle goniometer,

copper K-X radi-ition and a crystal detector were used to obtain the data.

With this instrument, the sample can be continuously and simultaneously rotated

through f degrees of latitude and a' degrees longitude at a fixed rate. The

angle I was varied at 1 ° per minute while a was changed 360 ' every 4 minutes.

In order to insure that the detector was not encountering neighboring difiraction
ZZ 23peaks . 1 peak of silicon carbide was chosen for study - . he (1 120)pas , the (i.120,. . he(10

is a major peak, for good peak-to-noise ratio, and is sufficiently removed from

neighboring peaks. .ptirioous stigrl.ials were Iwinini 'zed by using pulse --hei git

analysis to discriminate diffraction due to wa vi engths longer and shorter than

the copper K-X ra, tation. in order to achieve clear de.f initictn of the iiiffracted

intensity distribut, t n, the ditfracton eter Flit . ys teni wa s 6 in Ltinet- vs in length

and 0. 5 niilir•ete' i) height. Tih.e aperture slit system wa.• I by 2. 5 milinieters
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which assured that no part of the incident beam left the sample surface during

the run. For a good statistical sampling of the orientation across the sample

surface, the sample holder was vacillated back and forth by ±- 7. 5 milinieters.

The technique is demonstrated by the following example. The composite

was made with silicon carbide whiskers which had been highly oriented by the

spinning process previously mentioned. The burned off whiskers• were impregnated

with an epoxy resin containing a curing agent and a coupling agent. The pre-

pregged sample was then cured under Z000 psi pressure at 150 0 C for I hour.

The finished composite contained approximately 50 volume percent silicon carbide.

The random sample was made with beta silicon carbide powder impregnated with

epoxy. Beta silicon carbide has a major peak occurring at the same Bragg angle
23

as the alpha form . The resultant samples were I x 7/8 x 1/16 inch sheets.

Two sheets were stacked together during irradiation in order to provide suffi-

cient scattering volume for the diffracted x-rays13

The observed intensities were corrected for background by subtracting

the average of the background intensity measured two degrees above and below

the Bragg diffraction peak 2 4 , 25

1(0," ) I 'obs. (fa) - bkg. (§,) (1)

In the Schulz reflection method, defocusing of the diffracted beam occurs as

the goniometer ring is rotated from the I = 0 * (reflecting surface vertical) to

0 = 90 * (reflecting surface horizontal). This defc-cusing results in appreciable

loss of diffracted intensity, the loss increasing with increasing t. This

decrease can be determined experimentally however, by observing the change
26

in diffracted intensity from a randomly oriented sample as 4 changes 6 The

data fiorn the oriented sample are then corrected for each 0 position by a

factor equivalent to the change in random intensity.

i I'r (0 ,•)

Correction Factor -I R y-,- (2)

I IR (0, q)(3

(1- (0.• 1 4 Oe. ) • (-7-R

_[--.$y
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Iobs Observed intensity from oriented sample.

I bkg (0) = Background intensity frorn oriented sample.

I (0,c1) Observed intensity corrected for background.

IR (0, y) Random intensity corrected for background at # = 0.

IR (# ,Y) Random intensity corrected for background.

I C 4a Observed intensity corrected for background and defocusing
C of the beam.

The final corrected intensity, I (4, o), can be normalized by dividing I ( ,a)

by the corrected intensity at 0 = 0, I (,•).

i c 100,(4cc

! C

A pole figure is not necessary if the pole density is visualized as a height
27

above the plane of the pole figure If the pole density consists of a sharp

single orientation texture, the pole distribution may take the form of a normal
'• 28

probability curve The equatiorn for the normal curve depends on two constants
the arithmetic mean X, and the standard deviation a. The probability function

P(X) is:

I

r_-2T exp [- (X -X ZY/a](-' x< (5)

where: X~ jr-A= • ' i- [ 'i <2!•

N 'N

k X::value oi the class.
a.rid N

'j roor uency o1 the c(a)I.
I
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The probability that a whisker picked at random will be oriented within a given

interval X, to Xz is the area under the normal curve between these limits.

This probability also represents the proportion of all the whiskers in the sample

which are oriented between X1 and Xz. The total area under the normal curve

must therefore equal one.

SPWx)= 1

The above equation gives an indefinite integral for any real limits and therefore

only approximate solutions can be obtained. Standard tables of such solutions

are available and the following limnts and areas are sometimes sufficient to

describe a given distribution.

Limits Area or Probability

a-o to X+a 0.6827

X-2U to X+ 2a 0.9545

X- 3a to + 3a 0.9973

Thus the standard deviation, a, gives a numerical measure of the sharpness of

the pole density arid the area under the normal curve gives the relative volume

fraction of the whiskers within a given set of limits.

The experimental results are listed in

Table I where data is given for every 5' of "

and for a = 0* and a = 900. This data is .. '-- .. . .
sufficient to demonstrate the magnitude of the ' ,,

results without giving data at each degree. ... .

To calculate the standard deviation ...... .

and arithnmetic, mean of the two distributions .,

given in Table I, the number of degrees is is

taken as X. and the normalized intensity as .. .
I-

frejuencv, f. The i esults of this calcula-

tion are:

for i 00, 35 and X = 0C

arid 9, ( 90) : •J 10 ... a d 0"ii'
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The significance of these results can be seen in Figures 8 and 9. The sheet

rT' composite is iMlustrated in Figure 8 where the longitudinal, transverse, and

4 normal directions are labeled. Since the (IIo.0) direction is perpendicular to

the whisker axis (the (0001) direction), the distribution of (l1!10) planes is a

direct measure of thc distribution of the whisker ends, the (0001) planes.

Figure 9 shows this distribution reiative to the sample directions. The whiskers

are highly oriented along the longitudinal axis with respect to the normal

"direction and much less highly oriented with respect to the transverse d~rectiora.

- Figure 8 The Composite Coordinrces Figure 9 Pole Density Distribu-

Showing Normal Direction (ND), Transverse tion with Respect to the Composite
Direction (TD), and Longitudinal Direction Coordinates
(1,D)

This result was to be expected since the sample is compressed in the normal

direction during pressure molding with flow occurring in the transverse

and longitudinal directions.

As the degree of orientation improves, the standard deviation along the

transverse direction (a,) for the 1(1120) planes becomes larger since the pole

density is approaching rotational sy-nmetry about the longitudinal direction.

The standard deviation along the normal direction ((72 ) becomes smaller with

improving orientation. Thus the distribution of the whisker ends is inversely

proportional to ol and directly proportional to c7z. A single number representing

both distributions would have to '-e son e function of the ratio of CT2 to 01,

A better eolutiorn tc t0i6 BIr , Arm on .d be to r'te-, v],t'C (1! 20 pole density around

the edge ost the samrple, t`rorn TiD to LJ.D to 1 .iqu 5 will involve the

qua ith,ýatxve transmnu~ie in fliethod I b '. 'fZrv
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The above analysis of the experimental data depends on the assumption

that the pole density distribution follows the normal curve. Figure 10 shows a

plot of Ln I (I) versus V. The solid lines represent theoretical normaln

distribution obtained by inserting the experin.ental standard deviation" and

arithmetic means into Equation 5. The circled data points are the experimental

intensities from Table 1. The data follows the normal curve initially but

shows increasing deviation with increasing 4.

This deviation may result from the defocusing dis-

cussed earlier. The intensity decreases with.. I

increasing § so that finally at $ 70* the correction

for defocusing results in a 100 percent increase 1

in the measured intensity. The precision of the ,

data will, therefore, decrease proportionally. -- I

The deviation from normality, however, should not j.
detract from the usefulness of the results since it

is the sensitivity of the method for measuring small

deviations in whisker orientation which is irnpor-

tant. Figure 10 Theoretical and
Experimental Data for Ln I

The relative error in the counting rate of the p versus in for L :r 0 n

measured x-ray intensity varies from about 3% and 90 0

at 0 = 00 to about 6% at 0 = 700, at the 95% confidence level. The increasing

error with inc reasing t is due to the decreasing x-ray intensity resulting from

defocusing. The precision can be increased by longer counting times. The

full-circle goniometer can be accurately read tc ± 1/40.

X-ray diffraction has been shown to offer a quantitative nmeans of measuring

the degree of orientation in whisker filled polym er composites. By treating

the measured s-ray intensities as a normal distrib-ation, the standard deviation

becomes a measure of the degree of orientation. The precision of the

incasurementst: indicates that smrall deviations in orientatin should be detectable.

The rk.flection rn ethod offers the advantage over the t ransxnissien method

in that it, does not reqci re thin samriples and it is not necessary to make corrections

for absori-ption and volunie of scattr ing ni ateriaI. The r ,.thwot should be

applicable -,to any cornposire containing a c:rystalline filler exhibitinv •a certain

egt rv of ,ri !,lutation in the crystalltes. The moeasrirenents and calculations are
24

rca di. y anw,'nabic ttý ( onfputer techchiquem which elirninatc ted oCue hand

c: *t ,¾ ilatiiots
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SPIN ORIENTATION OF WHISKER FIBERS (0. D. Deex)

Single.crystal whisker fibers probably represent the ultimate in properties

obtainable in a fiber reinforcement for use in cornposites. Materials such as

SiC, Si 3N 4 and A12 0 3 are reported' to have moduli in excess of 50 x 106 psi

and tensile strengths of 2-3 x 106 psi. Utilization of these properties however,

J requires among other things, that the whisker fiber be oriented. Orientation

permits development of composite strength in the desired direction and also allows

close packing of the whiskers so that high volume loading can be achieved.

One means of orienting micron size whiskers is by spinning them into an

Sr organic fiber. The flow forces at the spinneret and the draw given the fiber

A align the whiskers along the fiber axis. The fiber forming matrix can then be

burned off and the resulting whisker strands impregnated with the desired

'I thermoset or metal matrix.

Workers at Carborundum Company have reported2 the use of poly(acrylonitrile)

copolymers, poly(ethylene-maleic anhydride) and nylon 66 to orient SiC whiskers.

Filaments containing 10 volume percent SiC in the poly(acrylonitrile) copolymer
3system are commercially available . These filaments show very good

orientation by x-ray measurements, but burning off the matrix resin without

destroying the orientation is very difficult. Even thin "mats" made from these

strands tend to curl when ignited. 4IWorkers in Great Britain have also reported 4success in orienting Si 3N 4

whiskers, but no details have yet been published nor are their strands available.

Since our interest in whiskers lies in their performance in composites,

we have developed several fiber spinning systeme which can be readily used

in the laboratory, are amenable to a variety of whisker materials, and allow

burn-off (even in relatively thick sections) without loss of whisker orientation.

These are described below. The properties of composites made from the

oriented whiskers are d~scribed in another paper ,

General Considerations

To be suitable for whisker orientation, the temporary matrix polymer must

have a number of attributes. These include:

1. The polymer must be a good fiber or film tornier. This implies

a high molecular weight, linear polymer preferably soluble in a readily

available, non--toxic solvent. A long list of such material is available

from any good text on man--niade fibers.

2. The temporary miatrix polymrer must be) capable of being wet spun

from fairly dilute colution, preferably under IG 1,. The surface area



-221 -

to volume ratio oi most whisker fibers is such that 2.0-2. 5 volume

% is the maximum that can be handled in the spinning solution.

(Actually, the aspect ratio as well as the surface area influences the

concentration. As the aspect ratio goes up, the concentration of

whiskers must be decreased. ) Thus at 2 vol. % whiskers in the spinning

solution, 10% polymer will give a fiber containing 20 vol. % whiskers,

5% gives 40 vol. %, etc. Melt spinning is, of course, very poor

(100% polymer). Dry spinning generally requires concentrated polymer

solutions (-25%) and is difficult on a laboratory scale.

3. The filled fiber must have sufficient strength as it emerges from the

bath to allow draw, windup and handling. Although most of the whisker

orientation probably occurs at the spinneret, drawing the fiber further

increases orientation. Obviously a very weak fiber is difficult to wind

up and does not lend itsrlf readily to the direct formation of fiat tapes

or mats.

4. The spinning srdution (polymer + solvent) must be capable of dispersing

the whiskers. Rigid, fibrous particles have a great tendency to form

aggregates or clumps. These can be broken up with a high shear stirrer

(e. g. a blender) but will reform unless the spinning solution has some

dispersing ability.

5. The spinning solution must also have sufficient viscosity to pull the

whiskers through the spinneret and prevent the formation of aggre-

gates which "filter" the solution. In general, it has been found that

the viscosity rather than the ability to form fibers limits the lower

concentrations that can be used with moot polymers.

6. The dry, whisker filled fiber must be flexible enough to be u.nwournd

from the takeup drum, straightened, formed into mats, wound on a

mandrel, shipped, etc. While any fiber containing 10 vol. % or mnore

whiskere will be brittle, the ability of certain mnatrix polymers to be

plasticized temnporarily with water enhances Lheir utility a greait d'-al.

7. The temnporary matrix must burn off without disturbing the crioentation

of the whiskers and without leavinrg a residue. Materials which char

and burn without melting (u. g, cellulose) are, ideal. llowever, resints

which char very ,L;se to their ilelting point -\re al,"o useable by preheating

before Actual burn off.



A nuimber of temporary matrix polymers have been used and are listed

below, together with brief comments. Preparation and use of the more

successful polymers are described in detail.

Methyl cellulose (Dow Methocel MC-4000 cps and 90 HG-4000 cps) -- poor

1 wet and dry strengths, extremely sensitive to water°

Carboxyrnethyl cellulose (Hercules CMC typee 7H and 7M) -- poor fiber

J I frmers, disperse whiskers well.

Poly (ammonium isubutylene rnaleamate) (Monsanto experimental sample) --

l_ yweak fiber, difficult to coagulate.

Poly (vinyl alcohol) (duPont Elvanol 72-60) -- good fibers but difficult to

remove the (NH 4 )2SO 4 left from the coagulating bath. Very brittle unless plasti-

1ciz(d. Does not disperse whiskers unless CMC, Na 4 P 2 O7 or sodium lauryl

sulfate is added.

Alginic arid (Kelco Superloid) -- very poor wet strength, difficult to handle.

Excellent whisker disperser.

- Ciiprarnmonium rayon (laboratory preparation, see below) - gives good

jlilbr with adequate wet and dry strength. Requires dispersing aid such as

I ,14 I'ZO7 (best) or sodium lauryl sulfate.

Cellulose acetate (Eastman types 400-25, 304-45 and 394-60) -- gives a

q),rotug, weak fiber %hcin wet sptin from- nmost solvents, however, disperses

Owhiskers well and is easy to handle. With methyl acetate as the solvent, the

liber is sticky and can be used to make mats or tapes directly on the takeutp

J druin. Plasticizes well with water.

Cellulose Triacetate (Eastrman Cat 2314) -- gives best fiber, strong enough

Ift be wound onto miandrels and handled. Requires careful burn off.

Of these n Iterials, the rayon and the two celuhloust ac etates appear to be

mo'),.'t sui!able for w1i13kcr orientation.

J.•i)( rirnertal

XAll reagents, solvents, etc. ev'cept wh ,r-() !! ' at, v ',d to toe. c-,trl4Ir>'

Y, o" reagent or laboratory g rade , -IsCd ý. as upi4 )hi'd by the Ia rg(e r sUp)ti I) irdes.

SiC (7 hiskc. rs, ptre,'based fri'n-- arho rundurn (orn pa ny, were rse(d tfr al l. of

Sthisi % work. A.; received, the Si('. contairns about 70(',, particulatc miatter .•udt \vu v

"•Jl<hit fibers. The pa rti uLte matter is renloved by a f!<,tationl itthod Id( the

I ibe'rs c.assified by wxel c'icecirunjg.. 'I'hlc Lia ge t of the clas.ilied ilnat'riaIl,

',Ohich conipri•et, 10-20o of the •Gti rtng niater- al, hts a nwiiir )r ave rage diariir•

, 1. ,'tA and a nurnbe r av" rage Ite it•ih ()C 7 0 kj: a rtoririinal aspect ritio of ')t):1

II
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Since the lengths and diameters were measured separately, the true aspect ratio

and aspect ratio distribution are not known.

Removal of the fine particulate matter from the SiC results in a tendency

for the remaining long fibers to form aggregates or clumps when suspended in

a liquid medium. (This has been observed with other rigid fibers as well. )

The larger of these aggregates will block the spinneret; the smaller ones cause

the fiber to be "knotty" and poorly oriented. Abuut the only effective means

of dispersing these aggregates is a high speea stirrer. A Blendor run at

medium speed works well. Good results have also been obtained with a modified

tissue grinder (0. 820" rotor in a 0.890" tube). Some whisker damage results

from the use of such vigorous treatment but this is unavoidable since milder

agitation (viz. gentle stirring, tumbling, shaking) does not disperse the whiskers.

The design of the spinneret or orifice is quite important. The square-

edged spinneret, (i. e. , a hole drilled in a flat plate or cup) normally used for

fiber spinning, biocks readily and c: wot be used. Instead the orifice must be

in the form of a venturi with curved inner walls. The orifices used for this

work were drawn from glass tubing with an original inside diameter of 0.087".

Normal tip inside diameter is 0.030' although a range from 0.020" to 0.040"

has been used.

The spinning !,et up is quite conventional and is sirnilar to that described in

standard texts A 50 ml B-D disposable syringe is filled with the spinning

solution and the glass orifice attached with a piece of polyethylene tubing. The

syringe is placed vertically in a Model 255-1 Sage syringe driver and the tip

of t e orifice lowered until it touches the spin bath. The bath is 36" long x 2" deep

x 3" wide. The fiber, as it emerges frorn the orifice ia led under a polyethylene-

coated hook near the bottom of the bath, through the bath to another hook at the

far end, up o'ver a fluorocarbon rod and then to the guide and takeup drum.

Both the takeup drurn and the guide are run with variable speed motors. Normally

the soluIion is expelled froni the syringe at 3 nil/'nin. , the gtuide moves 0. 4"/mnin.

and the fiber is tzken up at 45'/rmin.
7,8,9, 10

The cIp ranuiiniuxn-.c diu]os e solution is rylade as follows:

To 22... 5g CuSO4 (anhy) in a 290 rni beaker is added 100 nil HO. When the CuSO 4

"has dissolve:d, 80 nil I"N NI14011 and enough IlhO to miake 200 ryll total solution

is added. In a 100 nil braker, 1 1. 2 5 g Na()I is dissolved in eniough 112O to nmake

80 ini solution. lioth solutiono a re c-no1oed to 0. 4 'C. Then the (CuS 4 tiolution



is poured into a ?re-cooled (ice) I qt. glaes Blendor jar and the beaker rinsed with

two 5 ml portions of HZO. The stirrer is started and the NaOI-1 solution is added

T and its beaker rinsed with two 5 ml portions of H20. To tbr- resulting cold,

- ~deep purple, 300 ml solution of cuprammoniurn hydroxide is added 13. Og

absorbent cotton (cellulose). The stirrer is adjusted to give maximium stirring

with mninimnum air entrapment. The cotton is added in small pieces as rapidly

as possible. The resulting viscous solution is then stirred vigorously until

it warms to 20 'C, cooled, restirred etc. , for about 2 hours, or until it is

smooth and all the cellulose has dissolved. The solution may be stored under NZ

in the dark at 15"C for up to 6 weeks.

This solution is used to spin oriented whiskers as follows: 'Thirty ml of the

4% stock solution and 0. Ig Na 4 P 2O'7 *10 H2 0 are placed in a 50 ml Blender

jar and thoroughly mixed. Then 2. Og classified SiC Nhiskers are added to the

solution in small portions, with stirring to wet and disperse thiem. Since air is

entrapped with the fluffy SiC, it is necessary to stop the atirrer and "burp"

the solution frequently. When the SiC is reasonably well dispersed, 10 ml

4. 5N N14401 is added and the solution is sucked into a 50 rril disposable syringe,

the air bubble worked out and the syringe caipped. A partial vacuum is created

by withdrawing the plunger part way and the solution is degasse-d by vibrating

* and tapping the syringe. When degassed, the syringe is fitted writh a 0. 040-

0. 050' glass orifice and placed in a syringe driver. The solution is spun into

ZN NaOH. The takeup drum is run at a speed that just causes the fiber to lift

off the bottomn of the bath, At the end of the run, the loose ends are taped to

the drum and the fiber is washed for 15 minutes in warm (i5-40 0 C), running

tap water. During this process the fiber shrinks to about half is original diameter.

Next the fiber is watjhed for 15 m-iinutes in IN 1_1?SO 4 and finally for 30-45 minutes

in wa rmn running water,- When dirý (overnight. in air) the yield is usuUa~y ýg

fiber containing 40 vol. 0/ SiC (62 wt. %).

The cellulose acetate spin solution is xi,.ade as follo'vB ",Len using the

394-45 (39. 4%o acetyl, 45 sec. ASTM visc) or 400.-25 0~0. ()",4 acvtvl, 25

sec ASTM visc) cellulose acetate, which are available in: powder fornin:

To 50 nil me~thyl ethyl ketone in the 'ýO nilI Blender is aoded 2. 5g c lass ified SiC.

The mnixtu re is stir-red to wet and disperse the whiskers and w"ith Continued

stirring, 4. Og cellulose acetate powder (Fastnian 400-Y5 or 1,)4-45 ) im ad!-j
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The mixture is stirred uintil the celbiose acetate is dissolved and the

whiskers thoroughly dispersed. The solution is then sucked into a 50 ml

disposable syri-ige, degassed (as described above) and spun into Stoddard

solvent through a 0.020-0.030" glass orifice. fhe takeup rate is adjusted to

just raise the fiber off the bottom of the bath. After drying over night a yield

of a 5. 5 fiber containing 20 vol. % SiC (38 wt. %) is obtained.

For the preparation of flat composites, the whisker strands are most

conveniently handled as flat tapes or mats one or two fibers deep and 1-6"

wide. As the cuprarn and acetate fiber are relatively weak and brittle, this is

best done by soaking the drum of fiber in distilled water for 5-10 minutes, laying

it on a flat glass plate and cntting off the fibers so they can be rolled out on the

plate. The fibers are then combed with a wire or small spatula until they are

parallel and painted with a 3-4% solution of poly(vinyl alcohol) to glue them

tcgether. When dry, the mat can be cut into pieces of the desired size and

shape.

If single fibers are not desired, tapes may be made directly on the takeup

drum by spinning the high molecular weight cellulose acetate (Eastman 394-60)

from methyl acetate. Since the 394-60 acetate is in flake form and does not

dissolve rapidly it is made up as a 10% solution in methyl acetate before use.

The spinning solution is made up as follows: Two grains of classified SiC is

placed in a stoppered 125 ml bottle and 10 ml acetone added. After brief

shaking, the SiC forms into granulks. These are added in smaUl portions to 30

ml 10% 394-60 cellulose acetate in methyl acetate in the 50 ml Blender, using

the stirrirg and burping techniques previcusi,, described. When the solution

is thoroughly mixed and smooth, it is sucked into a ayringe.and spun into

Stodd:ard solvent. The travel of the guide is adjusted so that each turn of fiber

on the drum touches the next. Since the fiber is sticky as it emerges from the

bath, a continuous tape is formed. At the end of the rni it is cut off the UI ruin,

moistened with water and allowed to dry be.twoen tw\o flat Riatst piates. The

tape contains 2k vol. % 5SiC.

Cellulose triacetate (Eastman Cat 2Z314) iq spun exvactly a, dest ribed above

except that chloroforma i,, used for the solvktnt and ý50 n-! of a 1 3. 3%ý, solution, is
used with 2. 5g classified SiC- The fiber, which itt no, sticky, contains 20 volt o

I iC., Sinc the fiber isu quitt- strong and reasonably fle:ab, when wet with water,

it can be ur-wound tr-. thtf" drum:. and rewound on a rnandrel to give rnatý .of any

L!
L.. .. .. ........-.... . _ __ __
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desiredhhpe os ' size. If the fiber io wcS' evenly, Uiit tapes can be made

quickly by puzAn> moistened fibers together on the t'keup drum, painting with

poly(vinyl alcohol) solation, cutting and flatteiing.

All of these resins can be burned off of dhe oriented ziiC whi.sker without

- disturbing the ,rientation. The rayon can be burned off directly at 600*C.

Cellulose acetate burns off well at 600*G, aithough a alow rise (,-2 hours)

frorn 2$0"'C to 600 0 C appears to give better re.u~lto. Gellulose triacetae rnust

be charz-ed a.` 325- 350 0 C for an hour before comrnpetc burn off at 600 *C.

Discussion

Cupraimmoniun ray on is normally spun forom an 3% solution into hot running

vater. At 3%, coagulation in vatker is poor and acid coagulation gives a

weak fiber, so sodium hydroxide solution is used. The sodium pyrophosphate

is needed to keep the whiskers dispersed. Sodium laiiryl sulfate (at the same

concentration) also works well but forms foam which makes degassing very

difficult. Whisker loading to 50 vol. % is possible but the 40 vol. % uaed gives

a better fiber.

Although it was not tried in the course of this work, viscose rayon should

give resvits comparable to cupranirnionium rayon. Viscoie is difficult to

prepare reproducibly on a small scale, but is very amenable to filling and variations

in draw cross-section, etc.

Cellulose acetate is normally dry spun from a 25% acetone solution. A

large number of solvent-non solvent systems were investigated to develop

a auitable one for wet spinning a 10% solution. Even the best of these, methyl

ethyl ketone into Stoddard solvent, gives a weak, brittle, porous fiber with a

flat corss-section. Nevertheless, the whisker filied strand is strong en-,cugh to

allow handling and, plasticized with water, can be shaped and made into nats.

The three different grades of cellulose acetate used 7,ll give about equal results.

Cellulose triacetate- is ncrrnally dry, spun in a manner simnilai to that used for

the acetate. Unlike acetate, nowever, it can be readily wfat apun fronm 10% chloro-

"rorm or methylene chloride s .1ution to give: a dense transparent fii.-er of fat

cross-. .secticn Thu,'s !he whHiý;ker- filled strands ex1hibit good a.tren'g.h. Alth u ah

1 ýs s ,e&ns'tive t 3 water than cupranr or acetate, S C--fiflrd traac.v:-ate becomrne.

s'Jficct-ntiy ýiiable whin wet to allow Aha in ber)1d6 withou•t breakmg.

X-ray ,liffra •.ion pict',ret: of• de cup,:c :pt, acetate and tr~ acetate Si C--filied

sItrand%.- are slhiown in Figure. 1t, 2 a,,nd A. 01 sh'Low good orientatiola. Although

the cap%-trn tibhe.r is sou• mxewat better thn tbhe *c etates' Comlpopites made fromn

1~|
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whi ~ ~ I 1k:s 11encJif hc Iiet'9polvin er ,-s art, conipn rable.Eiety the
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4 (0bvoua1 ', much,. remains to be dotke to quan~tify and :iefinle the Systemn.

Orifice tegn he effiect of varýw'ing extrusion rate and draw, and the influ~ence

I of stirring on whisker da-mage an d disperpiorn are among the more important

--ariableti that ia~re not, as yet, been corrvploel:y investigatefl. E&qually

irnportant is the siitdy of whisker fibers oth~er th.~. iC preferably, ones with

a~pe,,J ratios of 100 or 230 to 1.

While the temporary matrix method iii a tediota, commercially exp erisive

way of utilizing whisker fibers, it is a relatively quick and simple systern for

evaluating their potential in the laboratory,
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FABRICATION OF' W~I1SKER cJoNMPosiTE3,, (T. I.. Tolbe rt)

Whiskers are among the most prox misin g of' all short fibers for reinforcemrent

of structitral comnposites, Unfortunately, theý also prestý-nt sorine of 01it greaterO&

clhallenges frorn fie gtauodpoint of cornposite fabrication. IThe problerr±:t in

1,repa ring di retionally~ ~ reinfrcedi %walisker c omposites~ arc such tba~t the extert

to which "whisker p.rope rti.es ca.n be pra~ctica l,. utilizeo haff not even~ been f~i'iy

dete rmined, Cois eqI~writly, ý1- prime~ry obi ecti 'e of ih a.onwo 'K in t hir

arc'a i.r tu evalluate tthe fpract~cal irnportance of wlitqlers am re.iifnfrcing, age rdd
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It is aimed at d-,. vioping laboratory met.'!ids for preparing whisker reinforced

c)mrnposites and at comparing whisker reinforcement with that given by other

types of short fibers. Additional goals are to evaluate whisker processing

variables in terms of corrpobite performance and- to define process and handling

requirements for practical, larger scale use of whiskers in composites.

Silicon cprbide whiskerc purcbased from the Carborundum Company have

been ueed almost exclusively in these studies. Although the "as received"

mrnterial contains a great deal of particulate matter and many of the whiskers are

coverei with overgrowth, this is the o-lyv whisker material available at a price

which permits use in quantity. Techniques have been worked out for cleaning and

sort-ng the whiskers -nd for unidirectionally aligning them in strands of carrier

polymner; these are described elsewhere. The classification procedure yields

two fractions of reasonably good quality whiskers comprising a total of about

30%, of the starting material, in addition to a srnill amount of relatively long

fibers. Only these fractions have been used for fabrication studies. Fibers

in the preferred fraction have a number average diameter of 1. 25% and a

number average length of 704 (1 id of 56); those in the other are shorter and vary

mnore in size (U/d < 50, probably Z0-- 30).

Essentially the same procedure has been used to incorporate whiskers in

composites for all levels of loading and patterns of orientation. It involves two

steps, (1) preparation of a inat of whiskers oriented as desired in the final

composite and (2) addition of a resin solution to yield a prepreg which can be

shaped and m-nolded. Mats for randomlny reinforced composites are prepared by

dry pressing classified whiskers under 50-100 psi pressure; enough entanglement

results to give the mat reasonable integrity. Mats for directionally reinforced

cornposites are prepared b~r hand lzying whisker-filled strand (produced by wet

spinning) in the desired pittern and removing the carrier polymer by pyrolysis.

The resultant mnat is quite fragile but has enough green strength to permit

weighing and careful cutting and handling. Prepregging consists of impregnating

the whisker .mat with; a dilute solution of resin, catalyst and coupling agent,

evapo, rating the solvent, and "B staging" the resin under controlled conditions.

The [ repreg has the consistency of damp, lightweight cardboard and can be

"readily shaped and inalded. Molding conditionr range from 100-190*C and

Si")-.. PO psi dependi.,g on the nature of the resin, the extent of 'B staging'

anf tfhl'i L inrim1 whiskA. r load•ng desired,,



Loading levels, fiber orientation, and properties of composites prepared

in this way can be predicted and reproduced. The composites exhibit flexural

strengths and ,noduli as high as 99 x 103 psi and 15. 4 x 106 psi, respectively,

(48 v/o loading), thus easily qualify as high performance materials. Figure 1

shows the levels and rate of increase of flexural strength and modulus with fiber

loading; Figure 2 compares specific properties as a function of loading. The

magnitude of these values is particularly significant in light of the fact that

402.0

_. . . .

M/ tok~ ,/0 t40.l
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Figure I Properties of SiC Composites Figure 2 Comparison of Specific
Properties of SiC Composites with
Those of Aluminum

aspect ratios of the whiskers in the composites average no higher than 50
(norinal aspect ratios before spinning are only 50-60).m

The property levels which have been obtained for silicon carbide com~posites

are quite encouraging. However, to be of practical significance and justify the

cost and la•bor involved, even on a laboratory scale, whisker reinforcement

must offer properties not obtainable with other fibers. The m in advantage in

using whisker fibers should lie in their extremely high strengt i, if it can be
translated into composite strength. The results shown in Table I indicate that

this is the case. The flexural strength;3 and moduli of compression 7-11,lded,
unidirectionally reinforced composites of silicon carbide wlohigkers and of b0ron

fiber are coupared at similar fiber loadibng levels and aspefca ratios.
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The modulus of the whisker composite is equivalent to those of the boi •n-rein-

forced materials, as the rule of mixtures would predict, but flexural strength is

35% higher.

TABLE I

COMPARISON OF COMPOSITE* PROPERTIES

Fiber Flexural Flexural Specific Specific
Loading Strength Modulus Strength Modulus

Fiber (t /d) v/o x 103 Psi x i06psi x 106 in x 106 in

SiC Whiskers (50-60) 48 99 15.4 1.23 192

1/4" Hand Laid 4 mil 48** 65 14.8 0.91 212
Boron (62. 5)

1/4" Encapsulated 4 mil 47 56 12.8 0.83 190
Boron (62.5)

i/8" Encapsulated 1.5 mil 46 66 14.9 0.64 144
Boron (83)

*Unidirectionally reinforced epoxy composites prepared under similar
conditions by compression molding.

**Data calculated for 48 v/o loading from the highest results obtained for

1/4" boron; the actual sample contained 70 v/o fiber and exhibited
a flexural strength and modulus of 94.6 x 10' psi and ?1. 7 x 106 psi,
respectively.

Control permitted by this method of fabrication makes it possible to evaluate

.vhisker handling and processing variables in terms of composite properties,

Fable II compares composites prepared from different types of whisker-filled

ditrand and presents some preliminary data on the effect of ignition rate

tnd whisker aspect ratio on composite properties. The variation in properties

as a function of strand comnposition and ignition rate has been varified by x-ray

'fraction measurenments* as due to differences in fiber orientation.

Much remains to be done betore the practical importance of whiskers

ais reinforcing agents can be fully assessed eveni on a laboratory scale. However,

*Using techniques developed by R. G. Schierding.

LW



TABLE 11

ST EFFECT OF PROCESSING VARIABLES ON COMPOSITE PROPERTIES

Whisker Flexural Fl exu ral
Loading Stberngth Modulus

Carrier Polymer in Strand v/o 10- psi 206 psi

Cellulose Acetate 47.8 92.6 13.5

Cellulose Triacetate 47.9 98.5 13.1

Cuprammon •n Rayon* 48.0 90.0 13. 1

Polyvinyl Alcohol** 48.0 80,5 13.3

Each composite was prepared from the same grade of silicon carbide

whiskers (9/d 50-60) and under conditions found to yield best whisker

orientation and highest composite properties from that type strand.

*Sample had only one molded edge. Prcperty values projected from a

sample which contained 40. 6 v/o whiskers; original values were 76 x 103 psi

flexural strength and 1I. 1 x 106 psi flexural modulus.

**Property values projected from a sample which contained 45 v/o whiskers;

original values were 75 x 103 psi flexural strength and 12. 5 x 106 psi

flexural modulus.

Ignition Rate of Strand

Gradual Char 48.0 64. 3 10. 7

Rapid Ignition 48. 5 56 9. 3

Acetate strand containing silicon carbide whiskers, LI/d < 50. Heating

conditions: gradual char, temperature gradually raised from 25* to 600

over a four hour period, sample held at 600 C for 15 minutes; rapid

ignition, sample placed in oven at 600'C and held at 600-650°C for 30

minutes.

Whisker Aspect Ratio

1/d = 50-60 17.9 98.5 13. 1

A/d < 50 48.0 r,3.4 13.4

Composites prepared from cellulose triacetate strand.
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several conclusions can be drawn from the work to date.

1. High performance composites can be prepared by reinforcing epoxy

resins with whisker fibers, even those having an aspect ratio as low as

50.

2. The strength of silicon carbide whisker reinforced epoxy resins is

significantly higher than obtainable with boron fiber of the same t /d.

Moduli are of the same order.

3. The fabrication technique in use is adequate for determining the effect

of parameters such as aspect ratio and orientation on properties and

for evaluating the strand produced by various spinning systems.

4. The current method cf fabrication may not be practical for U. rger scale

studies. A simpler procedure which avoids handling polymer-free

oriented whiskers is needed. Ideally, a prepregged sheet or rod should

be obtained directly from the extrusion or spinning system and molded

directly.

Expe rimental

The following procedure is typical of that used to prepare specimens measuring

4" x 1/4" x 1/32": Package whisker-filled cellulose triacetate strand obtained by

wet spinning* into mats by bonding 4" lengths of parallel strands together, 1-5

layers deep, with a dilute solution of a non-melting polymer such as polyvinyl alcohol.

Pyrolyze the mat by placing it on a quartz plate in an oven held at 325-350,

leaving it there for 45 minutes and then transferring it on the plate to another oven

held at 600°C for 20 minutes. Weigh the polymer-free mat of oriented whiskers

which results and split off the amount needcd for the composite, 0. 3-0. 9 grarns

depending on the loading desired, along strand lines. Compact the whiskers

to be used to the approximate dimensions of the mold, taking care riot to distvirb

orientation. Prepreg the mat with a predetermined amount of resin solution

by carefully and uniformly adding it dropwise over the mat surface using a syringe

fitted with a 22 or smaller gauge needle; the mat will darken but otherwise

should not change significantly in appearance. Tht. resin sotution ohould consist

of approximately 10 grams of Epon 815, 2 grams (20 phr) of curing agent Z,

0. 3 grams of amino silane A- 1100 finish and 100 grams of dichlorornethane.

Allow the impregnated mlnat to dry in the air for 15 minutes before lightly

"'B staging" it in an oven under hcouse vacuumn at 40-45 "C f-;r 30 minutes. The

prepreg which results should look and feel like dA~np c;'dboard, but will brea+ and

*Using techniques developed by 0. D, Deex



-234-

crumble if severely bent or rubbed. Place it in a conventional compres3ion

mold under 2000-2500 psi pressure, holding it at 100 0 C for l1 minutes and then

at 195'C for 1. hour. Bumping the sample two or three times as soon as the

whole mold is hot is -Advisable for samples containing more than 40 v/o

whiskers. Post cure the sample for 4-5 hours at 150* for improved results.

The sample can be tested in tension by molding glass tape reinforced

epoxy tabs on the ends or in flexure using a microflexural jig with the span

set for a span-to-depth ratio of from 20-1 to 25-1. Tensile strengths have

been found to range from 55-60% of flexural strength for these specimens;

tensile and flexural moduli are equivalent. Whisker loading is most easily

determined gravimetrically; a 20 minute exposure at 600 *C is sufficient to

burn off th-e polymer. For most purposes density can be simply calculated

from the loading measurement.

COMPOSITION VARIABLES AFFECTING SHORT FIBER COMPOSITE PROPERTIES
(R. M. Anderson)
A hand lay-up procedure which permits control over fiber length, orientation,

and loading has been developed for fabricating composites from discontinucus

boron fibers. The technique has been used to establish experimentally the

relationship of fiber variables to the flexural strength and modulus properties

of short fiber- reinforced composites. Graphs are presented.

Preliminary data is also presented for composites reinforced with short

graphite fiber. These composites were prepared by hand lay-up or by extruding

bundles of prepregged roving and compression molding the extrudate.

It is well documented that both strength and modulus of fibrous reinforced

comFosites are highly dependent on fiber loading levels and fiber orientation.

However, quantitative information is available only for continuous fiber composites

(i. e. , where fiber length is the same as that of the test coupon).

The equatio'n relating volume fraction of unidirectional fibers anid composite

modulus is quite farniliar:

F; r 4 f' -f 9 F
f ~f in n

where E - Young's modutus

• - Volun-.te fraction

c,f,in - `ubscripts referrinr g o c, p, u ti' her, a.id matrix.
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In practice, the first ternm on the right hand side of the equation dominates and

decides the composite modulus, Normally, 9f is in the range of 0.4 to 0.8
Ef

and E- ranges 20 to 100; at a minimum the first term accounts for about 93%
m

of composite modulus (i.e. using f = 0.4, Ef = 10 x 106 psi, and Er = 500,000

psi, typical of a moderately loaded fiber glass/epoxy composite).

Theoretically, the equation is applicable to all purely unidirectional

composites reinforced with continuous fibers. It must be modified for any

departure from unidirectionality, however. The literature teaches that, on

the average, randomly oriented fibers impart only 20% of their potential

modulus to the composite as compared to nearly 100% for unidirectional fibers.

As mentioned above, published quantitative studies of fiber orientation and

loading parameters have been largely restricted to continuous fiber composites.

A major objective of our work was to develop similar quantitative data for short

fiber composites. Such information would provide. (a) a test of theoretical

calculations and (b) a property map showing the potential of discontinuous fiber

composites.

To accomplish these goals it was necessary to develop a fabrication technique

which would give control of fiber orientation. Hand lay-up was the technique chosen.

It provides maximum flexibility and control of several individual parameters.

The essential steps of the procedure developed are:

1. Prealignrnent of the short fibers in a vibrating "V" shaped trough.

2. Placement of the fibers in a cavity mold with a width < fiber

lengths, care being taken that fiber ends overlap in adjacent row'.

3. Addition of iie matrix, resin an, ''working" it into fibers with a flat

ended spatula until good fiber orientation is achieved.

4. Caring under heat and pressure.

The process is time consurning, but it provides the essential characteristics

of near perfect fiber orientation. Photornicrographs have demonstrated that a

high degree of fiber orientation is obtained by this method for short boron fibers.

Using this technique, a series of composites was prepared using short boron

fibers in an epoxy matrix. The principal variable was fiber length ( /H", 1/4",

1/2., 1", and continuous fiberis were used). Since these fibers were 5 rnils in

dian.meter, the. cor esponding aspect ratiog (f id) w-ere 2S, '10, 100, 200 and

as indicated in the figures. Fl'iexural strengths varied over this rangf- fcoin
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73,000 to 280,000 psi and moduli fromn 22 x IOC to 41 x 106 psi; an aspect

ratio of 200 gave about 70% of the strength and over 80% of tbe -nc-dulus

obtainable with continuous filament. Sinmilai rewats were. obtained using a

special grade of boron fiber (1. 3 inil dia.meter) and prepregged "S" I'z1a

fiber. The srrWIll diameter of the glass fibers (0. 4 mil) did not permit them to

be processed using the ý,ibrating technique, so a special hand lay-up tchnique

using short pieces of p:repreg tape wis developed. A '"brick-lap" construction

war used. Strengths and modulus data are given in Figure 1 through 4. Figures

I and 2 show the variation of modulus and strength of short fiber boron composites

rAth fiber aspect ratio. Another way of considering the data is shown in

Figures 3 and 4 where fiber efficiences are plotted versus aspect ratio of the fibers.

Figure I Effect of A pect Ratio on Fi gure 2 Effect of Aspect Ratio an
Composite Modulus Composite Strength

I-"7

I- -• /

igu re 3 0i c. of'$ i1' "I% 't, Ki t ~ .'gu re I$.ffect of Fibe r A~vt ect, Ratio
0 tk"Fiber .n Fiber Eific.encV (Strength.,it|



In Figure 3s mnodulus dmta. efficiency is calcudated as:

,mreasured modulus
Efficiency = theoretical modulus

Theoretical modulus is calculated from the rule of mnixthres equation. In

Fignire 4, strength data, efficiency calculations were based on de,,a obtaimed for

continuous fibers:

Efficiency =
strength of continuous fiber composite

In all cases results were normalized to 55% fibers before being plotted,

Preliminary results have also been obtained using short graphite fibers.

"ThornelV Z5, a continuous graphite yarn from Union Carbide made up to 10W.

diameter filaments, was cut to desired len-tha for the study. Since small

diameter filarnenta cannot be oriented by the vibrational techniqcLe, three

alternative fabricai.on techniques were ustýdo In these: (1) yarn was vacuum

impregnated with "A"' stage epoxy while in a cavity mold (2) choppcd "B"

stag,ýd yarn wa,, laid up by hand using procedures developed for boron and (3)

prepregged y.Lrn was extruded and the extrudate compressivn mnolde°. Data

is suimitar:izeed in Table I and the fabricadion techrn•ique (1, 2 or 3 from above)

indicated. The volume percent fibe:r reported for the coinposites was calculated

using the densit.y of the carbon fxlamenrs And nlircger; content of th", cornposte

from, Kjeldahl analyses. ..,

Conclusions

1. High performance composites n be i--

prepared frorn short boron fibers;

absolkite ,,nd ,5pecific strengdis and .

.n•oduli significant1y', exceed .hoae o..

, >'iber aspect ratio (i/d) is. rnu:,"gh

rno re per'tj eIt fis rharacte rietc

tha in fibs r lerngth for p re di cli.og cournpc.A t, t re rjji and ;odui 1u •T.

$. Fiber apec,' ratios oi about 100 to 20() a requ, ,vrd lo achever fiber

eff{-iciencitm tf 704 aad 4bnve,.

L.I
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In the future these studies will be extended to cover additional varietions

in fiber modulus, matrix modulus, fiber orientation, violume fraction loading,

. coupler studies and water soaking, and test temperature.

DYNAMGC F.ATItU.Em" PrESISTANCE OF FIBROrIS REINFORCED PLASTIC
COMPOSITES (P. M. Andersen)

In many applications, fatigue performance of composite materials is of

equal ihnportance, somrxetimnes even of greater importance, than other physical

properties. Accordingly, •tatigue studies wer2 started early in the fabrication

prograirt. The information io needed to guide fabrication. work since good

dynamic at well as good static properties must be built into the composite.

Waring the last year irnveaeigatir.ns have beex. directed toward identifying

and quantifying major factors controlling fatigue of composite materials. Thiese

ft dit~s have led, to lthe first reportted pa rametric equation for fatigue performanace

of composite rnateritleo. It defines the quantitative contribution of several of the

composite constituent properties in the fatigue phenomena.

E jM G dT
F.I - M

where EM - matrix modulus

f M lilt ultirnate elongatir)n

T 7
" G d r F an irntegral 4f the shear modulus of the matrix

resin I omr cure texnpeirat•re to test ternperataý e.

a mraxrinurnr cyclic shear stress on the NOL. ring
,tul e' tnest.

B:- the M31ope of fIe !ýne tvhere log F. 1-.... s plotted
vertss leog,

tatlgc+s, 1 "ie or F-,tiber , a kaht' e < ycler,, whc r..

Sarnmple deforiuation han jot ye ed 4 d0 wher e optera.-
t(rig fatigue tnidlr co•,itant LOad c,.cgitio ti,

l ' " (t 4• •; :it torn, we "'qu t on ,,s1M CO t ' i'¾ , re A"r k<tcu to 'Mo.'X'1L3,e tila".,ent



i. e, (1) the testing mode described in previous reports (2) the use of

chemical couipling agents, and (3) teating temperatures from 25'C down to

1l96 'C.

Studiee not previously reported show that (I) testing speeds from 100 to

400 cycle.s per -ninutc do not ýignificantly affect the fatigue performance and

(2) nor does surface machining o~f the NOL ringn, T~n addition it has been shown

that the chosen failure criteria in these tests (i_ er , cycles where a 30% increase

in deformation occurs) gives comparable quantitative cornposite darnmage whether

starting at low or high stress levels for the fktigte test. In c irrent studies

the influence of reinforcement concentration is beint• defined. At this time

however, it can be stated th t this factor does influcnce fatigue life and therefore

will constitute a new parameter to be added to the fatigue life equations.

Qualitatively speaking, increases in volumt. fraction loan ig of the glass rein-,

forcement give an increase in fatigue life of thle composite.

A new fatigue apparatus has been designed and is now under construction..

It will provide a new dimension to the fatigue studies. The apparatus will

accommodate two specimen shapes, (1) a hollow tube testud in shear and (2)

a rectangular cross section beam tested in three point fie,,ral figue. These

capabilities will provide for studying important additional La ors in the latigue

studies.

Futuhre plans consist of (1) testing of hollow tubes from, which engineering

data can be expected, (2) testing in flexural fatigue mode whh ill permit

gre•ater stresses to be applied to the fibrous reinforcement, annt (3) to c'nd ci

corresponding studies whcre short fibers; represent the reinforcing phase o• the
com~posi'le.

FILER ENCAIS:U JATION AND FLOW OFIENTATION (n1. 4, Andersen and
--- .. orris

A. ir h-od hA s beer ueveiopCd fý.ir 1-11( i•p s tXlati ch1 [ppect hV b ron fibetrs rni

epoxy esirn to give a plrepreg rnoli-x corxiuti d iii ,vhicl b ,. ac'h fihe V lbeddti d

""asW m'teir.d if! the rn. 1k -il'r of th0- rnu ' 'enII SOVecInenr havingŽ

high- aoertory.iane proj.prtiem. The !,'ethý. I in a.!0a 0 ,ppi cable to other fiibers

ia. ur"nrber oa s p roh'em•b-,s" Most" "• 5 r tr(:a• the .t , r the fiberr•r voi & o n-i, t

0'A f3'U 11 addiold -eie b' !"im vss 'n n
AO h gnna rz "nd



eeTrA-nted to take d~vantage of their proport eu. 'he f*ibern are highly susgce pt`ble

to amgeduin mixing &Ac in any suuiseciuertL forming operation, espe cxatv A'.1J melt flow is involhed. Thexsý and related problemns ýtnwe hindere] the develop-,ceiet

of pro ;essing te-. iniques for short, high pekranefibersAR

Ideally9 the fibers should be iincorp..rated ink;o molcling :ox);n~pounds processibie

by conventional techniques -. exti.hx raztasfer rniolAding. Granular prc-pregs

of this type would permit the prprtotof car xplex: iapeq y much more effi-

cient and effective methods than the labuniýHoae tecliniqites now riaed. Sorne glass

reinforced molding comrpouncda na,ý yr vaiJable reprebent a step in this direction but

generally aire deficiert in flow and 0-. not yield the modulus required of high

performance composites.

Our, 'wtl)-k ham been aimred at duvilopi%,, rnoldirg4 compounds which overcome the

proicessing proIlenis 2nxd pz!rmit fab-ritation oif co.miplex nhiapes reinforced with

short, high perfonnance fibers. To this ez.1, our w.,ork has corcentrated on

incorporation of choy!)ed boron fi.ber:s in epoxy resins. GS.ass fi.,aro and several

other matertals have als.o been user!4 The work is divided into Cwo phases:

(1) The pixeparatior of the mnoldin,,, compound itself (encapjulation) and (

The forming prrcesetes.,

Expe rimnental

The mnoldi~ng cor-n~ouncli is preji)arcd by a process referred to tn rhiý

Project as encapsulaft on. This consists r.• thc- fohowing steps:

I. The £ibera are slurried in an aqueous soh'tior of an emul'P ring agent

along with ainy addi iona7 cono stisch as irt rstiici&i tillers In

somne castzs the em~ulsifying, agent can be!oxt~t

Z. oupbx hg aglen4 iaý added and the slurrr a e to 70 'GC
herequre a-kn o ei is Is ited to, tit' sani Icnprtuw arid

,Ac.ll'a to he slurry with atirrxnv,

4. The hardiener is .-ddefr and t rn is continued 4at 0 for' 30(I nifiintes.

11o (Lic Of tixt-n and ten lperavul. Ie in 2 dorarv'. i~ ts ri been

found to ar~u - M~ atxstaC%_A for Wfr pi I po)Ses0

5c The nvu bantret is, ra. ~ di t ori *4, tL<.- "%atcrvdcatr i pr o dct wjgtun,

h i tl d a':e n-' t ir--dried.

1ie iarta miar p90011t 1obti ''c týo~t:. fll ' ~h ax c ie

0141 intie Wu cth i&4:tnig Startit g vwith a (I O 'cu t tO Creu.'i
'i L7w 04ic.rdt NJW fibetrs unitcrub ¾ Ured in a~~x ~ i~xx '



pzral.el array. Grain length is roughly one to two times the original fiber length;

grain diameter is rcýtzghiy half the fiber length. Grain shape may vary from slim

and pointed th-rough elongated ellipsoids to nearly perfect right cylinders or

aokewed cylinders. The interstitial space between fibers may be filled with clear

reain or with a mixture of resin and interstitial agert (finely divided solid).

A Ynixture of fibers such as glass and boron can be used. Some examples are

shovvn in Figures I t3 8.

'i have employed three methods for forming specimens:

I. Transfer nolding.

2. Extrusion, followed by compression molding of the strand.

3, Gompression molding of the grains directly.

Transfer molding and extrution are highly preferred. Both prodtce good

fiber orientation and overlap anl therefore yield improved properties, Transfer

imolding has the advantage that a finished article is produced in one or eration.

We haire not as vet determined the degree to which fiber orientation can be

Sproduced and controlled in other than a long narrow croes-sectiot., Transfer

imolding has been restricted to snmztl (2j") tz-sile bars: g-od fiber orientation was

obtained in the gage section. Thus far, the cxtrudad strands have been too irregulai

to test per se, bult can "Ue compression molded to give excellent specixn, ne.

TVe presenrt extrusion eqaiprneit is primitive. It consisto of a heavy-walled

steel tcv)nder fitted with an aluminum piston. The orifice is screwed into the side

of the ci!inTde.r near the bottom. The assembly is placed in a hydraulic press to

apply fitrce to the piston. Heat is stipplied by the platens and by steam tracing

tn the tur fice.

TLis design results in two major problems. One, thfl pressure ic, difficult

to control with the press now in use and results in uneven extrusion rates.

Second, U, extruded strand comes out horizontally; with no take-up mechanism.

it is difliculP, to control itraxghtness, continuity, and draw- -down. A. vertical,

in-,jine extrader is being built which i's expected to alleviate these probleinp

Orifice geornetry will require mawr attention.
i~R e sults

We haye. iound that fot tircuSiat orifices aigificakt t. : •,•tat para i

to ttte flow axis w.ifl occur with volume loadings of '.0 v,/t and greater ac, ir,:w.g aA

the orifce k in L,3bout equal tor or ~ alertnaiu di et 1gýth ot lf th



Figure I. E-218 Figure Z. E- 229

40 v/o glass, L/'8" chopped 30 v/o glass, 1 '8" r-oving
roving 5 v/0 Attapui~gus Clay

Esb WAýi 4. -

-4,
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Figure 5. E- 232 Figure 6. E-242
30 v/'o glass, 1/4" roving 40 v/o glass, 1 14" chopped

5 v/o Attapulgus Clay rovii'g

-U-e
-.An

I i'~ I (~ AM*



TOP PRESS PLATEN

RAM

STEAM
TRACING ETUE

BARREL

INTERCHANGEABLE

ORIENTED SHORT FIBER - 00

BOTTOM
FILLED EPOXY EXTRUDAT PLATE

HEATED PRESS PLATEN

Figure 9 Fiber Filled Thermnoset Ex~.ruder

At present, a-lig-nment of fibers is based only "r viaiual observation and mnicrophoto-

graphs of strand left in the orifice after extrusion; no actual measurements have

been made. However, orientation must be reasonably good since hiph efficiencies

of 60.-70% are obtained in translating fiber mnoduli to composite moduli. T1his

is also an indication that compression molding of the strande does not d,'ýrupt

fiber alignment. Strengths are altso high.

The best properties obtained for each of several composites areý given in tle

Property Summary Table. The colun~in headed "Fornmed By" refers t_) the Mrnflhod

used to make thf apecinien. Sample E-Z52, shownr on the next- to-,the-la st line in

the Table, illustrates that. the objectives of the study canl be rnet

I It contained a high-rnodtlus fiber at a loadinp tiigh enoig~h to be effe. tive.

It vtvNs eAsily extrudable and extrusion p iý :lc ed or iettinx wittou~t

exceftsive fiber breakage. The extrid~ed strand. ixfa readily crn~prepiý4ýofl

myoldted tco givwe tf-et s;peki. unens-

P-Yediý a-v in the high irina.rne
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Epoxy Encapsulated Fibers

Property Diunmary

Flex. Flex.
Str. Mod.

Vol. psi x psi x E-
Reinforcement _ 103 106 Formened _ Ident.

Glass:

1/32" Milled
Fiber 40 20.4 1.5 Transfer 124

1/8" Milled
F!ake 33 17. 1 2L I Transfer 110

1/8'1 Chopped
Strand 40 65. 3 2. 2 Transfer 206

1/8" Chopped
Strand 40 55. 5 2.0 Transfer 218

1/811 Chopped Comp.
Strand 40 67.0 2.9 Extr. + op8

1/811 Chopped
Strand 45 60.4 2. 1 Transfer 224

1/8" Chopped+Cm]Strand 45 71.0 3. 3 Extr. + Comp. 2241
1/41' Chopped

Strand 40 67.5 2.0 Transfer 242
1/4" Chopped C p,

Strand 40 71.0 2-9 Extr. + Comp.4

Whiskers:

Si 3N1, 50- 200, 20 23.8 3.0 Compression 58
SiC 1901 Particu-

late) 30 29. 3 1.8 Trans fe r 147

Asbestos: (Refined)

Ghryeotile 40 19. 2 2.0 Transfer 1 31
Crocidolite 40 30. 6 1.8 Transfer Li7

* rocidoliwe 40 2. 9 Cornpres sion (1) 17

B o r (,Y-:

1/4', x 4 mil 4 7 56 1 Z, 8 (onp:i.ssion (1) 196
1/8 x !. 3 mril 46 66 14..9 ComnpreIsion (1) S 6
J/8" x !. 3 mil (2) 35 60 11 I- Extr. + ('onip

!8' ,1 75 lb E.tr. * Couip. 252
1/,Q x 1. i •• ) 40 6.0 1iIDorv-,E.xtr. + on ~p. 244

I1I O 'mt d I b1 )y h;* d I z-
(/~ 'I" vl~ cl07f~ ~~~m vay
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J alo oux kno 'ledge this is the first experimental verification that automated

S•formivg processes - extr,'sisn and perhaps tiansfer molding - can be adapted to

choppe.2 boron composites. it is particularly significant that these results were

obtained with "thin". 1. 3 rail, boron fiber,, This material is more flexible and

has a synall enough diameter that aspect ratio does not have to be seriously

sacrificed in chopping to a processible range. Four mil boron fiber in 4"

axiýd J" lenvgths har also been succees&uty enctpuldated, but preliminary extru-

sions have caused excessive fber breaka• .

Discus sion

The exploratory natu-re oý vhe program has precluded any systematic variable

study or mechanism study. However, based on spot observations and intuition,

the following is what is ý.hought to happen:

The oil phase, consisting of hardener dissolved in resin, is in the emuIsion

rtate initially. As the resin crosslinks, its modulus gradually increases, the

ermulsion becomes unstable, and the particles tend to coalesce. The coalescing

resin is attracted to and wets out the fiber; this process appears to be aided

by a cationic finish on the glass or the use of a c .tionic en-ulsifier. As the

" " - resin-coated fibers ccllide, they stick together. Surface tension of the resin

rifen causes crossed fibers to straighten out into a parallel array - minimizing

the total resin-wat .:r iaterface. This har actually beenT observed 'indcr the rnic, -

scope. In favorable case., longitudinal motion of the fibers also occurs. giv.7.ag

grains with "squared-off" ends, rather than long grains witI) 0er-lapping fibers.,

At present, this requires the presence ,g4 a suitable a.nt.-cluniping ::,r interstitiai

agent. ure,"B.- staging'; i3 %ow cz.,,vinutd to the point where the grains are no

longer tacky enough to etitkA t•nhtht' when cool. In tb,i abserco of an interstitial

agent, tie grains may contin1r- to grew :ndefinitclyv, resultiig 'n a rnazasive

C." Irnp.

Squared--off grains are prefe rec' to- harIing ct racte ristis C flvev'r,

to produce the fiber overlappirg netC csa : v for good ýitre•rwth ano 9 ;vduiu s in the

conrpoeite they require ehear durirng the to rrnir, g pr., tion ii pr( vyyd 21 by

ext rusion or transfe- Trolding. -Fk'!y' grc iac have r-,,erlapping fihers, and

therefore 'Orlp rea ison rnulidng trny, bettr- 'ifi~t "1"W -hec oicvcCOI.tr s

between. "sqia red-.off" and "powi'y" is p-robab.: ClesirabltA

An inmpor'tant develo rnnenit. in the etudy i Crecogniiot , it f . rt !, I . i,•r':t ,-•r' ,

agen ts in, -anu'(e io ticol) I bey nmia ke v, ce of - bcv cit,-
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required for best properties.s If none is used, the longer fibers (I/8" and up)

tend to form very large grains (I to 3") or clumps. These large aggregates are

unmanageable for extru6ion or t-'ansfer molding, and can be compression molded

only with difficulty. Addition of interstitial agents causes the longer fibers to

be encapsulated in bundle3 of dimensions roughly the lengths of the fibers used.

As described above, the grain shape may vary from pointed grains to right cylinders,

depending on the fibers and the interstitial agent.

We have done essentially no work on the inechanism of grain formation,

"4,ith or without interstitial agents. We assume that surface tension, electrical,

and rheological forces may all be involved. Now that some results have been

obtained, such studies are justified and needed.

A potential problem in the pzrocess is water retention by the grains, causing

porosity when moldings are made directly fronm them without any pre-heating.

Extrusion appears to drive off this water as no difficulties are encountered

in subsequent molding operations. Probably the usual radio-frequency pre-heating

would also serve this purpose. The problem does not appear severe, but a

means to pre-dry the grains is desirable.

Transfer molding of boron composites has met o:.Iy limited success so far.

Good fills have been obtaincd, but fiber breakage has been excess veo. Additional

work using molds and gates better suited to this very stiff fiber may cure the

problem. Our transfer mnoding capability is being exparded to permit varying

both product rheology and thie molding operation. If auccessful, the formation of

complex shapes by this route would be most attractive. T"he glass cor-riposites

transfer-to-yld readily.

Extrusior offers an alternate routxt, to coryipltex shapes containing o iric.n ed

fibers, The extruued strand (..n be warmed, shaped to the approxirnate contour

desired, and placed in an appropriate compression inold. Heat and presiux e then

se soilt inl for li'r P 'he arti:l e i•r xhich lhe fiber ot eenlati.on has been la rgely

doterxm mt.d by te pI a c exile of flbit, t raild.

,1 tln'r (.,ris t ta otio inl th e fif ran 11" s ach 'e i,ýd bNy ext. riast on utsing anl o r ifici:e wý,ith

th c correct e.x.iAt dil •tctr'. '[The r cxi aining probhl e! O 'e en cixtia.lDy to fin•t the

ctln ntinof Itillet p 11,iilpatreprotiles and trs;)pese

"xIkich for a giveniotln cot noised will give it -stratnd xwith the, desiired suatret

aB



As previously mxentioned, an in~-line, vertical extruder is being cor.3tructed

which will be in operation by the time this re-jort is published, It will allowJ a more tho rough study of the numerous paratA.eters in-roived ir, melt flow fiber

orientation. Besides alleviating previously mentioned probtemsa of pressure

T control and horizontal output inherent with tht! present apparatus, the new

equipment will illow control of temperature profiles and provide a symmetrical

flow pattern. The symmetrical flow pattern should enable extrusion, at lo,-wer

pressures, thus reducing. fiber breakage and permitting t-,xtrugio.. Cf Compounds

with higher volume loadings of fibers.

At present, extrusion is generally limited to circular crosa sections.

- An extrusion of a boror. composite through a ribbon orifice (J ' X 0. 0601t)

resulted in inferior fiber orientation. Additional work on o-rifice geometry arid

other factors will be necessary to produce highly oriented rectangular cross

sections.

Both transfer m4ol)ding and extrusion have die essential virtuxe tihat fiber

orienCtation and overlap are accomplished mechanically rather than by a manual

process.

Overall, th.e encapsulation techniquie rnakea three contribution~s to the

fabrication effort in the ARPA Project:

1. It permits the preparation of extrudable oriented prepregs fro ters

which are not readily pre-pregged in continuous, x-nultifilarrnent fotryi

Boron filamrent is the prime example.

2. It perymrts the easy preparation of ternary (or higher) comnposites.

These miay be two matcro-fi~be-s, such as boron plus glass, or, a

mac r(:)- fiber plias an inters titial rifr retsu-ch zvm glass4 plur

Whisk er s,

3. It %.roriv2des a nictlod for pr vpregging loose fiber. This per'mits uise

of wh'i iske -s and tnzy prvei ert sca. ý advantag' - or fibers whiclh c~tr !~

pr-e- pe-rggozd before cu ttin, .f such as glaos rovilng, Itt th, i~lzlte r

~e h !¾~roving io eýýaficr tc) cktt to Shor't leliogttl than id P r-

rio. 01g; ard o)ul C1ca pt Uated gla~n tends to h. tLVe b~~v~ iolk factor

t h tiý o 1 viy L'1'01)V e -p p fc C egged ro i)v 1kW h ch-Y o!'i ha e t in

~ t I~~ ii ltil(1 ig 139 k'I 4t t a f.- I r1 ri~C t'i I~)~ 11 a i r f
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3. S ich grains containing short boron fiberg can be extrtaded and molded by-

conventional techniques to yield oriented specimens having high

performance properties.

4. Tbe process is adaptable to using a number of reinforcing mtiaterials.

S

I-.•
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A | ,,STRACT (Conti nued)

In Fabrication imd Processi ng, techniques wev.e deve1!oped for whisker

fiber classification; 'it ran.ds well-oriented whisker fibers made and
fabricated into hi gh performance corrbosit es; x-ray diffraction techniques
applied to measuring fiber crientation, property maps developed for shortSQier composi.tes; short boron fibers encapsul atecd to make a pre-preg
n.olding compound in bead fo-rn: fiber-m.i.trix dry -i)x molding exp:lorfed;
and data obtained relat ing r,.at rix propert i es to f•.tigue characteri ztics,

Ineducatior, a graduate progr.m in maternals scienLe was put into effect

Sby the university; two one-sernester sernanr courses conducted for the

Association students jnd scientists; ind a summer workshop in rnechanics
organi z(d.

I In communication, the se-ond annu,1 synposi urn on high performance
cc:nposites was held; public ttiOn 01 new journal, Journal of CornpositeJ 1Materials, begun; and five papers published.
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