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ABSTRACT 

In_·· order t5> _;~e\•elop ceramic ma~rlx composlt.e~ fo.r h!g!-1 

tenzper-at~e appl.foatt.onri, u,o gi'a!\~-ceram~c matr lee,, one .an ytt,.lui'n 

alumlnosii"Ic~'ie'-:'<'Ylsf,- t't1e oth9r 'a magneatu.m ·al!J.il\!h6~1Uca te 
. .. - ..._ - . .- .. . . . ,' : ~ - . 

(cor<11erite). were chosen as pos,i-hle matrix composition~. Two 

~eperate ~et~ of experiment!' were performed. Speclmen~ wer_e ~t_ 

produot!'· and .c~~T: .. :t~:. ~Speo_t.m~ms-:-were · al ~o prep:.\r~r; ·conta1'1l~rtg· · 

cc-."11merciall~-a.v.~tl:at1.l~:i'.!¢f.~lq_tr-1~r_tl 'and coated c~ra~tc fiber~ t.o 

t r.ve~t1gat&:-,-f'U>.eri-/m·a.t.r:ix/ 1rite·raot1on~-- ·and 'the err~ct :)f f ~'ber 

employed to' approx-imate the cry~tcilllzat. i<>n temperature of the gla~8e!' · 

and to determine the ert:ect or dopant and~ttber additions on the glasE' 

· orysta11izat:ion. Glasa<~pec1mens·hot pressed abov~ ·1000°C for 15 
. .. . . . . :.. '. .: .. -t·::. . .. . 

minutes wo~ld crystallize while 9p_eclmeri~ hot .pressed for sho:"ter 
. ~.. :. - .... ~'1-: • • . 

times~ he •. ,2 minutes. -woul<LreD".ain ~marphou~. ':Th~ --oordi~rit.e ma.t .. riX'. · 

~fY~,~_alliz~d_':tp}ai~i'(?:ri~~Jeef~q\ th.¢. ::i~s_, JUtl~S :!fOU}<l cryat~lH.zc to . 

lrJll1-te.,_· ri~~L:~{¥.~~lk01·:·A·1¥i;ep}h,9.t:_pressed ~~at·, . or below 1250°C and to 
~~-, . :· ... 

mulLite'iand':;afI;;:SfS0 ·':.:1;WtieriYtiot:; pr,esae<1 ;at 1300°c. Thermal expansion . . :'- _-. _-. , :. -~~;::;:·C;X'..\}f;~f/~? ::~:):~ .: /:\.: -- · · ·_ 
meaaur.emerft.s'-i on .JAS-g:lass,,sp9cimen~ ~howed the a- to 8-r2s1 2o7 pha;e 

transfomatlon to•·:t>e-. diSp'factve ·and ·occur at 1280°C. Fiber addt tl~ns 

~nhanced crystaUJ.zatJon_, .. but ;: without .protective coat..ing~, they 

~ri~t).e··:c· rai l.urifl°-'.'~t·:st.h~· ::C?~~po·;:\ite;' «;h.•ring . testing.. . _ _.fiber coat tngs would 

'¢tfe9tf1ely~,, re_(1~<!4>tpj.:_s.\ (f1ter:act,i~n·:,_and:)il~low ': fiber pul-lout., to o·ccur. 
. . .-~ . . ·-... . .... . . . :- - ~ ' - . : . ; · . .. . . . -.... ... _ . ' : . . . . . .. . - . . . 
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I. IUTHOD.UC'r 1 mi 

The· need , for high t<:mperature .structural 01ater1als has 

n.ece~st tated resaarch · and dBvelop~ent . . of .r 1 bnr and par:ticula t(? 

of natura'fliOccuring compo$i t.€~ ~hichfar~e'. -00:iJpoeed of a m~~-rlx pha S•:! 

and ·'.a re1nfor~tng p.hasc. l-3 · The· oatrix pha5e is •.;su.ally a contlnuou!', 

ho~ogen€OU8 mediu:m' ·wh1ch' bortds::. to'. the relnforc!ng fiber§ Or 

because of t.J1af:?r fiigf:1:'st..'r-cifg't:.h 'aid h1g:h tlsage tempe~"at;ur e. 

Unlike~ n'lD$LUl~:?tals or. plastics, 'ceramics ar1e brit.t~le arid 

' 4 
generally fa-11 in t€ns1on. Ther~fore:~ if ceramic~ are to be used for 

Mctuce_ to:e· poss tbl i H ty of ca.to.strophic fa llur:(>. The i ncorporat ton r>f 

:neche.ni~m~ "·ihl.ch impede ·crack. gro\./th anct <11.s~!patP. crack energy 

tmparting toughness -tti .the m~trix. 

ih~ potential , aP,pliqa t.lon of ce nun tr· com po~ 1 •, ,~~ for hI gh 

dimensional_ly stable . in an· ox_idlzing s.tmo!-lµner,~. ?.et'r'Retory F: -~~!',e!-l, 

gl at\s-cer-am t cs and .cerarn 1c ox. ide~\ ex h 1 b 1 : excel .l&nt, , ~x lcta r.. lon 

rG~lstance and low coefficlents of therma! expan~i0n ~C.T.E.). ~dking 

them 301id c:indi'dato:i,·:for· the~e appltca Uorw prc-v l ding: they ean be 

mechani~allt toughened. ::q;i~ss:-ceram~c matrix ,compo~i tes 3re i")( 

part 1cular interest .becauae _ of their ease of ,d~n~i ficat lon and t:.hci r 

potentially high u~age temperature, after ceraminF. This thesi!" will 

examine the boha_vior of various commercially available _'ceramic fiber.~ 



in .nn y~'riluzn ·alum1no$1Hcate ~nd a magnes i..un ah.:..-riino-1SH.1cate 

gla:ss-~ram!c mat..i-~, tho · cr.y5t-al 1 izn t. ton procedure for the~e 

oat~1ce.s, nnd the errcct of fiber additions on th~!r cry~tall1zot:or: 

·tohavior. 

Pat't-icul:at-e- and wh:~C\t.ter rntnror~d <:,mposite.-$Ys-r.em~aro bey:':)nc 

tho ~cope ~f th!& thesis and were not studied. 



A. STR~NOTHEHI.NG AND TOUOHENHW 

t>-ecause a materia!""'·ls : strong d6ea _ not. mean that that a mater lal w11 l · 
. .. .. . . ·. 3-6 : 
~ t~ough. : Trre ~~ron.g~~-:p(_a_;;po,~p?,~ite Ji-ctete~mined t-,y ~t?e force 

reqvlred- .-fo proeluce uittmatn fat1-ure~ A material whfoh / can support' a· 
laf"-g~-:'$:t-r'e~~: i~ considered a ~trong "t;ateria-h ::"·">he toughnea~ o{./a 

material •!~ deter"tnined:-.-by:_', the way .. the cl!iaterfo.l iracttir.~s.-, · A · tougt; 

hlti:t'$-ttial f~n$ -ftr·a nb:tii;-c_at:ast:i,OPh.i-~ , manner·, ::whereas ~ .b~fttY~ 

rnetala;. pos:s~s~ hfg_h · str~ngth; :unltke·_ metaltt, however. whfch_exnitiH. 

vnr:y poor toughnef\s and/ :gener~llY. uncJ°µr.go qr:Jttlf:f fat lur~. lf: a 

oerai:nio cont~\pcy a fl<1w q_f : cr.l trcai .~.t'.iZ~: .. r.1s. .d~filne;d by . Gr l r r 1 tli, 1 1 t 

Of tfle rlaw-fr-ee .µfa_t :erlµJ.. T-}ie · 'gl~~--:.Of th~ ·cr1ttoai fl<1W can ~e 

expr~ssed ustng' the·. :. rri~l}.s;:,e.quati<lri! . 
• • : ; · 4 ~--.:;- ·~:;.:- ,·~;:'"-~:i~".:,1 ... ;_:"-:-:.-.:: ·,.:,:.u_;_,-~;,;-.~{~~1.,H.~~.!.~ ... ~.:llll'i:"i!.tU~~~~ .. "'!",,l,~ ~·1..:.-s;..,. ..,·;~I'...;, ... ~ :!'..:.t -.-... • ..::' ·: . ~;i. 

. -- -· . .. . . F ~-- n_. ,_.· -,._1 )-:112 
~ - ,... Hl ')Cl'(} ... ! ' ' '·. : l 

R 19 the appltecLstr.e~~i.·'it.ft<l ·F ·t$_ .: ~he maximum ~tress realized at the, 

cr-agk.: tJp.. .· E3y : suost.J~.g~jpg<~.h~ tfl~,l~ te. t~n~ Ue strength of the 

m_at~r-i;~fi .1 f9r F, ~fie r,_9ttmm tem~Tl:e atr:ess the .n;,aterial. 9an wlth!lt:.:1n,., 

R. oan ·be ~:alli'~lateq~' Th~}i;trltti!'.aJ:,,.fl.aw, 3ize._f-0r .. :a 5tru.ct.ural c.eramto 

tnate»lfil .J.s a:o·c¢,Q~e4 ~Q. ,b,ci l:?.$.A t~a.n J,Orun.-8· . If. th,~. ma,terJ ;:i l cunt~i n$. 

a part:1Cl€f.Or a ftbar which can impede· C"raCk growth Or' can somehow 

proinotf;. abeorpt~on of ·tt1e :· ~:fr'i1ck energy,. produced by '-the 1 ncrease in 



,·- . J. 

.. -~ . ;, I I _it . t , Jll 1tttr, ? ".- . . ~ ' . 

:~TRAIN . ( ~} -----·- } 

~·tg~ _ }-~~ .Sti7:e,$ .v·er-su~, strtaJ~ d>rves ' re!\,ttl:-ti.og from t1r!t.tle and ~o~gh 
"t:aH9'!'~. t~er ., -,~)"' 



t. Crtteria for Strengthen!ng 1n a Ceramic C-.>r.:por.S !' ... ~. Thr~e 

Cri terla . tnUf\t be fulfil led in a f 1ber_-.-_-r~e-1ntoroed '· ·~~facii10 ·to str~ngthan 

tho' ceramic 'i.rt.ttt' :ttbar '·ai!cft'tfoiis· .' 

re1:f1forcfng.:f tber mu~t. be con!'iderabl~,- greater than t.h?.t or t.t-v~ 

{Flgure 1) • . When .. tl}e .strain bec0:"!le2 too .,p,:·e-:t, _the speclme.n f&lls. 
.... .. . . . •; . ... :.. ·. . . . . . . . . . ~ . ' . 

elongate muon le!'s unde.r a . given load than wlll·'the matrix; (!]lowing 

the composite to~with!ltand grea~er loac!~ wi.t.hout failure. 

The elast1;_'¢ mOdul.us {Ee} ~fa _oompo~ite can be det.erminod u::!~g 

~he RJle of r~n:!.ur·e~ .(ROM)~ 9' -1 O · 

E • 'E :y • E,. V 
· .. c m m " f 

where E and E_r· are the elastic modulu~ of the matrix · and fiber, . m 

re~pectively, and vui. and · Vf are the:· vol,Jmt'i r-raction, ~or the-roatr1x an<! 

noer. respe:9.~·p(~lr~ Flg:ure '2. 1:1.lti~,trates tht1 result i r.g Ee ror a 

ceramic ·matr-1~ ·comporilte~, . SUch<a '. matrix \11-l.J, . only. · be strengthened if 

it . 1 . . 1 ti 1· fl . · 1 ·· f i ( ·v . "") 2·• 9 - n E 1 3 . conta ns g ·er Ca . b.er VO ume raot on : . r·· •. · QUat:. on 

· 10 
can be used t:o .calculate Vr* 

vf* • C.o . - C.o,J . *J ,1 Caru - <? __ m'--t*1 <.3> . n;~. : . ;,1 t: f . &.. 

Where · ., . _and u. ar.e tne~ultimat·a ten~ile atrength . of the . f1be~ -.a_nd _ • fu .Jni) · · · ·· · · · . · · · ... · · · · 

matrix, re_spectlv.elyJ,:(oin)_.~:f*. · .. l~ .th.e !.'trength of -tne t114t.r1x at. the 

~tr.~3S::r~quit.ad to p_roduce . .- .. the · mat!'ix fa_gure $.tr.aln in . the fiber~ : 

Ftgu.re 3 illustr.attf~f':.the ~trength or a composite 35 a functton of vf ·. 



12 16 

f:.1.a~f l~ srocJ.ulu~ 'fc:>r..-': -rl · u,. 50 : volume ·riact.:1on Nlcc.don rit>e~: 
re1.rif"orced. l~~s .. g-1a~~'l:"'C9t~aml,_; matrtx .. :~C')!ii t.c1~ .(Ref. 9) .. ' . · . . . . .. .. ' .· . . 
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b. C: .. T ._E:. M1~match • . · . .- Toe coe_fflo"ient of th~rma 1. ex pan~ ion 

·'.(:CfT.i:~i / f ~.:6.t/.the,;·-r'e1nfQi!e1~f!-., flber · and the -~. T .E. ·of .~he r~tJ;fx must rj~ 

~-1mU~r .:: _: :~<?-:- C(?.Pff1ci.eri_t ':;::qri·t~gr~~~l. e.xp~n~lon · 15 t .he amount- a 

mater;aL ex~~ncts- -:or···corit.rao.t '.s -)iu~ing heat ~~g or i cooling and ts 

dependent . ~9 tJ:le ~hemf~il:1.-.~nq_ plJ:y~lcal make-up. of that matertal. 
12 

ftbers ca_r.i·Jl~.Ve:\~~~ pro.found : effect. _Qn .. ,the : stl"on_gth of tne compog1te, 

partlcular1y "!r --:-~he .-:composite is proces.3e'1 at a high temperature as 1n 
. ~ . . . . . . . 

- · . · ·· . ·';· :f ' lf s ·"s 9 "13-n 
Uie ca5e-:'.-:~t .ccram1c . .-oompor:tltes .. > ·· . f ' · .J ' • --Tt,lere ·-a:-e .tr...r9~ ~a.5e.$ 

·.: ,.· ... 

wntcn can ·occu~i 

f ... _. ,c ..• T~:~ior .< c. T .. E. m 

1L · ,_c.T-.E~_r • C.T.E. 
m 

fUl··~·- .-·.:c.J\_E-*.f' _) c .. T. E.m 

L C. T .. R. f < ·c •. r;_&::]it \~.en J'..he C. T. E. f 1 ~ -less than. the C.·r. E~m' 
. ·:,·, 

t~1e matf'lx surrounding' :tti¢ q~er 18. placed in ta~gential ten!l1ori .. _and · 
.· .... . 

rad 1al CO~P,f:'"t~s.~.lQi\ . U..P.<;>t:\! :;:COqlt:ng--.a~ tt,e· mat~l x tries to . ~hr ink. ··arOtJ."'ld-

thc fl~or _. · . .. lf ·JilJ~. mJ.~niatctf ·fa large enougr., ._these st.re.s.ses ·may caus~ 

radial q·r~~_,fn~· ;o~ · t _he -'·iifotrlx nround th~·-:n~r an'1 ~ oon.s tderablc 

dacrea3e:-~rn ·soomposite ··strength a~ illt.fatrated in Figure 4 . 
. ·. .. . . . . . · _,.. ·. 

11. c _~T.E.f _._ C.T.·E~m· The ide ~t~ situation ls when the C.T.E.f 

and the C.T.E. · are matched ~!nee thl~ yield~ a compo~1te free of 
m 

residual stress-~ -

tension. equal to one-half of the compres~lve ,tre~~ (Ftg~re S). This 
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!!' de$irati.1~--for oerom1~B, as cera· ,1 c~ a:'e ~ tr-onger to ¢1')IDJlN!t~s1on. 

Ir the· C}f.'~· mlsrr.ntch .18 large enough in t:.hi~ situation. t:he flb~N, 

are p.lac'Jd 'ln T"n<Ual ten~ion which can re!\ult in rtebond!r.g or ~~·~· 

fiber from the matrix or in fiber breakage. e! the, .. of which t~~ 

m4at. \.i,e: · int,illµ;l~.e~,; - ~n~e:~tt9.g9ther. et thet' chem tcally o: .. mechanically 

to pro~1~e efficient loaa:tr.ans"fer rrom the matrix t.c tht.• f1ht::!'. rr 

syner.gi:&tle fas.ht.on. and a n.e:a.uetton ln the ,~trens.t.h of the compn::-He 

wt 11 re . .3tdJi:.3-'5. 911 1 O 

~-~?~.iteria for Toughening -in a Ceramic ~-Compos! te. There ar.e 

ou~ic?llY · two types- of . toughening in rtber .rein'forced cerarr.k 
1: .~. 

compos~ t.es.: c~acl<- deflect.ton.. oue to C:1'~:£-,_ .mis.ma tSh, · ;1 nd crack 

. · . . !i-6 q 15 18 
ener:S.Y ansorp.t-ion dde t't) f:i;ber. debon<l1ng ·and .- pu,11. Qut. • - ! - , .. 

... ne C.T.E .• the rnat:--!x t-s <p!aced in compre~~ior. around the fibers. m .. 

rn this _ca~e. _a crack pr.opaga.ttng through ,ht mat~lx wll l be deflected 

bf!f<>re ,r.eaching _the fiber at the compre:.,~ive zone ,urroundtng the 

uece8sitate!' a strong foterfacla! bond to produ~e r.h•! compr~$~l'/e 

ror'ce in the matrix. The· strong interface neg.ate~ tne taugh~ning 

achieved throug~ fiber pull out and i~, therefore. an 1neffie1ent 

method .for toutthening. 

o=;.;~J~~berr Debondlng i,and Pullout. In order. .(:or 'the Uber to debond, 

and· ,pµ}l dtlt Of the matrfb:y, the fiber/tilflti°'.J.X i~terfacc m~t be weak~ 

'nlere can be no .chemical reaction between the r1oer and the matrix or 



. :.·; 

l!\ a ~trong ch"miea! t>-,na bet ... ~~N: the r -:~~f:r -and c.h~ :ma_triX-, &' cr.ack 

the: -1Iiatrfj~:-:a11Q~in'g, th~:-~rtb~r -to remat'n -intact and ~arry "the tn~o. 

Onco' ttte -'·matrlx-·bas-~---'c~ackeU· thi'6ugh~ the entire 1c,.ad ! ~ tran!'fer~~c V) 
, ' ' ' ,, , ·.: ... ,, ._ . 

- ,,, .. - .-: - - . . 6 9 l 8 
t:he r1ner, whtch will ran at thelr·~eake~t- po-l'nt -aod -puU out.' ·• __ ._ __ 

as ~hown in Flgu;re 7, producing a -~~ugh -composite. The ~tres~ 

requi ~d -~<.>f7 ~:-•tP~~-~te JaH~e ~u~t -~~9~~-:- ~~- J~r~~-_enou_s~_ to overc~~<-; 

~.he frlc-tio1;1l.:f#,rces~_'asso~1~t,od with the pull ( out or the :::Cine~s}·-~-~.?-

B. Gt~ASS , AUD G~ASS~CERMi!C -~1ATRICES 

. . Gla~s Format ion. The Amer.lean Soci et.y for T·~~ t.lng and 

Mater.1al~,-; (ASTM} df.)tlnet\ a: :gi~iss: as _"an inorganic pr-0<1~.H..'t of fv~ ion 

' ' ,-. ' . ' ,, •, ' ' ' 1 9 
whlah has been aoole«Fto -a- -_ r1g1d condttton ~H.hovt. -:ry~tJ: U.za~.1on ... 

str-uct.ur.e- of .th'~:: ll'lu1d. the" __ materlal _wlll <~ry~talllze_. T!";f: r:.1:d.m:.>m 

speed "a_t :- wh_~o~f the-_m,1_~ needs to l)e 'cooled l-!' km)\m as t.h~ cri t-lcat 
. ' ,-. _... . . . . . .:. ~ . . ~ . . . : ·.: - : . ' ' ·. . .. ' ' .. . 

· cool1rig ' rate~ "-:-·Thus./"by -the ASTM defln!tlon, any lnorganic mar.erial 

the rate of _cooling required to form -a gla~s l~ ,o high it Qake~ gla~~ 

format_t~r{-t"~prac.tfo~l. _Us:in& _ this -Ct'l't.erlon l t l ~ pos~tble to 
.,· ' ·.: . ·.-.. ·. :·:.· '. _. ___ ._ .. _ .. · · , ···,_ . 

c~mp_os1t1o~~)i--~ ~e-~erf!ilne a -- gla$~ f.()t,natton -range. F1gure 8 ~~h::)w, the 

glasEJ. tormat'i'on_:_:r.e_glon for _the: 'yi~
3

:A:1:2o
3
-s102 t'Y~tem 20

•
21 

', -an<' t,he 

HgO~Ai203~Sl'~2 -''' ~Y~te~22 ' 'ba~ed on -t~~-: c'rt terion. de~cribed by ' ASTM. 
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2· • .--Glat:1:a~Ceramtc · Forma.tton. · Cla!l'~~oer·ar;a-e~ ':ar~·>:f~.t.i.9~ct..'a~ 

· 
0 polj'orystalli o·e aolic~ . p~epaN.fd "by the .cont~ol_le<L'Ory-st·at\Hzat!Ori:_ or 

.. ·, ;,2 
gla~~e8. "t: Thi~ ~ry~t.iii'ttzat1:on i~· usually . accompi tshed througn 

. . . . 

hett t-trea~-~~t-- re~~~ ting 1n\~'ttt,·e:;_~iz'9_l~at.~;t;>rf: arid g~t~\_or: a· r 1 ne 

gra t. nef1 · nebicrtt of·· cry.st.a.ls;' h~cleat fon :;-arid ·: Crjstal··gr~·t"h iH•e the 

,·;22, 23 
two . f:llOp$ cissent:1.al · ~O :-~~}ta· _c~r~t:al-'li-za t-lon ·of the gla~M8 ... , 

a. HOl'n\.')geneous and Heterogeneou·e. Nut'1loat . .lon. :There are t~o typ~e 

of nucleation: ho:nogerieoui,; :an<f h~teroganeous ~ !.n M>mogen~o~? 

nucleat.ion. ):;he nucl~at.1.on alt.en .. ar.f? or tf1e ~ame composft1.on .a~ t.he 

dase resul.t~ in the ov.olut:1-on of: tieat .wnlch ;can ·be detected )is:··:~. 

ex9th.erp,.ic peak usl~k D1A.. DT:P oan. ~-~;;Used tti determine the annealing 

point · of a glas~, th~ optimum nucth~·atlon and cry$t.allizaU:.1n 

.b.~~·a·ii,Ol"',·, t,he UP.Y:Stiil-f~zatton. actlvation ent:~rgy' An·c .·.-~he.:i6~0sH\vl:tY,, 

o{ glass·' to s_ur,!itce -·cry~'tiilllzation affect5 .: ~xper1t1nced .. with:, po'wcforea: 
· · .. · .· . 22.24 gla.ss sample$ ••. · 

E'OJ,': ,'.C!.'y~talHne: nmte'ri'al~v,. O,TA-·._ ,i_s u~eful Jn determining: the 

tem~natµr~; _;at:,:.wn_~b\ ~.::p.QlY.lllOr'P.hi_c·.- .·pha5_t) transformat. ion :_oqqur~. · If­

_'.tha .:polym,;u~phf~:-~ ~rarfaf~til:@:~~on r~~l~,1r~ · ~eat:_~: an. enttothorm k reactA.ori: . 

oocursi 1.f ~heat is produce·d-~ an e')Cothermic reaction occur~. If the 

polyinorJ?hs-have different·apeclfic heat.t\ and·l~t~le heat 1~ ab!'orbed 
,··.,-·: -~. 



()r evo1v.e_d dur.lng .. :the·:_pol)'.morµhi_~ ~ran!'ro.r11mti<m, _::tl _<ll$ao·nttnuity;· 
. . . . . . . 24 

: occ_u~s ··tn· ·'.the_ DTA curve.· · 
. -. 

Tho· problem of t.herI!'lal lag t>~t.wcen the · ·t\p~clmen . ;,Jnr; ~tie rurnac~ 

:can · be m1n1m1 zed · and· tne~·seh~i tl_vl ty 'tr!aili'ml.zc..--d . . thr1~~gh ... Jh~:·us·e _;_;or 

. ··,mall· ,p~lmtiri!'~ ~-r·i'll ~peel-men~ -~1·}.bw ra~t~t~ ·re!\.J)Qn-~e·-'trfin~::.-·~}1(1. 

therefore., yield bettor ctef-lnod -DTA ·-.peaktt .- than : do_ ~ahge:r ~pec1m~n~ 

Wh!.Ch reQUi re greater reaction ~time. Tht'h_~t·andard .prac.t!Ci:-? f~W 

f"{ 

.~ .- . ct.tee:~~ ot Fib·:w A<ldlt.i.on3.. ·'W{:' tnt·rodtJ;~tion ,d1~ tt~~Sf"S tnto ,;.1 

gla~~ -'.duriris. the rnbricatlon of composit'.e-s_.ha$ an :effect on the· 

};4 25 26 cry!'talUzat.ton ot the glase matrix •. ·· • ·· _,.., The ht>er:: apparently 

provide a t'Ubstrato upon Whioh -cry:at-allization can begin. "TSM 

analyfl1~ at th~ tnte,.fac~ .of -:a tHcalon Mher imt:,~~ct{1r-:ct l.n ~n LAS mat.fl·*/ 

~howed :1ucleafi6it of 6-~podtunene~:f6 '. 

. d. ·errect~:_;of Hot-Pr-essin§· - ~e~p~~t~~:- ~ :The ·.cf'.'ystalJJ~·atlon of' 

the glass-cer.amic- matrix cari·::be.' affected by : .the h9t~pressing 

temperature. ; Hot,..pre:j,tns at l'3:ooQc rest~lt~ _in ·\iell ~defirieo ·- ~~face.: 
. . ~1 

~~-~~t-' d~rr~-a~~t_i§h . {XRD) p_at~.~f~ff .f<W ~~~r.dt~ri t:~" c. . _:B<i~_c.or(H ~rit:~ . 

'trn1tr~~':°: COmpo~ i t_et den~ i ry a~ lO\.i a~ . 950° r. cr n,_j . t~a in aciorphOU~\ !lp to 

1206.~c/. 

3. Effect~ of. Crystall1zat1on. 

a. Mechanical .Behavior..-; .Th& -Crt~~~-ll_:1z.a~il)n :of .} . gla,s '° .. o . e. .'.· 
. : . 

material ls· U:~~a_lclY s1_n}~le pha~~ :_:and ~·h9m~gQn,eo~·:-: ·· After :the:",f;la~~ has 

crystallized, however, it has a poiycr"y°st:aiifoc •st.ructur6e \.lhtch 



· :- . · .. 

~~~~:,e!! ~C:e f~n.et:.:~~ :~tO~tOC!\.S t~.rOOSh cra·ck. ·duf' lec~1on _along . grair: 
. :( 

boun<1ar 1 es~ · 

· ·· })~ .:._DeniHtY-. The den~'l ty <~hange -a~$oc1ated wHt, cry~tall·iza,.,lon 

depen(U{:~JX)O .· the ,compo·aition Of .trut .. neystal .spe<;_tea. 22 ln t.pe . case Cf 
.. . : . - . . \_-, ' . . .. ~ . . . . . . . 

c.or.d1arJ$e:~ the ·4e~~t.1t 1ncr..eas.es .:wi.tb ~h~ b.estn.~i_n8.. qr . ~ry,t_a_i 

srowth. · theri' ·door~ase~ ·as .: ~ry8t.a1Yt~t:1o·n. co.nttnue!' and 1~ 
"Ir,. • .... • ~ • • • • 

28-complete-d. 

c .• Th~rmat .€Xpt!Q,.'\.1on..,,:·,~;;.~~:f~~--s~_-,;l~-c~rami<l i ls : .. o.~~pl~tely, 

erystail-ine it should possess -~.a; t'1erma1 expan~ion .curve tdf}nttcal · to.a 
. . . · .. .. \.:. . . . . 

,~ry~~11Jze~ -, t,hti° ·C/'f:~£-.\·-. l°i-ke den~·! ty. · 1$, :dep~nd~nt ~part -tli'e· · 
.. . ·. . .. . ..... . 

: crys.tal~l-1~~, :N1a~es -~vol ved.12 . . · C."T .·6· •. fol.lows the . ROf( 'whi<'!h al io~, the 

extent·. 'flt crystall1zat1o,r:: tcf 1>a. c.alculated J _.pr.~-v lded ~~-·T ·-~~ is c.oup;l.ed · 

~1t,~. another analy~~t9.al . tecpqi:que. -~p~l]/ a! . ..}CRO, ·.··¥.hich oan tde.nti fy _ . 

d. High Temp·a-ratur~ 'Betirivfor.,.,. 1.ri :most. cas~ u~e gl.ass-ceramtc 

wil1 ,:be dlm-en~toriallv · stabre~·at/-:tem~eratur.cs l'lighat" than 'the:_a~1.s1na1 

22 
gla$!l.. . A!\ noted e·a·r.l1c~i/g~s~es . ~of.ten over a . te-moerature r.:?.nRe 

. .. ... ·. " ·.~- .. . . 

and. therefore ,,:·t,egfo.· fo- .'det.o:rm· 'long befor~ the. _gla,s'$ reacheg a 

vi~coo1t~ of.: to7/ 6 ·.po:1~e .. Cd,effned -as the softening point). In 0ertaln 

cases, however,· .. glass-ceratnics ·.beg fn to -~~fo~m or creep at a lower · 
:.·.· .· 

temperature than their glas~ counterpart~. Thi~ can occur when the 

ceraml:ng ·t,r~cess cfoes .not 9ompiet~1

lY·:cr1stal'l1~~ ·the ·_glas_s and t.he 

rema1n1.ng glass ha~ a 101,1er::s9ftenlns point. ~6~::\n_e_r/efore a dl ffcr.ent 

composittOn :ithan 'the ·'orig'!'9at gl~~ ~ Creep in the :_g~~·S!-CCramic can 

the·n .-OCOur·: th<i°--g-laSS ·phaso·~~ill segregate · GO the graln :boundar1e~ or 



.thcf 8~.as~_~er~fo :5..Y~~em ~v:1dirsg . .l iubr 1eanr. · fryr :·grail, bOumfary . 

&.Uttt-t,J 

. 4. Crys-talltzaUon ln C¢raj er1 te arid Y-A.S ·Gla-s-se':' 

a~ . Crtsta1Hiatl¢n ;of COrC:S.l ert t:.e. .Toe · cry~t...al Uzat1'>n M~av l:}r. 

syt1tent have t>een .·e;tttenai·veJi s~W.d 1~ , uslng : OTA. 
28

- -~3 ·. · The 

crystallizat1on of '.µordiertte·. oc·cu~a·.·t-hrQugh heterogeneou~ 

riudenttQ~~~~;,"3.l rJt'tng powd~r ·'XftD ,-teohnJ.quH~, '.~~,:~~r.e~e .in_ t..r:c 'G' 

spacings ·"a.5:otserved, suggestlng ' that ~olid -~(?l:utlon or th~ ,1u~on 

occu~s/e~dil'y'° ~o· the ·:trrA\ resti1~ ~~re ·very f'~n_~i ti;,,~ "}:?. partt_~.l~·· 

31 32 ~ize • . • - I·· .··, ·._..:'t.,lng the particle ,12.e dt:~ .-: t·~a~f'.:,~ • .. :-1e·ury :-,~.,a~iii:·~ ~L?:'1 

t,emperatur-e~ · .. _rwo· exothe·rms ·.ha'-·e· :treeri ·observed. .· ffie- Ci.t:"~·t:·.- . at ~r;ki~.,. 
' ·. . . . . . . . . . . . . . . .. . "' ~ . . . . . . . . ' . . .. 

cor.reepot\d$: ,to- t.he cr.y~talllz~tiott-:_-'of.-~ ~~c6r<Her 1 t.e ;_ .tJle .~ecoM, a~ 

99~~s ~-·:~6 ·-~):crys.tall 1 za t ion: o.r-.r1.-.cord 1 ,~ 1 tt3. .· :-~e· <addi ~ 1_on or T i02 
: ~. ::·_,: · . : . . .· . · 28 .. . . 

promote~ phase !:'eparation and.: enhance_~. cry,talllzatton. When ZrO .. c:. 

!B added/>.tfte nucleation and ~- c.ryst~U1Zrtt!on peaks shift to high~r 
)Q 

tempe_ratur~:f; o1here&~ • ·· ce0
2 

1nhHH t~ ~r.y.stallizat.ion.-· So.l-gel 

d~rfve.~J::cordl~r..(t,e .~ doped :with ·? ~.oi ZtO .. I $l"IC'IW!\ ·exothermic p~ak~ at 
,~· 

-1000~c· and l200°c~· If the powde'r was ho;,te<.l at 900°C, \rcordi~rite 

·n was rorm~d.- The optimum temperatur~ for ·nudeatton i~ 830°c. 

t>. Cry~tallization of Yttrium Alumtno~1l1ca~.~5. Little work na~ 

been done on the r_or¥a.t 10f? .a~o the crygt.a} li zati.on of gla3~e:-. in the 

v O A' O S10 (~A· s.) ·.. .. ·. 34"." 36 L .. 1 9 . h t"' " d 1 
.1 2 f ·2 f 2 . 'J-; ._$ystem.: r gure ~ ow~ .:ie psla~,? _agra.m 

· - 37 ro·r. tht! yt/tr1tml -~·lutnino:,111Cate ~yst.em. ~~y~t.allizat.ion or YAS 

eompo~ltions -wlth CaO- addltlon~ (up to 55 mole i):3& ~nd ZnO addition~ 

(ap to ~5 mole . 1) 39 have been studied. 
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2t 

flould produoe ' pOI-ymorphio ytt~ium d!orthosll tc:ate (Y 2st
2
o7).. Y

2
si

2
o7 

naturall'y occur.s ·a!' _yttria:11 te, ~O a metamict mln~ral which t1~vt t.rif \tn~ 

at 100de>.C to ~fern y~Y2sr.
2
or !ll t .~

2 Several stodle~ mH·ng gynth~,tied 

4 \ -~5--
yttr .tzi·11te · · ·. ha·te bc~ri conctucte<r to dc-termlne thiP. -· tran,for.ma.Uon 

temperatures · and the crystallographic structure~ (Table l). 

C. COMMERCIALLY AVAILABLE C£RAMTC .FIEERS 

1. Ntcalon Fiber~ Hicalon fiber ls produced by the pyrolysis of 

long. Character-! za~ion -of this . f1t>er has ~hmm tl~s :t:9mpo~! t i0:1 -:_,:, 

v ar_y bot.t\ t.h~oughout i ta cross . ~ectlon and·: rrom tiber to 

fib.er. 27 ' %, tty [n :addf~'19~ to · these variants, e:le:mental specteti 8Uch 

at\ Mg and Al can dlfn.trie 1nto the fiber fr-cm certain roatrice~ and 

accelerate 'a -chemlcal 1nteract.i.on between the fiber and matrix. in 

turn or.eatlng·:.a Very strong interface :Whlol1 u~_ually result~ 1n a 

Beoalit'e Of 'Cheh:Jleal ·lnt,er-~actfori, -the promot i or, Of a weak 

. ~ 

interface ha~ been of partlcular. ·,1_n.~ere$t ~irl'."t~e devP.lopment of 

N1calon com.positet1. Tht1 ea~l.(?f't m_ethod of producing a we~l< interface 

t~ .thrO.\lgh· heat- treatment· Of: \h9,,;-~'f:"J:°b~r at. 1300°C or a_bove. This heat 
. . . . . . . • . . : ! ' ~ 

treatment re_5ul,ta .in the . (prttja~io_~-- .ot. -~ oa~bon layer due -to diffus1·on 

of fr9e carbon -rrom tho 'tnt.et.ior, ·or ·_.the· f'ib_e~ to the fi"ber ~l)rface-

Unfortunately. however, thrs .1*1gration ·of c~rbOn al~o iry.~ults l~ .. a 

degradation of the fiber and its mechani~al propert1e~ . The ,trength 
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COMHEiltii\t;4y·:~AVAILABL-E CERAMIC . FI BERS 

'Composft1Wi 
(~eight-j) · 

DtamP.t~~r (iim) 

Cro!l~ Seetion 

Fi lament-~ I Tow 

Oen,ttf tg/e1tr'} 

C.LE.; .(l0~6/'>t) 
Range (°C) 

Elastic t-k>dulus 

Ultimate Ten1\Ue 

(GPa) 

streng~·(GP~'l 

Ult tn"u1te· Str.afri' to 
Fai1ur~·· {j.) 

Manufactur-er. 

RefP.rence 

-~As..-,4. 

8 

round 

l t?;OQ:0 . 

1 .. so 

. ~2~'2 
NL, 

235 

3 . .;;6 

L 53 

He~ule~: 

M 

HM-S · 

.C 

8 

ro-.ind 

NL 

l.91 . 

0 
150-600 

31.5-~1!1 

A.1~2.~ 

NL-

Hercule~ 

)i8 

..t-Uealon 

JO.O C 
ff .. a-~o-;-
51..3 SI 

J.0:-:'.20 

round 

500 

2.56 

3. t 
NL 

180-200 

·2.s~.3.2 

L'S 

Dow. Corning 

M 

scs-6 

c 
SiC 

PP 

round* 

·, 

3 .. 3 

It_ lj 
NL 

430 

zi • , 

NL 

AVCO 

3 
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Range c0 cY 
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,~ompo:3!tlon and 10 also ·rt.Jrtn~d by a polymer··,pr~curS:Ot'>me-tnoa~, · Nex.ty~ 

fiber !.s oval 1n cr..oA~.:. ~ectton and, becausedt.i- l1-t./ cin .. <>xidei ... Ts . 

r:e~ative'.ty :· ~table 1n an oxi.ctizlng atmot'pher,!. ·The .aadl.t'ioo· of an 

oxide· riber ."1nto'.:an:'iQxld~ ;; math1,x:·w:ttt1~·.:a1~~ya result· in chemical 
. ' .. , . . . . . . . . . ~ .. . . . 

·approkt~at·e}.:f J 1000°C. : -They/ ~~~in. to t-~t?rY.stal~H~e above this . 

, -·, .... ,:.· , 50 . . . 
t .~mp~-t:~~w.iaj an<1. J.p.~e ,.' ~t.r't~(lgtti •. · .. .. · · [;,~tt.le~j; WOr,k ' J"i~S. P~_en _. d9ne, _W1 th. 

retl°ct.ion .-:l?r?~blem.. :same work~has .. been done by t.l\'£ ,~M4f~g.tur-er . w fth 

f 1 ber coating·s~·:t~~:.red1.fC-e ttib~r,/mat~lx· irtteJ!aCtions_:. 
.. 

3. scs-t ~ SJ-1 tcon Carbide FUamenr,) • . SCS-6 fiber i!f produced . by 

chemical \," i~por .rJepo~it.ion {CVD) Qt'. ~toiohiometri.citc.: on a ·- cnrbo-n · 
. .,,.._ ... ... . ,· .. . . . . . ~ ~ . ·. ' . . . . .':. ~ .. t:ie 

mairil.y of s-s1c cry~tallltea.,.: Ai S~ . ptiotomicro~apt1 or a ·typical 
~ . ~ .. .. 

SCS-6 fiber · ~ros~ ·-'s·aqtt<5ri ·:-1t~ Tehowrr:fif • Fls·u~·e t O. · if'eVl ous.ly;-. toi s . 

r i ber has t>eeri .:u~d-· Pttnclp~i:Y: · fn: metai . matr1 x ·coi'hposf~i·s_: .. Smaller-. · 

diam~ter Ob.e_f~~:''S~dh_ (i~ _' ?{.tt:?ltlorr, Whan · i .ncorporat.F.>d .into·\i~Hou~ gla·~~ 

:hiatl"fl<ieS'Z· have P..r.o~u:oe:q .·c0!1l_p.<?Site8 with Det '" .. er me<?hanlcal properties'. 

, ·.· '.' . ·.• . . c: , 

.. tbah ~llQS(f ob·taine~_,_usi.~_g s~,~6 fila~ent~.:; . For an equal volume of 
scs·:.:6 ··1'1ber· and H1calon' rtber, the higher surface area of the Nicalon 

. . . 

fibers woul.¢ provi4~·,:a :great¢r · f:lber. /matrix tnterfac1.a1 ar~a.. stronger 
. ;._ ·--:- .. "·J:. . . . , . ' 

bond! ng and hence greater .0:omPo·sa_e strength. · s·c$-6 .i ~ Stmeral ly mor'e 

stable in ' a1r>,due: t6···th_e: ·puffty. of the···SiC lay~r~ ·:a_n<L their _oddation 

res! $tanie ) : .· At :'. ·t~_tnpe~~tures greater than 1000° C, 1:the cryst~ll i teg of 

SiC :• oegin ~o grow re:JuJ.t1ng lu a considerable ctecrea~.e _.i strengt~. 



Fig. : 1-0:~:: St:M. :photomicr-og~apn;.ot-.' the fra.ct:u.red cro~-f. ~ectlun of a 
5.ili~.on car_b1qe __ ._ CV~.' nber_, SCS-6. ~ho1.d n~ carbon ftl?.ment 
S_Ub!l~r~te '. and·>stlfoo'n carblch~ l.3'.{er::'. 



D~ . PABRICATION A~{) . PROCESSING OF CEHAMl C COMPD...C, 1 n:s 

1 .. ' Discontinuous Fib~r. The major ot>j<?ct i ve real tzed 1n the 

production~or 'dtsoontfrmous: 'ffber .C~OG1tea 1~ the effectt~ve ~1 dng 

or the ·Otat.l'!U and' t1oa~ 1 'to adhtttV'.O .R lfrti.t"~o, ijfgtr1butlon or ftb{:r~ 

in the mat~lx. The aspoot ratio-of a-. f1ber, defined as the lengn: 

d.1v1<1ed by the diameter, can have a c6nsider11ble effect on the 

27 

mixab111ty of the mutrlx and,-:tlber·s~ .The fuiilil1er the·asp€!Ct ratiOt .. 

the-bet.ter,.~the.mattiX _:and f.lt?.¢r ... s -~~x . . . ~rg-er aspect l"atfo:( l"'~ult 1ri ' 

pre~stng. 52 . However, 8. µ~ -:-diameter carbon f lbe!"S 3 milHn:eter~ long 

(aspect ra~io • 375) were·. ea~ily mixed with matrix powders whU€ 

f1 bers 1 o. m_i l_ 1 J.roeter$ long {a~pifct:·: r-a·~.io ~ 1 ;-:5,J) would c l~mp toget:her 

. 53 
1 nto d1sc,r.e~e· nun ct leg. · If ·the · fiber~ ~1nd ·roatr'ix are not .. i nti&" ... "lt.ely 

and unifol4inl:{ mixed the ~chanical propertlf~~:·t_72ay b€ severely 

affected.-. ·. The be~t compo$1te .propertie3 n.r•:; o~tained wit.h 

uni.di'l"-{?O_tJo,nai·,\: COntinuous fibers employing ~:. high fiber volume 

2. Continuous :Fiber. The.most wi<Jely accepted methoc for 

producing cer~ic ma~r_i~ coinposlte, 1;11volves u~ing ~lurr tes of the 

m~trix -powder· ·and ·:c6.ntinuo.u~r.:-,f iber to~e. T.he use of a continuous · 
. ··: . . . · .... . .. :_'"'· · . ,·... . . . 

· •. ·-·: . 

_ fl'llUI!eQ~ : .. ,.~-~n4~r. a~~ -~ 'i)~s~ -~lurry haa t.he rutvantage$ of ~peed t 

· Ullifprm:ij:.y: -·~r(d.:e.ase .Of.__fabr;lcation. compared t~O ·:tbe . production of 
• . . . •; ·. ... .. . . . . : . . . ' .. -~ ·~ •·.· •.. _ ... •. ·~· ~·. • • "·:· .. : • s:.,. •. . . . . 

. . ; ... 

comp.osite pre-pregs -using ·hand lay~up t 'echni.ques. 1 
fl ·. The winder 

produces unidirectional laminas whtch can be oriented to give 



manufactur.-ln8 p1~oce:.1a, n ~tz\ng t, appl led to the. f'!ber tow to reduce 

rt ber c;larna.ge <luring handling. Pr tor to pr'epreg fcsbr 10at1on. how~ver, 

J::tus- eiiiruf must be. ·rc~oved ·so that tho t-ndivid'.J..;\l fiber!) tn the f !t>er 

the ,1ztng on Nicalon fiber 1~ a vinyl acet~te ~hlch 1s not ~oluble 
· . · 26 

and thererore rnu~t be burned.off. 

3·. · Oe~~fricatfori' U'sfng~iot"'·· t>ress'tng. · W1 tr: the ,exoeption of_ 

5ol-gel . der.1.Y,.ed ·~eraiatc· .matrices, all g1 a~3 anc g~ass-c<::raral ~ ma:tr.i X 

•.~ompoa1.~~: are den!.llf1ed .. t _hro.;g.h t-he ~1multan::-ou8 ~pplicatton of neat 

and pr-esat1~t(·ln a ., l>roc.ess : koown ;3~ ~htjt : pr-e3s,tng_~ . . In hot ;-ir-~~~J.:"!g_, ths:o, . . . . . ' . . . ~ 

tnat.ertal !:$ de~Eiifl.~d ·.intf \~~~hft~ die Whlch h<lS .been ~WOt.ecte.<1 ~t,if~· 

a l lni.ng of graphite ron ,25·, l3 ·~ly,bdenurn fol 1 , i~& or a boron n1 t .ride . 

wash. 5~• 55 The literature1.~, 25 ,33, 4s, 53 -(,, de~ribe~ aiany variation, 

vacuum.' oi' in a>:non-reactlve.: atmosphere ~uch ;.·~~ argon or n1 trogen. 

Table .Ill_' qonui1n$ . the hot pres,ing · parameters'. u2ed for the 

den~iflcat1on of various gla~~ and ·glas·~...:c·eramic rnat.ri x compo~i t.es. 

)'he tempqr.at_Uf'e at ' W?)lc}f the 8_p~cirnen den~.lfieS ~~ ff~:'~' Mith t .he 

m.atr1x .m~~.r:ijll::.and, in.::$0me .cases. wtth .t_~e- ~tber volume 
· 1r . · · 

!'raotion?·· ~~3. '·The optlittum·:tempcrature ror the hot preg,tng of' glase 

matrix compo$J..te$ occurs ·when t.he gla!'~ vi~co~ i r,y r·eachc~ "'10
6 

61 
poise. .This is .Just .'3:bo~e the ,oftening point of the gla,s whi,:~h i, 
'. · .. ·1· 6 . . · . · .. · 

defined, as<1-0. ·; =p~1:~Q-·:< :~c-~$_t3:f:"~ly hlgti J1ot preasing temperat.ur-e~, 

Le. abq_v_e· l3(J.0°.~ ... in ·the ca~~ -·or N.icalon. ·result in ~ubstanttal 

. ·r1b~r· :_d~adat.fori' and·· ari~ ··ge:nerally' · avoldett:~?· 33··~ 

The hot pr_e's~lng ·pres:sure!\ used do not appear to (ollow any t~end 

ranging from 3.5 MPa ~500 n~1) ror Pyrex53 to 35 MPa (5000 p~1) for 



· ft.b.er 

HM ·-Carbon .. 
':ai1 .·· tarbon 
HM~.s -· ... 
,acalon . 
N.tcalori · 
N'icaion . · 
~H p_ai ·?:n ~ 
· . ·Coatlng 
tl~calon 
tficalon 
}ffcaton 
Ni cal on 
~;: · . 

·tlical::m 
&t~aion· 
li16a1on 
Nicalon 
scs-6 
Fiber FP 
Flber FP 
fiber FP 

TABLE III 

':HOT.· PRESSING: .P./tRAMETERS FR01{ PHE\llOUS WORf~ .: 

Pyrex (771f()) : 
LAS 
L•A•8S 
Pyrex ( 77J(O) 
Vycor (79jO) 
5102 
S102 

LAS (9608 \ ~ZrO: 
LAS ·1• Zr O. ·f.'fft; ::: Os 
t.A S I , II > [1 1 

LAS 
MAS 1 
MAS II 
Cor1l t er 1 ta 
Cc,rd i er- i t.t! 
Pyrex (77110') 
s10~-.2i B10; 
Pyrex ( 77 t.Q) 
Vyc(H'' { 7900) 

100...:1oo·p0_c.· 
.l230°C 
1375°C: 
1-200°.c; 
16oC>°C' 
1520°C 
f350°C 

)1 ~0(.)il'c:: 
14:SOPC 
td'00--13SO~'C. 
1250-1300°c · 
l 260-l 270QC 
125s-126o~c 
J370°C 

-1325°C 
, 150° c 
1uooec 

* 

·&.:9Mf'i 
.-1'9)f'·· 
.:· 6~·9: 
'..,1~ 

·?.6-.i9_; 
3;. 
,35. 

·>6·~9:" 
7·~0: 

·. 6.·9 

1 ·" ts)e::: 
13,.~8 
35 :·· 
12. l 
6,.9 

34.5 
2-13.8 
2-1:3.8 

YIA;r 
V!Ar 
N2 
v 
v 

_v 
v 

.v 
v 
NL 
'I 

/v .. 
Jv 
•. v 
'. .V 
'.1Ar : 
.:.HO •;, 
NL 

.NL 

Ume 

NL 
UL 

5 min 
60 min 

NL 
30 mln 
20 min 

Refe.rence 

'53 . 
53 
43; 
51,56 
56 
54 
5!f 

~f~hit11) fl 
,-5· ·rnlri · ·· · ·5<.f . 
lS mi.~ 2.S: 
15 ml~ ·25 · 

1 m1ri .5lf 
NL ~9 

20 mJn ·sl 
30 min :55 
2 mtn ~r 
2 min u·l 

6' , ... .... · :. 
*Hot ?re~~ 1 ng fomp€rat :Jre iti tho temparat~e wher,e the gl-tis~J-fhas .a vh~~ it y of 10 . PQ~;ee .• 

29 



co~tii~~~lt~. Pt .. · !~_/~i-ri-~rai • th~ den~ lf_{ca_t ·icm pre~!lture l 3 6. 9 X?!.; { lOOO 

P<'j:{.i~d ls aPPHf'l.':~~\p;;,, t~lllr1eratUl"e corre1.1P9n<Hng to the . ;ioft.,;nirtP, 
point of the mat~1; :·- ~~ : dMc.ribed above. the ttme required for 

. · · · · 61 
,_1~ :-: ~tftc«tloo ts .' approxi:n.a.te1y two minute~ . out .'.len~ifica1--.!on tt~~ 

, - . -- -:, ' , ·. _.. , ~ - . . · · : : · · · ,. ·:' · 25 : 
..ip to bu mi nut.t:s hava_ been reported. · . 

r:. GLASS_ AKO Gl.ASS-Cf;RAMIC MATRIX COMPOSI'fES 

1. Carbon .'- F.t.ber Reinforce<l Gla~es . .- an~ Gla,~-Cerami·~~. Carbon 

f'fr~t U~e of carbon fiber .. to ref nrorce. gla!3Se5 re8Ul t.e·:l lf(.;s:tgnlf leant-

. : . . ~8.62 
incre~e~ 1 n bo~h ~trength and '. tougtme~~.. Duf' to , the negative 

-:omµo~ite ~ith an exr.reinely.-~:nna~.l C~ .LE~ If,. as .ni-~a'ussed earlier, 

n!s;~t<:!h b~tw~~f} the fit>ef' ., an,1 ~:h,e ma.t.r'iX, the t:!Orr.p,::>~1r.~ Will be 
.·.· .· 

gla~~-ceramic 'f1!8t:r.i~~-·:~P: -:tt)f,l nt>~f/.pia~rl,k_'.,:fritorrace . wi 11 be ;.1eav. 

resulting 1 ri tought1n~_~S:,bY.i-',tlber( pµl-lp4_t ~:~9ttar..t;;;~:1 • . -t~i~/~r~t~ly. 

however, carbo.n<r.1_ber has· an -~pper , ua·~ge -'-it.etnperature of '450°C due to 
. . . . ! - • •• . . ... • . • " • . ' •• ~ ·:- · : .. 

rapid chemical a~d physical degradiitlon:-:.Qf the fiber from 

oxidation. 5• 63 · ~tiererore .. . -,this , lowLtJSclge . temoeratt.:re ;e~sert. i ally 

temperatuf'e .. <:9mp(;51_t:e~-. 

a. ;) bcont i nuous Carbon r'iber Comoos i tes.:.. IdeJtllY, :·di sconti numl~ 
. . :· ... · 

carbon fiber additions should increase the strength and toughne~~ of a 

matrix 1!3o~t?P-~~:C,~:;JY· .. ~_Th.!~ -- ~a not ~ually the case, however. due to 



".>1 
J l 

pre_fe_rrecf or:ten.tOtlon re~lUl t.l ng fr-om 'the h01;. pr~.?-!\ing 9(; ~tie. 
: 15 52 6~ 

compoeite. • . ' The ~trengt.h :Hid t,)ughne~~ tt,.~ ... y not ·be· imoro\'~d-

because only a -,mall percentage of ft ber·s ct.t"e ac~.i.l.:lJ. j y pafallel to the 

ten91lc r.lXt$. 

folloiting :the··ROM 1·f .. ttie>1~ngth.\ Of.\ _the di:,continuou(\ ftber 1~ greater 

than the cri t°lcar ··length.-#an~l:tf>~tti~: d1!3conttnuou~ fiber~ are ;.11 ign~C 

parallel to the ten~tle tlxt'~. It . the length of the·ftber 1~ ie3s ~r.an 

a ~:-!~!e3l _length, the averase flber ~nrength m·J=1t be f\ut?~titut.t?d for 
. .. , · , . ,1 , .. 

t~~ ultimate fiber. ·Strcn~t.;h •. _· ·-D1scont1nuou~ :f;:1.~er.s .:'whi_ch ~re 

. 5 
Gr1ff1th flaws. ther_eby __ reducing th~ e~r•mgt.h ·or the cornpos1 te: a~ 

expected, aligned flbcrs pr6duce better ~~~ults. l ln addition, poor 

~tx~nt o( th~ ~i~contlnuous fiber~ can :~~odtice ~f1ber agglomeration~ 

which can result. iri·-: ~efects and low~r··strengths.
15 

For- example, the 

3tren~th reducition~· from \00 MPa to ~O ~Pa, obser~ed in a Pyrex rr~trix 

composl te containtn'g ·. :30 votume .,percEfo~, -dl~cont1nuou~ fiber ·. wa~ -due to 

poor mixins_. 53 

b .. . Con~ioifovs-~-Carbon· .F1b.er Compos i te3. C"J :; ti nuo J~ 

unldirectt.on~llY.-'. aligne<J :--oarbon fiber c0rnp0~i t. e ;~ ~xhibi t ~xcell.ent 

strength and ·to_u;ghnc~~ -compared to the 'unrelnforced matrix. Tirn 

C.T.E. mlsmatch·· problem 13_·more pronounce,:; in un1ctirecttonal lamina, 

and can re,ult ln mkrocrack ing perpend t ,::~.1: ,1" to the (1t,er ct lrecti on. 

The calculated st~~a·5 -'due ~ to th~ . C •. T. £. mi.sm.::1t c t1 for Pyrex and LAS . ~. . \ .. ~ . .. . 

re1 nforced wt th 50 voium'e, periri_ent carbon fiber wag le~~ than the 

a.treng~h . of t_he matt'iX ~ .. therefore• no microcrack i ng __ was observed. 65 In 

one study the LAS matrix ·coinposite W3$ already a ;-gfass-ceramic when 

48 the carbon fiber which was added seem~ to nulltfy the advan t ages of 



and ~uhsequent densificat.ion oft.he LAS matr1z. ~r. .1c:hHtln r0
, ·.h " 

cry~•talline pha~es in the glass"'."ceramic were different. aft-.f·r· 

hot-prc~~ing · Buggestfng "" thnt ·the · fibers arr~r.?tec -the 

t.8 
cry~tRlltzatlon. 

2. Cer.amic F ibcr · Relnforoed.·G1asse·3: and; Glasg;..Cer-arai~n. Cerarn 1c 

f 1 Mrs ' hnVe~-:-·pftipertles~ 31 mil ar to carbon rt ber, Tn ter~· ot ·era!etio 

modulus_·_ and __ ·µJtl :r.ia~e; ten~tle ~trength. ;a.rfo:',oehsity _ and the C. T. E. of 

cerarotc f .1~_r$ artQ usually SY-'.eater .then .carbon fi.\;er.s., (s.ee _T,a_bl<:- .iJ}. 

C.T.E·~ migmatch t-:~tween the fiber anct the matrix and poor·ox-idation 

stab1l1.t.y arc reduced ...-t th the ~e or ceramic fibertL · The increased 

ch~micaL compatibility betw~en ceramlc fiber~ ~~~;'.a: cera..-olc~matrtx 

l_':esults in a ~tr-ong - f !ter/mat.rlx interface and br-:1:t:tle co.-npostte 

t'allur:•f;-~_ . T_h_~~ p~oblem of-· fiber /matrix r:!he-m1 ca 1 dnter~ct!on ha~ b€en 

greatly re?duced, howe_ver •. throug?)· ~~ u~e ot' !,ibor '}c_oating~ and 

careful processing · to .:y'fel~ ·;'f"i~ei~{pjifi°o4i:,<aifd Sfgntri.c°atatl Y t()Ughenec 

gla~s and gllj~s-cerzjtli'b"~~-9.fnJ;(o~~:,;·~~-.. 

. _._:_: 

~eramic fibers into ·vat-loiis ·gla5S and ·gfa53 C~~amic matr41Ces has 

r~s~.alted 1n some U!'eful ·.composite system!'. / Th~!'H~ -- :matrices tncl:..oe 

51 53 56 61 65 · . 51'-56 61 . . . t,6' 
Pyrex. • ' ' ' Vycor, .. • a barium slalon, and varlou~ 

compositions In the mai~~~i\im .alumUlostllcate (f'IAS) sy<'tem
25•54 •59 and 

the 11 thium alumi.no~ilJ~~t~ ( LAS) ~ystem. ~a. 53 .·sia' 57 • 58 ' 6~· Table IV 
. . . ' . . '' • ' 

cont al ns a s_u.111tnary c,(" the reporte«f:d~t-a for ceramic fiber~ reinfora~ 
. . . . ·. . . . . . .. ... .·· -. :-: ·. - . . . . ; : ~ . \~ ~:-"} ... ---~-~-· . '; ' . . . . . - <-:: :·-~t _,~"t ·'.. . . •• . . . . . 

glae.s and glass-ceramic matdx compo~ites. Only Nrcalon ,tlber 

re1nforoed Pyrex and LAS have been studied in detatl. 



EXISTIHG CLASS ~NO ·cLASS-cf;RAM IC Hf\ TR IX C0I-H·'OS1TF $'iST£M.S 

Matrix Fiber Volu:ne 
Fraction 

0!$COnt!nuou~, - Random OrlenU.t.lon 

Pyrex HH Carbon 
HM Carbon 

0. 1-0. lt 
0.2 

D1suontinuou~; AUgn~d .. OrJe.n.taUon 

Pyrex 
Pyrex 

Pyrex · 
!'yrex 
Py rel' 
'J 'I( .. ~ ::i-r 

L.AS 
LAS 
t-•A_•BS -
Compgla!l 

Cord·1~~_1tEi 
Ba-Cord. 
Ba~MAS 
Ba-StA~mL: 

HM Carbon o. t-0.3 
Celion.-,;Gl!aphlte O. 3-0. )'; 

l!ft -C6r-bOtf 0.4 
Nic~on , 0:.-:3.5-0; so· 

-scs.:..6 0.35.0.65 
Ntcafon· - 0.35 

HM carbon 0.36 
Ntoalon - 0.50 
HM-S 0.36 
(Nlcalon-) NL 

Nlcalon 0.30 
Nicalon 0.40 
Ntcalon o.qo 
Nlcalon 0.50 

Toagh 
To:Jgh 

Te~)gh 
T,_iugh 

-Tb'.U~h 
Tough 
Tough 
Tough 

Tough 
Tough 
T~ugh 
Toug~ 

Brittle 
Tough 
Tougn 
Tough 

53 
S3 

53 
~ 

65 
5fJ56: 
51 
56 
56 
65 
51;.57 
48 
8,St; 

54 
n 
27 
66 

33 



. . . 

· nw 1{¢.:1-t~. "d · tempera_ t.ure · 5 t.ab 111 t }' of . t.tie- N"tr:alon . rtber :Ca;l k . . . . . . . . -~ 

exp lot t~li>:to ~produoe (J -t.oughened" compor'1 t.e. rd-c.alon <Joes. not :e~hJtJ.lt· 
. ,n 

a unl!'orct"" ch<?tnkal compos1t.100 through()~t toe rthe~. r r the rfo~~ 

ls tl'.'eate.~ .tn air._a s+~2 _ layer· will form · o~":;the fiber; whEtn heat.~·~ 

i.!H<l~r non--oxidizlng condl tfori5. a c;irbon rtcti -1.aye_~ds form.ed. 

Compos.ite ~µeciroen, are usually __ cten~lrted Jn · a::ho~--·pre1:t~ using a non 

,:):<1diz1.ngt ~]~g'l-~~refe. If ,t..~e :··hot pre~~!.ng t~pe:ratvre ls high enough, 

the car-bon :,d~ layer Wlll . .fona ·and act as .? barrier to r~·<!uc~ 

- - · - 51 56 ~r.. fiber/~atrt,x · 1nteraot"fon. ~- ~ .¥ Tht~ ~ituat-ion~~ould be __ ideal 

ex.Qe]Yt that tho cl_evelopment. of ~he carbon l~y~r ·occur8 t.hrougt'i 

j • . . :w, 
degradation- of the fib~r, wh:1.atl r-eduoef\ t:t~ -~~reng-th. 

Unfortur.ately.'~ ttic ·:r:~e:~~,11-:·11terature· 1s -~p.¢<,mplete regarding 

many &f the lnve~tlgated~·~ooi~sit:e systeJU~. _ .. I~rtant lnformat ion 

.· . . . "67 _.' ~~ 57 66 
omt.tt~d .1nclude3 -~-~b:er\ ·rract:ton~_; hot .-pf!~sslng parometer-:- • .,."..>. • ~ 

mecha~ic-al . t~~t,1.nit par~me:teJ:tJf/~;33 ~,ri<t~:e:veri ,;m~~hanical; te3th~t;t 

result~. 1:J( " The ?6(titas1:on or· tbl~\;'lrffor,ma~'io~ makes At exceed! ngly 
. ', ,• .. _. . . . . . .. . ·· , : . · __ '·: .· . . '. 

dlrf1cUl~ -~P -compare ;~'il/var~:O\lS com~site. -systei:na. 

· b~ --~t~d Ceramic .F·ih~r- Compost tie!\. Coat-ad ceramid .fibers are. 

uued·'' t'o ;:r:ed~~~;': the f.i:beh/mat'rJx: <:tnteraQ.hon and :to prov tde an 

. ox.1dat:1b.n ba.r.\r.:ier ror. et'evat:ed t.'empet"at.ure u~e. T_wo coatlng:(:_-whtch_~ 

wlll - fUl-tHl··thi-s ~e<1uif~Jnent _:·a~.e carbon and boron nttr1de.67 ~68-· 

unrortunately, carbon)ind _bof:~n nitride coating:3 are not. 

. tbermodvn~icall-v.--· stable· at \elevated temperature~ in an oxidizing 

atinost>h~c:e -),o they'::wotiid~::ilotL:PJ•ovlde acceptjjole T1 b~ coatlngs ror: :u~e 

· fo<h'.tgh t.~,~~-~~ture- oomp()si_t,~s. 5 •_~3 ·~9. U the QQ.a.tlng .doe~ not· reaot. 
~: .:_, -~ ~ ~·-.;;- . -. . : ' . 

wtth -'ttie-;iria~rtx· or' fiber, ''aY~eak fiber/matrix -Interface w1ll _:'e$Ult, 
• • • . 9 • • ~··: ·f ·. " . . ~ . . - '• : ... · -- • 

all<;ndng toughening or ·· th.2 ceramic through fiber· pullout. 



- - - - - - 70 
throh.gh t.}Je u3e of coat.ed fiber~. · UnforttmcH-ely. t,hE~ coating 

material was not dlsclo$ed dth.'l tot.he pos.sH>ili~-·1 0f patf!nT.?..ti1'tit-/ 

making the ·re~~lt~ fnac_ce~!'thle for cor.1pari~on~. C::>~Unt1.~ are.-al80 

~ometl~es· forrilea -ln ~;itu·-a!.' ::-: ln _,:11001um pento:d<!f: <Nb/"'); "Apped t.AS _ 

glas8 ceramics containing Nicalon fiber~. The nlobt~·,~ .Ul_ll ronn a NbC 

layer at. the fiber/matrix 1.nterface .~et:t,io}ently·reduc!:ng lnteract.lon 

at'ter r·eact!htf\tf'tl'\ .-"''carbori (tf'.on{·tne -Ni<?aloo- ritE>r. The Nt>( ;.,i.:i.l . .. : .. .. 

,, :; ::.. r, 
are t1e~ectabl~._ u~Jn.g ,-"'!:r:An:tq1s~1 on olectron m.1 croscopy ~ TEM ~ ... u ~ -

6

., The 
.. .... , 

t1bC layer ')lrovi'.das/.a~lrp~eY,~tt.t~.- Jlll~wtng. tou-giJ~n_lng of tM 
. . . . . . . · ... - ·. ,· . . ,,, , . ... ·. 

n~;,·.), t te through ·f}b'~.f --pullou.t. 54 - Th1~ 1 ~ ~~ lgntftG.:Jnt b~~a~3C th!'$~;: 

type or :'€act fon -- and .barrf~r .. . formation has not -been observed in other 

aerami~ f!tv?r reinforced matrix compo,1 tP. ~r~! --:~.:' . 

· F .. MECHAN!~AL TESTING Of :CERAMIC COMPOSITES 

A~ the devel OP!l~erit or -ceramic r i b{;'r •reinforced eeram 1 ~ mat.r i X 

~randard -te~ting -t~chniques to a~t~~ffiln0 ibe mech~nt~~l properties of 

of ceramic compo~lte~; ideally, this procedure should not De used 

wi t~out modi f icat lon~ to test ccram~ c cotnpo!.\!.te~ ncca~se ~:ompQs! te~ do 

not behave isotropically and do not exh1.M~. linear nla,t!e 

hehavtor. 2 • l4,e. 7r, 72 Similarly, te~tt ng ''.procedure~\ ·ro:" pc!ymer mat.rtx 

compositee are not applicable becau~e ceramic matrice~ er~ not 



depend-,nce or ~t.r.ength on ~urfaoe flaws, 1t l~ :mpi)rtant ·~o ~1 im1nat.{; 

wtthout. any ~l!bS'3QUent mach1n1ng Or pOlJ.~hlng l~ llC~Pt:Jblt! tn Some 

crrt-roal flaw 2.i,i.Ef Vllrte~ _dependlni on the ceram.tc material. under 

. . - -1\ 
tnve~tigath;;n~: m.a:mo.n:<Fabra~J:vi.:~: ar.e usual·lv-fii'M<P:f'(it. :·.il:olT~1; tn~--

iHOR) and !Say - oe applicabl~ .t~ ~tst-t. dl~continuo~. randomly oriented 

· ·. . . , . 52 
flt>e!"' composl~~ provideo .tµ~y ~~hlbit tso~rop1c nenav:or. MOR 

tests a1\e:. il~~a?}<fd\ $0 that>me o.'t,iter Ober tell$ile ~tre8~ developed· on 

of te~ting. ls a:ppUoable for ~olithic c._~-ramLs benau!\~ mcmol i th!c. 

ceramics generally rail in _terIBlon rat.her U°!::;r: comp:-e~!-1 ion. l\:.;\ a 

ceram.tc -~~3l_te ~peelmen f~--lqa~ed, however. matrix m1cra:>craci<lng 

modulus change, cause further :deviation from the 1.inea?' elastic 

bcnavlQr pt?.ed1:c.te.d by Hr.ea.r,:~l~stic theories u~ed to develo;.) the 
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of th~ spatilmen ~t failure • 

. Tr.ls type of failure l~ ob,f.lrve:! 

)Healan -fiber f'91nforoefi.~s· I°l matr1x composit.\! wa~\ 1',-P and 30-3s; 
. . . . · . . ·, p 

!'or 3-po1 nt and !.-point_ ·.nexure, re~pectl Ye ly. ~ Ir. !nt:t::'h or the 

re,earch literature ~egard1ng t~sting performed Qn cet·amic compo~ites. 

calculated. Table V ccnt·alns S/'d ratios ·.and th~ re~ulttng roo~hanical 

fatirr~a.t.e.ll -- from-.-refract~ ~at'.ertal.~ ~u~~' a:.' s1c or Al/)
3

. Thl~ 

tectfrt1que 1_~ also cond~·~ve tc cont t r~U(l'J~ loact/o~r iecr:. t,1n m~a~m-~ent:i 

. , , d 16 ~~tn& opt.ca_ metho s. 

pr.~n~ problem, w~th:·:,l)er".f~ct.ly all.gnt.11-g an.ct grlpplng t.he sp~otmen • 

. The l-6.w shear· atre·ngtb exhibited hy cer:-.ami~s ·can proouc,! ~hear ra i lure 

tor~1on and ~hear stres~ development. in the specJrnen ytel<li:1g 



."':. .. ·· 
TABl,F. 1 

HECRAH_ICAL PRO?ERTY DAT~ FOR GLASS AllO CLt ... S5-i.:F.RA~!(: 
-· MATRIX COMP{)S!TE SYSTEMS 

Matrix Fiber v Te:.ttil Std Sti"er:g~?: 
t rat.!.o XPa .' : : '. 

Di ~con t..tnu.ou:s, Hand cm· Orientation 

Pyrex HM carbon O. t_O F-3 N .. - 60 
Pyrex HM carbon 0.)0 F--~ , . ·NL . ·t&_o 
L.\S l'.M. Carbon .o.·20 F-3 ·ffL - · 60 

Di~cont.fouous. :AH~ned Oriientat1on 

Pyrex H~ C:;1rbo:1 0~·10 F-3 Nr .... q•' , \J 

?yr·e~ HM Carbon 0 .. 30 F:.~3 NL j l;Q 

Pyr~~: .:el ton Ct~· 0.35 f:~3 r" ' r. 35 ? :• ..}. 
Py~ex cei 1ori rrr.·a. 0.35 P~4 3< " 320 
?yrex f.:n l 1on era. 0 .• 35 .'T NA 150 

Continuous; Unidirectioii'al : Or'fenta t ion 

f'yre.x HH carbon O.lW F-3 30 680 
Pyre~ Nicalo[l 0.35 F-3 20 ij70 

Pyr~~ lHca.ion. o·~l)O F-3 !fL 290 
Pyrex Nlcalon·.- 0.5.0 f-3 20· 800 
Pyrex scs-6 ·· 0.35 .F-3 l~L 650 
Pyrex scS-6 o_:6'5 F-3 n~ 830 
Vycor Uicalon 0.35 F-3 20 tllW 

LAS H:"! Carbon o_ •. 36 F-3 30 680 
LAS >Hcalon 0 .. 50 F-3 25· 620 
!..· A·SS HM-·s o_. 36 't:,_·., 30 880 . ~ 

Compgla~t <Hicalon) NL f-3 10 860 
Compg~as- <Hfonlon) NL -F-·3 15 lit!. 
Compgla2 Oiicalon) ML T NA 8Ji 

Cor-dlerite Nlcalon 0.30 F-3 io.-. no 
Sa-Cora. H!calon G. !tO F-4 -l~- 375 
Ba-MAS Nicalon 0.40 F-4 r6· 55·0 
9a-S1Al0H Ni cal on 0.50 F NL. 250 

11 F • Flexur~ Testtng; · 3 and 4 .... 3- and 4-po1nt bendJ ng 
!'espect.ively, _' wh'ere de'.slgnated: and T • .Jen!.'ile Te,t!ng. 

tComµgla·s .13 a ·regfstered .trademark o'r UT.RC. 

~-Be.r·. '.: 
: ~ ' 

53' 
53 
53 

53 
53 
6.lt 
~~ 
64 

65 
56 
51 
56 
51 
51 
56 

65 
57 
4~ ...; 

5~ 
s 
8 

'54. 
21 
21 
66 

0 NLu .anct uNA" ... . not . . 11,ted and not a~~li~able respect.l vel y. 



Th~ ·heat spfJCirtr~n a.eslgn .for tent.tile t.e-stirg of ~ra-r.nro1.o 

COO'lpO$lt~$ to the three-pin configurat fon illustrated. 1n r1gur.c· ll ._: 

The three-pin conflguration minimize~ the gripping problem errectiYely 

but ls expens! ve and .sti 11 requl.r·es perfect ~lig.nment. Addltio-nal · 

fiber damage, su,.,rae-e fla\ols-. and rnioroor-acking of the matrix, can 

8' 7'1 result tn strength degradation. •. 

rour-polot 'flex.~:e: apjlar.a.tus and ~.asults ln-·a-: uni form ten~1 lf~ ~tr-~~~ 

1 n the lower par.\. or the:-·bellm} .. Thl8 make$ ~e',S.fipless tenn1 le 

testing spec.imcn tdeal !'or hlgh temperature testing lf the oxygen 

embr 1 ttlem~?l.t - ~rohlem res..ilt~r.g fro~ ~pecimen ,machining could be 

overccme. 7!t /r{,~ 

Elevated temperature tensil'e t~sttng 1~ d-!f(Jcult becaU$e of 
. ' 

gr-tpping ,pr.o~iems. 1.n the ca:,~ of polymer matrix G~posites, the 

speci~n is bonded w.t t.h an epoxy which would :riot pe u._qabl-e a~ a 

bonding, roate?·ial for h!_gh tetnperature- test.fog· 8pecimen, becau~e of 1 t!l 

Umtte.d t,emperature stabi 11 ty )3 •_77 

~!ngle-edge notched bearns (SENB), ,circumferentially notch.~ -· t>e$1s\ o.r 
che·.:ron notcr,~d .. beams where ~the !10tche~ are\ pro~~·~ed with . a th.in 

(0.05 11
) diamond saw or with a wire saw ··and a cutting ~lurry ·~ F.laws 

Knoop indentor5,.. Tl'~i6 notc,-itng, .OY" .tndent1ng, of test ,pecim~·ns. 

introduces a flaw of critical slze which can be propagated ,through the 

material in a controlled manner as tllu~tratect in Figure l. The area 
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'S"ig. 11. Schematic repref\entat.ion of a 3-p.ir: ten~ile te~t.in~ 
configuration ,t9r ten~lle te~t1 ng ·'continuous fiber 
r£:inforced oerai:ntc matrix compo,lt.e _:~p.ecimen~ (Ref. 3). 
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Fig. 1 2. . ~hematlc· representa-tlon '::or a.·,grtp 1 e~~ tens 11 e r.e~ ting 
COnflgtittatfot(;:t°oc:'tt~~tJj'lff .COnt.i ntJ()U~ f1);)er . re 1 nforced ceramic ·matdx- ·'.=odmpo$it.c ··spec\m.en~ Tn ;~-~potnt flexiJre (Ref. 
8). . 



under the: 1oad/defloot1on curve can be U...'lf3{1° to determl"ne the: work 

required to ·produ~~ new ~urrace and hence to measuro the toughne~$ or 

the roator1al. 

Flexure te$ting or notched ~nm~ i~ the tno~t common mot.hod of 

toughne~!l testlng. Re~earoher~ ctisagre-e on tbe effect t)r · notch 

4 60 ·71 depth on the toughness of the composite. ·• ' The rate of loacttng 

· 60 
doe~ not appear to ha_ve any · e-rtect ·~n · inea~ur19d value~. 

ct. Fiber/MatriY. Interfaoiai· ··B6-nd.1ng. ThP. <1efF'P.(' ot l~t~r!'acfal · 
. . . . 

~~)rlCH ng between. t::ne .. matr.J.x. . ~ct a.'reJnforclng / i ber 1e the det.ermlning 

f -~c~~or fq~ toughening: .i:t1·,;;.¢enamfo::.cotnp6Sit€~. : The Uh~il$~1'emt:m. of t~C 

d 1 ~mond 1 ndentor. , Fro en th~ applied ·load, t_h_e diameter· 9r the fiber, 

<tnd the ct!starice the rtber'. rnove~ •. tt·_· 1s pos5tt.le to approxtmate the 

~end ,trength. The eli!~ttc modufo$ and ?ol~son · s ,r.atlo or the fibe~ 

must also be Krte>\.,n}
1 

' 70 Tho <najor' .prob_}Eim ,=rn~6'ciated wl th t.ht~ 

testing method ·-1s th.at· the fiber mu~t be perfectly perpendlcular wtth 

the poli~hed ~u.r.(aco._. If the fib(;r . is not per-p,:ni.i1Cular. ~hP.ar 

etressee d~velop ;at ·~the flbe~/~a~ri;< interface which c~:1not be 

accounted ror, when dc'tocmtniog .the .'iriterfo.o.ial bona strengt.h. 

It is ~lso po~~ible to oalculate the tnterracial 8t\i!ar : ~trength 

by mea~uring the d 1 stance between matr 1 x rotcroc:--aek~ · :,)erpencH cu lar to 

tha fiber direction. 71 The~e crack, are usually 'Jnifor.aily; ~pa!.'ed and 

can be mea~ured u~1ng a light. mtcro,c0p1:>. Equatton .2 1~ u~ed to 

calclllate·.:the frictional ~tref\s,. T, · bot~een the mat.r-1x ·and the fl.her 

u~tng the matrix mlcroor~ok ~pactng, Jd.1, · 

2~ • .. 9~:ij~J. .{21:11; ( 1 . + Er~r I Em Vtn) J 

Where a equal~ the stre{\8 · where the oompo$1te ·starts to exhiblt. 
c 

nonlinear elastir. behavior and R is the fiber dlamete~. The C.T.E. 



ro:s the'• tnatt~tx ·-and l;ha f .lbe-r should b~ tnelt.t!!-etl !n t.hl~ eqvatit.,n 

b~t\aus~ ·.r~ldual ~tre~ae!\ · re~u 1t·1 ng from c. T. E. mi ~:rta t.t1h cnu td 

contribute to t.he :uatrtx micr'ocrack·lng. 



A. MATRIX PREPARATION 

The corcHerlte rnat.r1x com;;0stti.on, 11.~'\tBd i~ T;1td.;_:- n. differ, 

~1 itthtl°y fr0t-n theoretical cordleritc {2Mg0•2Al?G.'.l·5SU..': .:-;. Thi~ - ... • .:_ 

material. ·SG-266H. received from Ferr-o Corporat.lt.m a~ a frit with 

particle ~1ze::~f ·. S-2Dlmt, wa~ u~~d for ·n'il prel.iminary proce~~tng 

c.?Xperirnent~, becau,a ft w'as "relatively :tnexpen~ t ve ·antf (!Onsider~blY 

~ord1er1tei w.t:,ll)l~ :. us_e,<1.::.:·~~t_er:~~~pgeahly .in thi:~ th~~1~. . ,. ' . ' .. . . . ~ 

. . . ) (\ 

compo~1t1ons investigated 'fo!' liver cancer re~earch. ·.· , YAS-7 ar.d 

YAS-9 (Table '\,"I) were picked because :!of their rerractorlne~,. their 

44 

r-elatively low_: Si0
2 

cont~nt. and low C. T. i::.. The~e glas,e~ we!"'e 

?:>atchet from· reagent_ grade Y
2
0r Al 2o

3 
~nd s10

2
· and melted tn platinum 

cr~c1bles using a molybdenum d1~111c1a~ :hairpin heating element 

furnace. 7he gl~~~ was quenched !n water. cru~hed. ~and ball m!;!ed to 

pas, 230 mesh • . ·. YAS-9 was too refractory to be efficiently ~,.ltea and 

b. COMPOSITE FABRICATION 

1. Woven Cloth. The nr~t at.tempt. ·at. the fabricat. ion nf comp<>~it.e 

sample~ utilized fl weave Nextel ~.qo -.ototh~ Slurrle~ of SG-266!-! and 

methanol were prepared and , '' square~ ,o_r clot_h ,were dipped i ~t::: the 

~lurry. They were then interleaved w! th excess· glass, and t1ot 



TABLE VI 

OLASS~CF.RAM!C HATRIX COMPOSITIONS AND PROPERTIES 

. . . Cordi er 1 tc 
Th~orot!ilal: ~ SG-266H 

Compd$1t1on· ·Cwt. ·-i) 

MgO 

'; : ... . ... _.·,'i ' ·· 

Al2o3 

Si02-. 

BaO --·. 

·Helt mg-· 
Temperature · 

;)en~ 1 ty 

:::. T. S.6 
(x lC /°C) 

Rererence 

13~6 

52.7 

2 .. 0 

2.63 

Yt.tr1um Alu!Tlino~1 l lcat€ 
YAS-7 !AS-9 Eutecti~ 

40 

30 

30 

;..;:·,: tt,50° c: 
. · .. ·.-... 

3~39 

5.0 

20 

55 

ts 
30 

-1500°c :: 

3.80 

5.7 

20 

1345°C 

3 JJ 



. ~p:ecimense: WBl"f):iQffeilc~·-~.~.h¢rr./f:~Pt1?Sl"lat~d ·.t\gai n. ,. Y-n,es;e ,iGU)r<?-fJO±l t~ci 

gquarie~. 'Wef'.~ tAWJl/flO't'. prJl$,~e~r,W1·tn · exce~~ 'SG-266M pc.r~der· ,' VhHJal 

~t!ll had not penetrated the cloth 'Stitriciently, and efforts tn 

1 mpregnate wovew cloth were aband·oned. 

~. Slurry Method; ·· Th_~·:·p'rd~UCtlon ·of. ·· chopped ·riper compof\it~J\ wa:l­

accvmpU shed' . by w~t t _ing ll_~!-! :.~~_ppc<t.'.'r\§,e~ -~~ ~n :a' ~~riim_ym arnt)t.tnt. C)f 

t1ate.r. Ini t'lal_ly, dry glas~ ;:i'ot..'der 1"as added t.o the chopped fiberi\ 

· and mixe~· ~ntJJ no aggl<:>m~~~t~e~---~ere ev·ictent. ·As·· the volume perc~t 

fiber }ncrefl~.e~··. ·the mUd.rig\.9f.\f.e fibc:-- with the !n:trl~ oowder became 
. . . .. ' ' ':' - -

a pr-oblerri: tn some cases·, clhmps of f itJer we.re evident in hot pressed 

3pec1men~. It.. wa3 then discovered that wetting·the matrix powder 

before :nixing resulted i~. easier m1.xi=ig .a.nd better fiber dtsper5ton. 

· . _Ail pr~pr~~ wete:\haniLm!,~_d·}o~mtnlmize fi~r damag~. 

t.,.:_ rape Ca.gt.ins. _ 1·ap~ :C{l,~_t,i-ng. te~hJ\iquc~ .were a.P?lled to pr~U(~e 
, .. _.:,. ' ,· : ''.. •. . . . · :· : ' . ·. : ·.·. :·. ·\ .· .. . · 80 · 

prepreg ·Bh.eets ·of di-,con:tfnu1.>.µ~ fJ~r~ _rit~x~<1 ~ith~,':1.)~t.rtx_. EQu~l 

amounts of Tam tape casting binder IZ3216 and SG-266H were ball milled 

tor three hours in a polyethylene jar crintaining 200 gr~m~ of ~1 203 
.· . . ~" -. . , . ' 



med'1~·~' : The ·r~su.lttng ·· !\lurry produced unlfo~m t.al)efl ~1th ."good gr.ee.n 

6,~r~~~~:.-, ·1)m :vo~um~ ., .. peraent. t/1111 chopped flextel 440 fiber wa$ added 

aii.d':_t)a_lY: ndl,leiht~r.~;-J.O m~n.utea r-·esu.itlf'.lg tn the grinctl ng of the fiber, 

;to'\ien.ii~b~·:·:lfui~';:JJia~:.f116·,;.,. · :An~:th~r: :.1lurry wa$ produced ana the 

fibers were mtxed·0.ffianuaily to. ·produce a bulky slurry.. Tape ca~tlng nf 
' ' • ' .•• ,_· ) •• _''t ~ ... ~- • 

th1~ ~lurry .was. 1-roP.O~s~~Je ~u~· .. ~.!:> .. the .t,·~gregatlon of the fiber 

.fra.~JQrt, f~OtXLtlle .~.~Jt:ti.~~t~~-ttv:t:.i<i9~.t..or .blade~-; a~ a .re~µlt, t,.ap~ 

.. 
g 1 a~~, p~dert and c.t?-a.p·ped·· fi hers wer~ pl.a<led in A. ,plastJc bag as a \.let 

ball and rol~~(.l·' U~ing· a'., metallurglcal ·rolling · mi 11, ·The bag wa~ 

pas~ed through the roHing·mfll'. _unt)l a, .shcet. approximately f{f~ii·: 

thick wa~ ronned{ ~he :b~ wa, then . cut ·a!\<1:;ttle· prepreg wa~ .. a1l?w.e'd <to 

dry •. · I( large amotintf.\· or: binder,. were .·us'ed th~· ·:pl'epreg,:would .hav~::- .a·. 

;in1form:· ctistr.U>~tlon of.:.;hblesi'.whkh;·.\18~ :unde~rable. --ih~· pre_pr~a:· 

J>()~s~s-~ enotish .. greeri· str~rtstfr~tQ'·~t>~ .··e3311y :handled. 

Di ~cs .--~~~e ~cut rr.o!!i the. :.sbeet·;_.·:pe.~-~i· ~_reated to . remove. the o i nder . 

pha~e. ·an~ ·.tiien·· hot .. ·.p~ess~(f.:{,._~ipd.er .:l)~no~f).e~peratures ranged from 

soo 0 c to 1-0Q.~~C~/ .. ' l!oi,;(er.:::i>tir:#out .temperatur·i-)~ .were more .-Je~ 1 rable due 

Roller.':·caot.lng .exp~riments were curtailed when excel lent r-e~ul t, 
' : ' ·". :- ., ' ,, - . ' ' ' 

:mett1oa. ·· :,~Roller./cast1..rtgt.:·1s'·a~·pr_~lsfni technique ror th~ produi:tion of 

. li~Jte.~ ... ~h~ei-~; and ril-Or!lts turther ·· 1,n_vest13~tlon .. . 



a. f"Ucmont nlncter ?'1ethod~. The mo~t practical method ror 

producing .~Oid!r~ctional lamina~ is through the u~c of a r.nnttnuou~ 

tow l~ then wound on to a druo. 

Pr~11rninary . wor"k with thi~ method wa~ carrl~d out· li81ng SG-266M, 

; .. ·•· · ·. 

ri:-·ap€d over a 1:'ieaker . and . alidwed ta· ,dry. ,The dried, i mpregn ,I ~ .,-: fi her 

. tOW W83 then::~e.Xa.~fne(l ' USiflg 3 Jena mlCr'OSCOpei tO . QUa}ita~lV!?lj 
. ·. ·':.: 

cetermine the extent qr_ matrix powder irif11tration lnto the fiber 

bundle. 

One kilogram of thl8 suspensi~ri was prepared.:and unidire~tl0na1 

µrepreg:" were pro<luce·d u~!ng a c0.'!i:ttercid: ft lament .. winder at Mcf.onr.t=>l i 

~Wgla~ , Astronautics Comoanv. St. Lout~. M1Sf\::>Uri. Preprcg~ •Jompo~ed 

and · hot pre~~~d . ~~- prov 1 de specimens- for -~ic.r.ootruotural ev3 ltmt ion. 
I ~ ".. ~ 

b. Hand Lay~up~--.~-.,:<:The <fabric~tion or u.nidi.re«:-t tona: lay-u,~· l~ 

ted lou:r and resul t.s . ~if _rion~uni rofai' · an'd .. !neons 1 !'tent lamina~. ·~)€ ;;.se 

of .AVCO SCS-6 fiber neae~sltates hand lay-up ct~~ to the ~ttff nat:Jre 

and large · .diam_e.ter of . the.·~rftiel"·.·: .. :otller , unid1.rect lonaJ_ f 1 ber lay-ups. 

results.. 



· L Hot P-re~..e.fng in an ·Ar'~~e.£t1.£..C_£..:_ · tb:e tlerf~ificaticn of :all 

monollthtc . and compos1 t.e 3ampli~:l waft aceomp l i5hed : using a vmtorr 
• h • • 

uniax!nf hot pr(i~s. (FigtJJ~c . l :n. ·Tnc p,r~prtrg or powder< ~pectmen wa~ 

mlll 1torr: t he hot ~preBe chamber was then purged with getter e~ argon. 

r.J.nut.c. thrc-..1gi1J~w:~. lJ.W. ,bR( pre~.~ run-: _ f'iRUf'e 1 ~ .depict~ the time / 
• • ; · · . · . . · .. • ·I, • • • , ·,• -

pressed billets was mea~ured in dietill~d water :~1ng the Archimede~ 

techntqµri: .· . 

. f)ensH.t~a~.Jij.n.· Qf the eord-ieHte and YAS-7 .;~atrfCet\ occurre\.1 . at 

915°C. · and-9~Q~C_'' respectlvelY:·/; sugge!l ting t.hat proce!'s tng temperature3 

· · •t · ...... \.. .... , 3 · · · .· · ... · 0.-· . ~ S · l ~ t;.8 "7-60 grea. er -.: w.·?-~( 1 · 00°C, as· :"'~pol"ted .a.-v'.r -..A ~ ar.e 4 ·unn.eoes~ary - • · '· 

et'fect. of hot pre&slng temperature on the cl'ystal l i u t. iori ,)f the 

matrix and to !\tUdJ- the behavior.of variou8 fiber~ in t,he ~3trix. 

Table!·:.Vli-hllsts) the hot: ore~~ing parameter$ .a~ t.he average specimen 

2. Vacuwn not .Prcssirut. One sample of '!A~-7· wa~ hot pre~~{\d ~':it. 

.1-·,1o·o~<f .. a·t ?Hf .. 11 ' 'to>to·~5. toi"r· vacuum. After .th~ . sariiple den~l f\ed, the 

chamber was purged.:. wlth argon to mlnlmlz.e oxtdation of the heating 
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F 1 g. 1 .u. Typical temperature versu~ time profile for tr.n 
densificatioo of~glass-cera~ic matrix specimen, hot 
. presi~;d . to an ~gotj/ atmo~phere. 

.H 



. : F.{_~er' . · . 
, \ . 

Y.AS-7 -
"N6nri ~-
Uone 
None 
None 
~one 
None. . ·:~~ : 
None• 

N4lWt lO 
nii 40 ?f:i 
N4liO : 30· 
CCU~ 8.b*tJ 20' Tyr~ nti<f... fo~ 
Tyranno fa 
:;.cs-6 NA 
f.!0•'; . F'P. iO 

i,;Qr·:11 er i t.e 

None 
None 
None 
None 

Carbon UN: 
N41'0 lO 
N41lO 10 :,,,-~o. 10 
Ni:··N4ll0 NA . 
CCNli80* 20 
ti h:: c:t.l i,u . "ii A 
Nica!on cloth 
Fiber fP 10 
Fiber ,FP to 
Tyranno to 
Tyranno 10 

TABLE Vll 

Temp. I Temp. Ir Time 
. { mi riutt:s) 

900 , Q"O(\ 4/15 
900 l 100 6/l ':, 

900 1150 ')Ii ~~ 

900 ,200 9;, t; 
900 l 250 11 / 1 '~ 

.9.9.0 1300 8/.l 5 
900 t too l 50/ 10 

900 1orn- 8/t 
900 980 ~ 2/1 

~QJ 106h n ·n· 
§'O(t ,·-100 ~~.L .,...._....,\:, D.s]: 9QO l.~/\ . 

,&9 \~.P. .· .. 8J.l. 

.900 t.2.P.P l 1 I~ 

.9o_q ·1!l5_Q 12/: 

990 950 2/l5 
·900 1050 Vl5 
900 1150 5/15 
900 1250 .(J/ts 

9QO. 1000 .Yt:?:~ 
9'00 tOOO- ~/t.5 
900 1150 5/f5 
920: l t 60 6./f 
ass 930 6/1 
9;00' 911;, ·JS/1 
,.,....,, ,1/1,,,· 

950 sn O?V 
960 l 100 5/2 
900 fODC 2 "c; ' ' -
900 l150 1 4./1 5 
900 1000 l /15 
900 1150 1 /15 

D€n$ lr.y 
(3lcre·11 

:· 3"-.J17· 
-j-~~6 
3: tis 
3.48· 
3.~9 
3t39 
3.5f 

3 .. 311 
:h3G 
f4f~­~::2~~, 
idl 

2.57 
2.53 
?..53 
2 .. 53 

2 ... 59 

2.70 

2.68 
2.5~ 
2.53 

*Vaccum hot · pre$se_d •.. · all qt her spee l men~ hot prel'l$ed in argon. 
tN4lJO. ~·Nextel :~40.j"lbdr'-· . 
ftCCNlt80 .,. Carbon Coated ?lox-tel 480 fiber. , 
11't~pf> I'' 1~-.the t~rnper.ature at- wh.tcn the {<1en,1 f.tcatton p~e~gure 
(J.5 ·:HPa} ·was· appli~d di.iring_ hot pre.$sing • .:.-.< '· 

'!'f~mp. :-,10:IY<.iS .th.e ,:rnaxi:mtl!tl. ter.:peratm~e ,achieved. 
0 Tfmen equa:is the .. time . aiter the dentti f1ca don pr·e~s:,u·-:: \.i,i::-, 

a·pj:llied ·· ·~ ~.: .. ·.;, .t.~A•~--.. ... _ ..... , .. ,·iit.ure wa$ reached/tht! t 11r:~: .:< 1 

maximum temperature. 
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Jnch ,11."azr~ter bo~n n·n .. rlde coated graphite <lie :;.sing a larger hot 
. . 

. pre~!1: J~~cfo.te'd:-'.at ·· the.· Mco'o.nnel 1-0ouglas Re!'•?arch Litb~ t n St . t.l)~ t ~. 

MiS::Sourl\· Tti~se/ sPtP}f:Ilen~ \Jore hot. pres·~e(J ln a vacuum of 1 C -~ .. torr 

and ·'.~er~/·hehl! at}ntax1:mb.m\'\t:~mperaturet ·ft>r-· l minot~. The tlen~: f l•:.-i ~. ! :..r· 
- . . . ~- . . . . . . ·,. ~ .. .. .,, ..... ;~. --~,. . . . . • . -- . .. :~ 

pres~ure u~ed at' ·MDRL -W~ between 3. S and 5. 2 MP~ ( 500 ~nrl 750 ~~ 1 } • 

As a ~pec1men la heated 1n a vacuum. vol at. i le ~pee 1 es on th~ 

5Ur'fatie· otitga:.t' 2\t\d·-:ca~~'C' an '.-(~Cr~~(f ·,:n··· pre~~Ure { dP.<:r-e~~~,¥ frf V~CUtim) • 

lf the . temperaturfo' -~on~_i.riue~r-:t._9. Jncreaae at th'i, p,)int.: a va,1uurn 

protep_t1~n ctro\:l_l_t, ~!\~:_t1:-JJ>P~(j_. _· a~ut~png ,9((- th~ pcwer;~o tne. h1;~at._ing 

t,ime/tP.rnp~rnture· profHn for · vacuum \h9t · pres3ed -~pecimens :.·.'fs ···not.: 

identical ' to·". the time/temperature ~rofile illu8lrat~!d · 10 Figure '4, 

recov'ery of the v_aouum_. 

:.: harnt.er ts mea~ured with a Wf5S Re/W.;.26$ Re thermocot.o ~ ! e place<.'! 1 /8" . · 

fro~ t}"le gr·aphite die. ;inv~·tlg'a_tton of t.he di,~ ;:t~per·ature wlt.h a 

micro-optical p_yr.omet~~ sho.wed. that the therm•.::co-ir>: will at tlmes lag 
- . . - . . ~ 

th~ graptli te .. dle . tempcirafore .· UP to 1 40"'C ~Th~ -thermocouµle reading -l~ 
~ .. · ·. 

believed to be ·accurate however. becau~e wher; pre~s~re is appl h~d at. 

900tlC, a YAS-7 .spectmeh will . start to d~m~t:·,~ at 950°C corre~ponding 

20 to the reported glas~ softening temperature of 9~0°C. 

O. MECHANICAL TEST!NG 

:.1 ~- Sa~ple Prepa~at!cin~.- Meehan! cal test 1 ng sp~·~ t men~ wer-e cut 
•. . ,, ' . , . . ·~., ~ .· . ! ... ,-: ·i - . .. 

from hot p~essed billets and cast glass bars usin~ · a diamond saw. 

These specimen~ were polished progre~slvely u~ing 320 and 600 grit. S1C 



toughne~t' :. in~a~ur-e!riente. !'oecl rt cally K 
1 

• werP. notched thr·.)~Jgh 
'.! 

a?prox1matelY 20J or the ~oecimen :thickne~~ 021ng a .ire saw en<1 a ~o~ 

grit ~11l~on carhlde ~lurry. 

te~ted. A~l ~pea~~ens were ·~~it~d fr~~h~ee poln\ bending with a ~r~n 

or ·· ! .• employing an Instron much~n-i<iaJYt:es"t. uni f: the Cr'O~;head ~peed 

·1-n: .. -a~~ . 3oa11 ,!i<Lt.hJ:.¢l~ij~~;t;t~l~)] rat Jo of approxi m,1 ~.f:~.y ::th~ee. -1)H~.· :S/d· 

. tA}Jo1 n ~e\ls. J;t:: ::b_e ·--,~\ i: r·=- t) )': t mr1 t e ly ~J~tl{'ftt}f<,it~t:ri)\1ri tijJre.ct'\6-it~f. h?~ rk>t~ 1 t.e : 

epec i rr:e"~ ,-- '".cf ·r ;ai l .. i. ~1 ···t~_n;Horii~.:f~J1ya1':tt~\\less·\J;p~n · this· c~use!l the 

~P'P.~lm'~f! ··to .f..~ll·· in hmpre5sfori' arid/Or shear. l..ocid . v'alue$ .-.·ere 
•· • • , . . • .• .• .,. ..: .• • .. ~: .. " . . .• • . • • .. . '\ ' . . ·:.i .. _ •.. ·, •. - • .. ... 

S.. GLASS-CERAMIC CRYSTALLIZATION .'. St:u:Ol°r::S 

l • Do_pant ~iM ~ U an3 and DT:A ,Studi.ea. To, ,:°determine the ~ffect of' 

dopant:J oh · the <!ryst~ll~tiq,ri))?.f}\~ .~?.f>§M.· a.,nrt:YAS~? p 0.5% ,1nd ?..01 o~· 

T102. and _Zr.-92~·~:~:.:~ry.e ,: ,5eparate1~· · a_d.d~d t}p/ th~ gl~·s~ powders in the f;.}~-T} 
. . : : . . . •. .. . •. ~- ; ..... .. ·. . . . 

homogeneous· distr1~ut1on 'of the dopant~. Powder XRD was used to 

<l':'terrntrj~·:Whe.ther s1gni f1cant (<j:r -y~talUne pha~es were pr'Nl-'rnt. 

Oopei,f ·ao~f· u_ndo~d glase .powder3 \ter.e gr_ot.md· and Si ze<.1 bet.ween .·2'.{0 

. and 4QO,: tn~iJf/(~3:~38u){ for u,e fr1 DTA experiments, e).irn1nating p,:!rt ict~ 

. siie. Qff¢qttF¢.if the p0$it1on ·and .size of the or°ysWUza~ion exoU:eTffit 
. . . ~- .• · . :" .. . . . ·.· . . ·. . . ·.-· . . . . ; . . 

and al l_mitng : crimp~d son between· ~pee irnen~·. The wei-ghtg of t.he 

~pec1men~ wer~ al~o )JP~~ ,_c_o.n,;3.t~~(~~l;.:0.?0P .• O m1~ll~f~~·. OTA \ofo!l 
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condtiotcd ·t n a.tr·. over a: tlimperat.ure rang.f.! of 25-12o_o0 c. ·at· 'a .heatlng -

f~,t~ ,.;,t "MC/.minu_te:~··.~.1rnl:.a· M~~tlOf" DTA-TGA Model AT-1 !ocat9d ih the 

Grt!d~tE(COn~er fOr>t~terials Re:,earch ( UKR). 

2..· tleat -~Tr.eat~ht~, o.f Mat.ri-cn~. 

_· a •. Heat Treatment ·. of Cas.t YAS-7. ·several !tt:.,d ie:., wer-? _:qpnclucted 

on the '!.As~, gla(\.s· matrix in or-der to d~term1nc th(? optimum h 1:'!·i~-

treatment ~ch~dule. required for cry3talllzation. Specimen~ of ca,t 

. ~~fln5 .. wer.-e .hcat .. treo. tt?d; , for. 25 ,.hour.s . ,~~· .. · {~\•r . !'epar'1t...o nuc 1 o~ ti·}:·, 

t.emp<;!raturet-;. the(Lth?- ~picl~q,:t$.:.~f:re ·h,Jat~ treated .. fpr; .20 t:i_oUr-$ ~t a 

111 ;her ~e:np_era tµr~ _ .. t<?: ·pr~m~tc -~ry~~:a+11 wt ion. }rhe· :h$at treatment'· 
1·'.- ..• 

~emp~r~tur'eeyJ:_. (:~gJ{:?1-:§:rl.:l!}~q~~-~J.ri.~~"T.~.ti.1~::y{r:.r • . '. ~·rhe:i.e gl-as~ _ ,om:>1 ~:~. in 

t~t!:.- for-m of sf1.v:e~.s app~QY.ltn~telY. 171:6:i, / ~(j'h 6,". x l tf 1 :~m~e- cut, rrotij 

cast bar,. -d~r lng · th-0:. _prepar:atlon· ·9._r: mec11anica1 t ·esting ~peci :rien~.~-- Tne 

· $pec1!:lens were hea.ted fo -air on alumina ·olate~ :in-tllo .s~_if .. 

<tl"'ansparl~nt:_ and s)'i"owed ·s~sn~· :Of· St>f_t_enlng. The Jj{ghet :tempera~u.re beat· 

bolow 9~.0"C. the report~d -~oftenlng point. or 

b. Heat Tr.eatmc.u1t 'of ·Hot f:.r-!:ssed YllS-7. 
•' ., .. _ :'.,1:- : ... -, .. -:···. 

·J\·.~pecimen of' 'MS-'l- wa, 

hot. pressed and ·a· s·mall specimen approxlmatel ':' 3116~ x 1 /4" x 3/4" was 

cut from the edge of the.disc. Tni3 ~-cpet..:ime~\ was t~er. hear, t.reateel in 

atr at. 1000°C for 25 hour~; during this t.im-::: it changed in color fr0."!l 

dark gray to light. -gray. _There was no ev lcten<:!~ of the softentng or 

doformation that was seen. in the ca~t glasg !.~pedmen~. When the 

spc·c1roen was b.r.ClkQn, t~e. ·.fraqture cro~s sec ti 0.n -~~~-, uniformly gray 1 n 

color ... Siml,lar specimens of YAS-7 containing tai, 20'.f>_and 30$ 



_. HEAT:_ TREAn-iENT': 'tEHPERATUllES Fon CAST YAS-7 GPECIM[:NS 

Nuol"eat!on 
TmnperAp.i~o :.(.~:c) 

81'0 

86Q 

860: 

925 

ery·~tat'l/tza t!on 
Temp~rature .. { °C) 

910 

935 

~10 . 

,J~ 
l0'.2.0 

1'020 

1:P35 
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. spec1m-~n_-.,, ~o·d tioat: treat-ed>fn -tho .followlng manner: The specime·n3 
.. . ' ' .. · . .. - .. ·.', . ' 

a. XRD .. An(ilv~is. A Genera.L~}e~~r-k XP.S.t_:. or x..RO? ·~a~ U..'IC:d ·,,.1tn J 

mtrtces. rt a1~~ prov1cte<fJ:fl'.l~~<11a;~_Ari~-<?r~a..t1on as ~to :the 

~rrectivenes~ or var-~ous·.cry~~ai.:1:~;·~tlO.D \ ~i:;-1~1~. 

Sarnples-;:oti~ tho· hot pres~ec( rri~\:.f;tp:e~(ii'ere_-:ground: and. passed 

thiough·:a;· i70.·me-eh, packed .into a>plexlg1'a:s$: 8p.edmen ·holder. and 

X-raye~f:~lng.:·;c~·K;:'. r,adiat_fori wrtn··~·-:wavel'&rigth o'r 1 ~sznaA .·:.:: Powder XRn:· 
. . 

pattern~ ·of_lmullite. cor.dlerfte 1 a·nd ·.yttrium : diorthosil \cate (Appendix 
- . . . .. ·_f. .. - -~:}·-~· .• - >:.-- ·. ·.. . . -:·.: .. . ~-

A) \'lefe ~generate<.1 a,'¢..q~~~i)~g·:,::t;o the ex-pecteu cry,t..al .phases. a~ ct.educed 

·rr.~ .Ph.aA1.e.,· diagrams. ·:,These . pattP-rn~ were . then ·. used to aid 1n 

tdont1ry·1-n·s;~Jije.; phase~ appear 1 ng 1 n powder :)~}H:, pat~ ter-ns obta1 :i.ect rrom 

the crystcµ.l~:zatton '. or.:~the.::.ilass~ceraml<! matr ice~. 

dporoximately :J/4":· 'squ~~~ cro3s section and to a lengtt1 ·~B'f.>l" . :t0.005". 
~;:: ->· ,:._"'-< .· 

Th€- measurements we·re performed u~ing an Orton automat\c ·dlle.toroeter 

equipped wi t _h an alumina specimen holder and pu.~h rod. The heating 



: _:r~t~}~,~~\t .t .·_1?_er -ri?fnute: t~pe:naturc 'J\.3!' !.~e·:!~~t~e~! \-It':~~ f! Pt/?t- WJ ?h 

t.hermQooupl1::. 

c .. Mierostructur.e . Analy~1(t. M1eros tru'2t~u~a l .analy~e~- of the 

matf'l>t a.nd ·. of .the .. ·· f_~be.r -r -e.lrafOrGed matrices were perf'orme,j usi~g two 
. · .( 

<11 f.f:~re.ot scanni_n~t .el!;~t~r.o;u;nicr.o~c9.pe~ .. JSF:;1)... The SEM at ,: h(· 
. . . . . . ' .' · ., : . . · . . ·.. . . ·.• ·. ···.·:. · ... ·' ·· .' ·. ·._. .:: . . ... ·, ....... ·., ... -

Graduate Center for 1"ia'torlals Research _ (UMR) is a Jeo! JSM. Vi :F 

thermionic emi~$ion microscope with a .W target; tr.o SEM a~, Mc£nnnell 
. ' : .... 

. . -. · ... · _ · - ... . . 

each_. lr.~tance .to ohr.a1 ~ ~ t _h~:J:~~at . gr~ptl_lc ev.idence -~.f. rt_~r/~t_rtx 

tn~e:r-aot'n,·:1~ :~fld) r~:Q<3-.r}pY.llPUt:; j)H~' ~p~ot_me_Jl~ . ~e:·e: ~ountetl ·on ~:~t~!ler· 

aluminum cir '. ,sti(~l !JlOunts . u~ing:.srr,~ef' or ~:~~~n· pa1nt8 ·and·· coat.ea w1 th 
, , 

a thin :cc OOA) :.=\:;~r or ett:.ar carbon or a g~l~~pa:lla<Hum mtxt.ure to 
.· , .. 

make the .. 3pec.im-en sur face __ --coriduct!ve .-



·A • . -THE;· DETERHl?lATtO~LOF.'.· HOT PRESSING . PARAMETERS 

. . 

an.-eclrlt;,g~aly\:i.o/~tia.~~}\~:t :,~ Pr..ee.se~·--~:-ep(?~·mens :·<'OUld t>e rep:--odt.m it; l ·, 

fabr _lcated and eyaluat:~(l~ ;~ " Gla~s ... pre~~mt.s a un1 que hot. pre~~ i..~1~ 

pr-oblem ··_beoau!\e the.: vl~co~l ty' .. or·~g-lass decrea!le~ ·wt th 1ncrN1~ ~~:~ 

ternp.:e-'r-attire. -- . Thi'!.'·;~:behfi~i:C:,r,'!Ql~l:~eatittc':' tihe.:-'gla:i~ ··to · ext.r-ud~~ arn.-... tr,,1 th~ 

' .... ::-- .. ' -~ 

the .d1e_-: ~c ,.:f.r.ac~ur~1:(; ~pon re.t''°val C~(~:~;t.}1e.~:,~~-ct~n-~ ._ .Oet~rmto1 ng·. ~.h-e-
-- ' . .. ... \. - ... ·, . •'"' ·. ' -~ ''" 

m1n1~U~?f,: tempe.r1it.J.ir_~ ~ 'Hhicti the 1!D~~ ~-1'i.: _-.d~rt!lt'r.y -- wHl mi1iirn!.ze : 
. - . . · . 

t.h(' ext.rU!( l on . tende11~y a'n4 s~ill~\a-~'16):{.~C:pmpiete , den81 flea U.on. T!11:J 

cordierlte .1·: --:! Y.AS-7 · matrices behave differently ·in terms of 

den~1f1cat'inn~ Th<t: cordterit.e matrix powder will readlly con,olidat.e 

cast glass density. giving tlle -appear_ance of a fully dense !'pecimen. 

Only, SEM a~ly_si.s ot frac,ur.~ ~~(ace$ reveal$ ·that. approx1a)ately lOt! 

cl~sed . poros1.ty renraln:1,. 

ehowed. a ,large~ ~i0unt _of porosity f:-n -an apparently cry~talline ma'°'r1x· 

<r~~Urc_? ·_l5) ·. Vacuum ho_t pressing of : 'fi\S-7 specimen, failed to 

el~minate the rnatr ix poroai ty ( Figure l 6) and therefore t,a~ no 

. a.cbtijn.t.age :oVer.::hot pre·s~ir1g .YAS-7 SP¢<ff!Jl~O~ in argon. 
·:-:·· \' 

1' or the. sp.ecimen?hot· pressed tn a vacuum was _3.51 g/cm- comparet;i to 

J~ 118., _g/~mr ,~r. tti~s ~pecimon hot pre~~ecl th/argon · underi . 'lden tica 1. 

ool'ic:f:ltlons which suggests that· a small reauct ion · in the ·. poro3i ty may 

hav:e.·. reatil ted from the . Vacuum:s:~Ot pressing. 



:'.Ftg; · 1s::~ SEM r r·:10 togr-aph or·-,a .'·~O:il~Hthio -YAS~7 specimen, hot 
pres~ed 1n· ar g~n at 1100C for 15 minute~, illustratlng ~ 
high degree ~r matrix poroo1ty. 

f ig. 16. · , SEM rractograph ot' a mcmollthic YAS-7 $pe.: .tn::e:-; , vacuum 
hot pre,sed at 11 OOC for 10 minut.e-$ , J l lustra t irti-:; 

5lrallar matrix poroa1ty to specimen~ ho t pres~e1 in 
argon. 



.crystalllza~lon :pf~\t.h~ ::siJ~s,s·~ o_r-· .U r(rsult of ·-0he,mtcal react.ion b~t~~,?;f1 

ttie hot· 'pfesfjtng·'.~hvtro~';f~tc atid the gla$~ palmer during t)1.}t pri~t~;d !:~t. 

If the poroslty ls a r·esult/ or· ·:trapped. :ga~e~-, · ·a $tml llar prob l w~ 

$hOUld ~~:~--Pb~e;V ed in the ·c~rcHer it.~ :nat.r i :x dur 1 ng :hot. pr e3, t ng ~nd . 

the problem· ~ho'1ld be ei 1 minated when ·thP spec.imeri~' aft~ hot pre~se1. in 

a vacuum •. -. "If <H s.so1 ved. gases are call!ling th.e p°-r~, U:y, t_hen t~he gfa~, 
... _., : ·-·. -;,: ·., . ·-:··: '. 

inter.action b~tweeo the .. w·~1::g1ass. ·and ·the boron 'nitride die coating~ 

re~ul tea J.P :L ncrea~ed glass ext rust on arouno the. dt e pund1e~. The not 

8. COMPOSITE FABRICATION 

The fab:r !cation· of f.i be~_ c?mpo3 ite.s requir-€!' that the fiber and. 

tho matrix be ~rit_it!lately ~~x~d.. Most ~omrnercial ly available flbers 

are manufactured .. w.1 th a . $.1)~:fl:8 , wh_tc~ iniprove~ handi i.ng ;rnd redtJc<!~ 

fiber damage. 
. 50 · · 

Nextel fiber ha~ a ~tarch slzing \Jhich 1, watet· 



:¢1olubl~ .. ~hilP. lH<folon ar1d cartmn Hb'er :, usually hav.e an aa~.tate. ~-rzlnis 

~hich mUtlt .. be. burned of·r pr"tor to ~fabrlca~ion~ 2.6 

t . : Woven' 'C.loth. Attempt~ to 1ropregnate woven Nfuctef -~lJO cloth 

·and wov~n · Nicalo_t(cl~th.\oli-th' a cordierltc rr~·t ~t-lurry:: ~:Is~:un~uccesof\.ll 

t>t1cau~e :,th'e · -powdc~rtiat1 _~a0~paf t~efe>~tze· :mu~h gr- ea t:er · than \.the :5p~c l ng? 

tr. t).4)t~oen the fiber~ 1n the fiber- t>undl')s. Stotchiometric c01· 0 ier!t.s-

81 -3:. 
~ then pro.~ucea ·;'ttl!"OUgh . hy~('O~~er.oaJ,~ prrocet\~ing techni QUC>~, 

f:-~'r.1 renp,l!nt grad~ ·Mg(No3)3
·(>l'~O; ·A1010

3
)

3
·9H;/ ':, ·antl si ·,fc

2
tt

5
o)t 

. . · . .. . 

(TEOS), Und ·.;r. ~~!zed tn erfort;' to lrifiltrat~ ·the::olothbundle. The 

='e!tul ting ~0 1 :;t ion _ wa~ added to the aloth -u~1ng. ·.,a~uum . Urpr.e_gnat ion 

repeat.e<l ·an~ · the 1 mpregnated cloth ·wa~ combined w:1 th ::'exces3 cord 1 er tte · 

glas~ po--1der. and ' hot:: pre3sed • .• SEM :anai'y,is o-r · a ·· c_ut ~urface ShOW$ 

that the 1 nt.er"i-OJ' ~r t.he· dloth· was ·devoid of rnatrtx gla,~ ( f 1 gure i 7). 

P.olymer ·matrix :. compo:ff tes are oot~er ·,~.ui:'ted r.or ·using woven olot.h 

becaU$e the matri°x' 1S . il'lfl'.Od.uced i~S: .a · .liquid then .cured 'to __ fortn a . . , 
c~ntinuous mat.~t-~· phase. · More~ver, hydrothermcl l ro~thod~ produce low 

. ( 

y !eldf.w}~'ich" make them . imµra'-ct teal ·ror . large g~_!.:1le compo, t te mater 1 al$ 

~YJ'.ltlle~.~\ 
~ . : ' .. 

2 •. Tape an(l.:. Rollar Ca$t.!:nS. · :tape cast.1ng 'suspen~lom~ . -.,er.e 

pr·o<1.uced '. by :·t>all-:m1111ng th·e matr.ix ,powder \.11th a tape ca,ting binder 

and .t.hen nan.d · mixing the riber irit.6 ·the ball mu lea mixture. Ball 

milling the rib.er~ .with the matrix ·powder and binder reduced the fiber 

. to . ex~remely shQrt. 'length~. 1'ape ca5tinR : l~ commonl.y u~ed to prodvce 

electronic substrates or thin sheets ::~r o·eramic .material~ such a$ 

· ,.· · 80 
~lumin:, and br\rf\1m titanate. P.roduc1n~ compo~ltc lamina~ us!ng tape 

casting was unsuccessful because ,ttie fibers· would segregate from the 

matrix nt the tape casting doctor blade. 



Fig. Ff. SEM phot?m;~rO~.Ttaph ·9.r-~ etJt _~urrace of' a --~~-6_rd_1.er1te 
Inatrix !'pecimen _:cont_aining woven Nicalor. cl.o_th. hot 
pre~(u~d in arg~n ··at 1000C for .:. :ninu t~~ , :nluat.rat1ng a 
lack on .ma-trix 1n the cJot.h W':'~v..-> , 



·Roll~r c~~Hng w:.ss ;:fl)~n .tr1ve~U,ttated- becat>!\e .rol1ei"'s' :li}Qti:fd oot, 

cause t.~e ohoppe<l f 1 her ];o . segregate rrom . the matrix· flnd- mlght. result 

1n uniform thickne~se~ t11m1lar- to tape cnM.1:)€ •. . The tape ·oast·1.ng 

mtxture wa~ added to pla~tlc nags and .repeatedly r!>.lled uslng a 

metal lt.arg~cal roller m111 t.o ach!eve a ~he('~. · approx··i~.ately ·, i16" 

thick.. Toe bag was then cut. and toe prepreg al lo~ed to dry. Disc~ 

slightly . smallAar. tha~ th.e ·,hot _pres~l.ns. dte :were cut.I rrom t,he pri•preg. 

did not de_nsfty dur;!nfJ hot pres$1ng_ No other ,pecimen~ -erE· ?~·..)duoed 

be~iU;~e·.~d(, t~e :S~9p·e.~3 :>of· t:he ···~lttr!'.~y ;math~ ·. for· COrD~lOSi. te .fabr !C.iJt. ior:. 

3 .· Slurry- Method.·. Wetting 'OhOJ!ped 'f.iber wt th water wt l~ tk..1 1 p 

dt:3per5e :the' f1be~s ·· ·~nd the~:water wilt help t.he mat-.r-ix po.1dr-: ~Uck tn . . ; . . . . . . ~ . .. . ~. . .. ', - . ' . .. 

the . fthet"~~,·-- Better ·f'e~Ulta aro'. "Obta1ned when tti~ ··mat.r.ix powder l~ 

added· as ·a .. tnick . ·sitw.ry -~o ::".the·_. wet ·t~ber.s . .. _:.:.Exce~s water w1 u pramot~ 
. . . . . . . ' .. ..... ,. . - . " . -~ . . .. . :·, : . 

segregatlori: of the . matr,1~ ~tfd.\ flber~ .. t~ough ·;~edl.~ntat1on and ~hould 
··;· .. . . : . : . . . . 

be avolded. The fibers ten·~f.'.t :o ·rorm a ~kelet.al network whtch the 

.· matrix '90\lder ·ca-n settle ·, tlirdu.gh: ~uch j lke:~·r.fne. _part le lea .·ln a coar8e ·-
: · .. -· · 

,· part'ioltt:. netwo,.k·~ Th~ . wet · p~epreg ·~·s:pJa;u.~f:! in an . al~ina tube whioh 

. ~as···an}-ins1de :_d1ame\rir '.. 5llghtly :':-sinall~r .. than u.~, !nntdc ata.'\leter or 

the _hot{pre3i:ling die. The ·pr.epr-eg 1.s dr"ied t.tum placed 1n tM SN 

coated :h<,t, pre .. s,sing d~e wl th :e,icess _.gla~s powder. (It i ~ unclear 

whether - the chemical interaction between t.he B?l die coat lngs and the 

·g~~~i:i/ iitatr1i 'POWder COnstl t.ute. a .,problem; :~th~ ex.ce,, powder Wei~ added 

only as a precautionary measure., 

.SEM anaiysi~ of fracture ,urface~. or hot pr.~s~_ed ·. ~P~_clmen!'l ~h.owed . 

good rtber/mat-r1x mixing and fiber bundl~s. The fibers had an aspect 

ratio or approximately 650 (1/~tt long and lO~m· diameter) and wo~ld be 



-orifll'lt~_;lon w_Ul al ways occur du~ 1 ng hot pr-3~, l rig. ?>ut. ~mi, lli?r a~peet 

ratio·~ ·~hOU}d mfo!mlze the effect~ Of the hot pre$!"1ng and mt X in~ _;;.rH~ 

- - ~~ 51 6t 
· ther~by ,re_dtice the -~n1.~o,tropy : ~au_sed by f1 bel" al t gn:nent.. · ~ ' · • 

-_," ..Jf.:idJnl:-dlrectionat,~:F-abf.tC:a.tfon:Methods:i ·.- The t>e~t. strengt.!:~.!n t r:f 

and toughening of composite~ -15 obta.-inod u-,ing aligned continuou-!1 

f!ber~. 53 •65 A ·ruament winder wa'$ de$1gn~d and con~truc.te'.i ; ~ ,~ur,· 

Pre11mtnary exµer 1ments were conducted ori a commerc 1al f1 lament wt :'h1e~ 

(!'1cDonn~l.l:-Douglaa k.e-trcnautic~ Company; -,tQ.t:~st the feaslbllit.y of 

water cont.ai n1ng ,0. 5$ Superloid and L -'OJSpQlyv lnyl alcohol • Specimens 

of cnrifor( rt ber (Heroulet'"\~$.;;;~l)irid th_e '¢or"dleri te matrix w~re 

produced and h.Qt preaagd:i·: ·· ~1gure J9:~_tllustrates : the exten~lve fiber 

pullout- th~'.- .specime~t_' experiet1c.e<1 dur.fng ·.·:ira'otor-e twh!~_h .would normally 
. ..•· ·. . . . . . ·- . . . 

be associated with-:e·xhellant: t°?~ghnes'tl •. J!owevcir / 2:.SEH examinatton or 

the hot pre!\sed surface ahowt!d--regui-rirly . spaced matrix mtcrocrack~ 

· perpeno1eu-19-r t.o tne r·u)er .a1rec~1.on_ lFigure 20) \/1).loh extend throtig-h 
·,. , ·· . . ·. . . · . . . . . . 

th1a_;· ttpe·:1ot:; .matrix,. o:iicr.-oc.r.acking· resulted ·from the large C. T. £ . 

. mlsm~t_tjh bet ween the: carbon . fl ber s anc{ the cord '. er< i t e mat. r ix 
. : . 

e:(feotl•ielj el1tninat,lng ,~a!'PoJi fiber reinfOr('PC COrd1ert te as ,; 
. - :s- ., . . ' : ::·. . .-.:, . .. . . . . . 

cancU.dite for ceramic com_pos1tB~. This type or mat.ri x cracking {jue t.o 

. . ' . . . 

~8 · - 6 . : , 
mqtt',1~ compo$i ~es. ' 53 .- .5. ·· 

1ne axta1' stress. o~ , _ ~e~eloped upon 0001 i ng ,(-~1')_ in - the matrix 
. ' .. , .. '. ... .. ·., . . , ?- ,· . . . . .. ·. -· -: ,·,. '. 

. . . 

ctue to the thermal expan$.16n mismat.ch (n - a.f) betwe0n unidi~ecT.ionally 
m 

aligned fibers can be approximated u~lng the following formula: 



A. 
B. 

. D .. 

F; 
G. 
H. 
I. 
,.; . 
K. 
L. 
M .. 
"t .. t'J. 

Source spocl 
Fiber ·-to:.;. · 
Qui a~. rods_._; . . 
Gulde -~.6ner-s . 
· .... . ·. ·- ~-~· .·· ~··.:: ·~;:·~ :-~.;,./ __:..~;,, r:""""4\ 

ll!ll?f egt_}~t.·.:1-~?";- i v:"- ... ....:, ~ 
-Sl\i'rr.y ·. oat}i': · .. _. . 
Sqtiate -Ai ·fak~~up ~pool 
Threndect: rod for 1 a ter2. l move~ht. 
Hexagonal :·roct; for rotational mo·1ement 
Large drive sprock~t 
Small .drive sprocket 
Spe~·ct r edocer 
oc·:.1n&t~ot-: .... · · · 
Cont.roller for DC · motor 

-··;.·.,; ., . 
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Fig .. 18. Schematic'; repre$ent.at.ton Of the iaxper lment A.l ;' \ lam~·:r:t ·..;i ~~CN' 

con,tructed · at -the Unlver,1 ty of -!'-H!;,our ! - r.~: :.,s. 



SE.l4, ·f-r.act_ograp?i· -o~ --~- ~-1;d1.r_.~ct~onally align>?.<! carbon . 
r!ber reinforced cord.ierlte· matrix, hor, Pi"'e~.s~t'f at 9SOC~ 
sho~1:ng:~,ext'en.s·1 ve ·: _f.'1b.~r-- . p~lout and hlgh. r t 't_;{1!' volume. 

61 



Fig. 20~ : SEtL :;,(,;) tomit".!rograph'''.of'" : a -bot pre-~.$~d - surf;.1.ce c·~: ., 
uni.'d~rc:.:- ::t tonal ca'rb'on ·.:fib~er· .re!nf.:OrtJed cord 1 r~ ."" '.; : . . ~ matrix 
shb~i.ng'. r·e-gul.arly epa~ed . ma.tr.ix Ie1crocr,:H!;o;f; ·:Pf!.rpendicular 
. to : the n ber di.re¢t'fchL . . . . . . 

.. :\ · ,. ": ,...:. .. :· . ·: . . 

Fig. 21 • · .51:;fi p}lot~011cr-ost.apff.~o.r a ·-~out 'si..-rti~e:·:_·parafle 1 to th~ 
r'ibe~- _d'ireotion in: a · :unidireott.onal carbon fiber 

. relnfoi"ced cordierl t .e matrix sh"C'liting crack exten~ ion t nt. 
~he ·j)Ulk .or.·· the specimen :perpendicular to the f 1ber 
4tiecft;iori. - . . 



' :. l . jJ 

,there·:·~r·~rn1 .:.:.Ern · arc .. the ela::.,tic ~cttJ!.11 of the ftber anct thP m~trix, 

re~pe~dv.ely~ . . ·F'or a co~poslte or ')0 VOll..tin€ perc,~nt (V , . .. G.50) 
I 

~nidir~o~:fo~~lly altgne.d :AS-:4 , qarbon fiber {Table l 1, !"einfOi'C{?d 

CONHeri:te ,. matrix: compo~.:1tte~.; '#pe:;'~t~~iiS/ developed upr.m cool lrm fr ·-:~ 

69 

2·~ 2 times the average bending strength -of 1 35 H.Pa. Table IX llst, the 

the en t.imated axial stres,t?s developect .- upon · cool lng. The r{!st.:H tng 

of thi's subject appear·s fn Append! Y. B. 

· C • . CHOPl:EO F.IB~1t COMPOSITES: 

Studie9 with YAS-7 Matrix Compo,tt€~; ._ · rhe ::iddittor. o r 
. . . -

U!'lCOat~d Nextel . 4110 flber Md:.-Tyr:in~·ci:J'ltie.r :to YAS.__7 greatly rNjUce: 

the hot pre~eed poro~tty.c-::pr / the ·matr1x; theee >',aiiditlons a}~c ;:-q)r) C-) ~.ir' l ,, .• 

retard the 0rys_tall1tat.1on ··or.~ YAS:-7. · A$ seen ln. Pttpr-e~ 22 and 23,. 

the poro~ i ty of the y,j\5..:7 mat,ru<·r~ ' greatly : reduct=Hj rJ:1er·, Tyranno f:lber 

i..ta~ added to YAS-7 and _hot.-: Pre~$~d ,at , OQOPC . (cosnpari:·· Figure 22 to 

Pigure 15); brittle fracture has ocourred and no fiber· pullout l~ 

oti5erved. Si~Uar botiitvJqrf; l~ : 'pp~eryed in figure 24 with N~_xtel ~!to 

fiber additions ln the· YAS····f ·matrix . . The · Tyranno fib.er~ apperar a~ 
· ._ . . . . ·_·- · _·. .· . - .. . 

dark r~urtd and :·oval dot's .. ~her~.-· t ,he ovals . a~.e. ~: teitil t or tramwerse 

fiber fractures. The :Nextef 4'40 fiber also· appears as dart< dot~ ·but 

in this case, the fibers are oval and tn figure 24, the fiber~ a:"e 
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Fig. 22" SEP'i ~- ; ;.H~tograph · o'f'"<Tyfarino fiber' reinforced 'fA. :~- -·.1 
specfmeh," hot presrH'.H1 · 1n argon .at 1000,::: ror 2 minutes, 
depict in~ .- redu.C1ed matrix poro5i ~Y Et.nct ··brittle fracture. 

Fig . ?'l 
· · J• SEH f .raotogr.aph or a Tyr·anno t!b-er re1nf'or cec YAS-7 

specimen, hot pressed in Argon at 1000C for 2 minute~. 
depicting a. region ·w1th 01 mat.~·.tx porot:\ity an;:! smooth, 
glass-like fracture. 

Bar ... 1 Oum 



;: ~;.. 2!1 - SEM trat:t.9gr~p_Jj o~r -a --1'.0Sf~Ua·xtei-~:-~q·cf:fl.ber reinforced 
YA~-? ~pect!li~il •. ~:.-hot·; . pressed.:,.T~;.:argon·., a.~· 101 oc ro~ ? 
~! nu tetl ~ ·shOWing'.: redUCed etatriX· pO~os!.ty .·and br 1 t ~ ! ~ 
rra (' t: ur~ . . . . 

Fig. 25. · SE:1::- rr•actosraph. :~°f:-.:;i1 f'yranno fiber reinforced YAS-7 
· speclr;nen,,·· . ..-)iot<pJ'essed :, in · argon at . ·1150C for 2 rn1nUt3~, 
depicting high mat"rix p"oros1 ty and fiber pullout. 



provtde -:.a a1nk- for - pormiity., allowing lnc,·~dtled rh~nslflcation of th~ 

specimen. . This imp lies that low poro!.' 1 ty compo!- i l'.c-~ '-"0\Jlu be 

fabricated u~-tng YAS-7 tmproving the mech.an teal propert te~ of n-.\:! 

exhibit pullout, the matrix- fracture. la no long~r ~mooth anri contii ln., 

~- _lar·st: amount or"poroslty tJ1iilfl'a~ to ttitr·hot pr·~s~~-- ~noli tht c 

matrix (Ftgure-25) -.: 

·St'rong f1ber/matr1,c·. b_oij4-tng_:resulted when fiber:. FP wai ·added ·.t.o 

the~ 'lAS-7_ cn.a_tr.1x·-:,.No£r.o<tuoilon,:.1n..j>prC?,3_i ty wa!\ observed eo:ripared .L? 

monoHtnic YAS-Ys th.e tlp~c}inen with Fiber FP·ex.hiblt..ad_ibr.itt.le 

fraotur-e. ( Figure 26). The ttber.s are datri(. spots, ,t~.::::gray area ls the 

YAS-7 matrix ijn4 the white and black . area~. are porosity:.,. " Examfrtation 

or the f;ber'/matr.-1x in_terra·ce showed a poorly defined boundary at the 

interface- ~"Ugge~tt-ng -a · blgh degree:.Of.,,-:'f.ib~r/matri ;< d1emioal 

interaction . (Figure 27). ·Tha·:;fU5er ~1.~- .t.he grainy -strtioture in. th-e 

lower left tland corner and. the Y.AS-7 D'.atrix _ fs tbe relat.ively smooth 

area 1ri <tt1e: upper right •. A_ t°~bt!r -coat1n1('would be r·equ~r-ed to reduc~ 

-~las: ~t.rong ftber/matrt'x :1riterf'acra1 bonding to:_produc_e·a t.ou'gher 

.. SCS~6 flber ·.:tn YA-S,;..7 ·resulted in e.~vere _matrix microcracking 

{Figi{rea .. ~8 an<t 2·91:~ Mi: example of a : ~1ngle scs-6 fiber L.~ 

lllust~ated in figure 10 a~d scs-6 appear~ in the upper right hand 

:c'or.n~f $U!'rounded bY:-.:tlle:~~AS:-7-.:~trix :1n figure 26 •. these cracks _are . 
. - ·, -· . .. . . ... . . 4. ..· . 

p~ob..~l>J.t· CflUS_e·4 by c~ T ~ E·.:> tn_lsmat.ch. :·-· >Thi:s assumption 1, further 

·auJ)P9t~d -by the a~~t~~~-~i?l_~~;<r-:cr~ck networklng~:whl'e~ developed tn 

·reg!9rts~bet~e~1f the' :fiber:~ af\ -~hown in Figure 29. The magnHtcation 

used ·totproduce the SEH photmlcrographs in Figures 22 and 28 1~ 1000x; 



Fig. 26. SEM rractogrifpli~ d_t / ii': __ Fiber FP ·reinforcec YAS-7 ~p~1m<=m, 
·not ;pres~ed :: 'fri . ttrgon . a:t .1150C ror 2 m.tn~H.(~~' ~h~wt:ig 
~!gh matrix porosfty and brittle fract1 .. r ~·, 

Fig. 27 • .-. _.'SEti'_.··~actdi~'ih :-~f- ._the. poorly ~efined Fiber FPIYAS-7 
.: rnat°J'.~.1-x·· tntetf'ac.1:af:~egJon tn·-·a gpacimen hot. ·pressed in 

arg<in" at ri sot fer 2 mtnutee. 



Fis. 28.. · SE!f rractogr.apli of' YAS-7 · pontalhlng scs-6 r 1 ber. hot. 
press.ett in a.r.gon nt l200C- for 1 roi:nrit~s, shmd ng matr'!x 
t~ i c rocrackfni ·· 'p1~.i,gi_rja~-~ng a.t tha f 1 ber /mat;- f x i nterfa{!-e .. 

Fig ... 29. . SEM r.·raotograph of YAS~7 oont-a'ining scs-6 r l DB, , showing 
"the ·matrfx tr11cro_craoklrtg network aeveloped between the 
fibers. -

15_ 
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.·_(.t4l\i:m} to ttie typical. f:lbe~ ··srte · of tyranno ( 10um). · . . . . , . . . 

appear~ to be··reduood ~t ·tM · c.oated \fl'b.er addi t-lone (Ftgur~s 30 ~nll 

31). Ftgure jo· Ulu'st~_at·e, tne fi~·gh degree Qf rnhtng a{!hieved betW(-' er: 

t'ne flbnr and the ~trix. Aloo. evi_d~nt .lB the compa_r.ntively low YA S- "T 

mat,rix poroslty / ·.·Not.io.eab.liF'."fif- F'fgure t3r:l((~t'lie'l'clumN,fi~f ·a:.1"~0{-1.. at.eti · 

with , large .a~pect ~apoa.. L1mLtia<1 f1ber pullout was o~erved when Si~ 

.mttd:t" por-o~fty {figure· 321,.. 1n somf;' ca~c~~. boton-·ntt:rlde:- co~t~~-1 
. . 

exhfblt.ed .pull:out from_ the .matrix . 'ffigure 33). SEr-! -anal.vs ts of r.N 

coa_t_ed fl bers showed t.he ; coating to be. non-~mi for·m :wh.i.C:il could account 

for the varlable behavJ.or o"f the riber· \./hen lncor.pof'!at~d into the 

2 . :.;tudies with .Cor~le~l-~-~ Mauj,~x Compost tes. As :e:tp-ected, when 

uncoated f i.ber-s ~uch as Nextei 44·0·:~( .. t.ffi:fa.lon, ari'd Fiber :tp· are 

required·. t{).~ minimize fi.tier-/matflx/ tnt·ttract ion. t~ette l and · Ft t>e.r f? 

are odd~~.- and would be expectecL f;.p· .:ohem teal l y·:-~react and bond t n an 

ox1do matrix. 3 fHcalon rtbert .. although ,,not a pure oxide fiber, 

deve;lops ·a . sil_ica:· sur:fac·e . ,6~,~~fritt)~~loh :::\1.·,01 .~I)t°Qdti;cie -, nberlmatrb~ 

b.on110:$~: ~1m1:ia·r · tei ... ~nat exhibt"i:ed~ ~i~_th,!9xl<1e .r!Qer~ } 5·• 27 
•. 1'

7 

The Nlcalon·. ,n.b~r.~ • . pres·eot: .tni··tUcalon . fi oer :feinforc·ed 

cord~erite, could not be detected. ll!'ing SEM even though the °fiber$ 

were visible_ under an o_p~1cal microscope. The fibers were so tightly 



Flg. 30:: SEM rraotogr.aplt of<a carbon coated ·nextel ti8o fiber 
reinforced ---Y.AS;,,.7 matrix compos-ite·, vactrnm hot pressed at 
11ooc-. depict;.1ng fiber pullout and 1?1t!mat.'3 m1x1ng. 

F!g. 31. S.EM .rrs.otograpti ·o·r ·a· carbon coat.e<! N~xtsl ~80 fiber 
ratnforce_d'. 'YAS-f·matrtx composi.te. vacuum ·hot pressed at 
1100C, showing r1ber clumping as~octat~d with large 
riber aspect ratios. 
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F.ig..; 32.~ .-$EM_, rractogr~p~~f-:~·YAS-7. -~onta:~~lng .s:1-uc·(:~~. cart~icte 
ooat~<Vrl1:,xtei-::ti~o rt oerf:'. .. ~9~ P~~~sett in argon at ~, ooc. 
8h()\~~llg', rodUOe·d ··matr.l~ .. ~()tO~ity_ and ~0"\P f1 ~c: j)~~i ,~:; ' . . 

!ti~~ 33. ·sEr·L.traot,ograph·'··or.- ·· rAS-7 cont.aining boron nitride eoat.~d 
ijext.el· .. 44,0 i•tJ>.e~ .... tiQt µreseed -in argon at 1 lOOCt :mowing 
varying -degrees--:"o·r rlbel"/matrtx bonding. 

Bar • 10ism 

7B 



F1g. 34 • . SEM photomJcr.ograph filust~~lrtg the non-uriiforn boron 
··n1 tri de coat:l'ng on a Ne'Xtel lil\0 f!b-er. 

19 
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· 35; · th.e :-small black<9pec1<s arc emal l oo.-e~ 1 n the m::l tr .t :c. 

Fioer FP ha!' a higher c. T.·E.· thon. th~ mat.ri x. tnu~ plact n~r •.hr:! 

fra.ctures $hown lh' Fi gun? 36 ( al5o:·s .ea· 1-"igure S). Mat.ri x . m1crocra_ck1 ng 

r·an between the fibe1·s: (rather th.an into the fibers), a~ :··anti ct pated 

rrom the c: 1\ t~ mi sma tcti .th_€<}ry {t'Igur.-e 31·) . 4 Flg,Jr·~ . 38. ~h e,..,~ that 'thu 

fiber/matrlx inter(aoe. 1~ cl-early defined (the fiber 1~ on th_e . right}. 

otrnerved J~ t.h~~ 'i AS-7: ·matr ix, {figtu--~- 27'} ·; · Fig~es 36 "'-rind: ·38 · ar-e gEf1 

;>hotomlcrographs dep-! ctlng f ractur~·. ~urface~t J,r ~p~cl mens . which were 

Hot pre3sing temperature apparently n~s no effect .on the nber/matrix 

bonding .• . 

!""H>er PU!.lOUC- occurreo ~n_gures ·· :;r;t ·aoo ·quJ wnen Nextel nnc 

Nicalon· rlbers coated wit.(1 carbon CFigure q~) and nickel (Figure -42) 

respecth~ly were, 1ncorpor.ated into the ;~ordierit_e mat;r"lx. The~e 

. coatings effeotivel)t .• reduced or -ellmi:nat~d ,J°l~r/mat.rix. lntet-aot.lon~·, ' 

allowing pul._lout to occur... the~- -carbon coai l ng~ wer'e appl le-d oy _ the 

t~extel !'1ber manufacturer. Nl.ckel ·coat.1 ngs were appl led using an 

electroles5 plating technique a_t MoOpnnell-Dougla~ Re,earch Lab, and 

wtH'.C/ prl.niaruy· 1.nvestigated. ~o -g~ln/ ~f.I better understanc:tng of the 

effe~tfv~nes~-or: f.fber . coating~ on cfedµ~lng rl~~r/_snatr.ix intcr:i~t..lon~. 

Coa~ins : ?PPlicat~pn . t.imes _~apged_ ·from °five ~-~o- forty -~~-,~\Jt~os; · ionger 

plating time~ produced thiol<er coatings. Figure 1t2 ··repre~ent~ =the 

effects of a plating time of five minute~. 



Fig. ··--r,u,~a l rractogr:iptl N!c:al:on fiber retnf.or~ed cordierite 
;:latr lx. h0t :" ",~::; ~ei:t~:Jn· argon .at .. 950C ·for ·2 ·mlmitee. 
:=11_(.>tf'lng .-_bri.t..t,1-e tr-acture .. · 

·~~ D 100uzci . 

!-"lg. 36. SEM .fraotograph d~P,_1<;,tlpg · bemlspht~r.tcal f'rao-r.'.lr€ .. surfaces 
~l.irrounding Fiber FP .tn the · cord~-erite mat.rix, few ,; 
~pee1mcn hot preB~ed 1n argon a --: ,1 f50C·. for~'~l5, roi.nut.e~. 



Fig. 37!" SEM rracto,gr.~ph or ·cord:1.eri te coQt:ainlng · ri t ··:·~' f?, ho.t· , 
pressed in _ ar.gon .at: 10000 r.or ,~ minutes •. showing ~~tr'nr 
mlcrocrackfog tangent :-to f'iber--s .. 

Fis. 38. ~ S~M fraotgg_raph det,.lctill!r° the -~1.1 · dQ (J!'lea F1 ber ;: ? , ~{~~: 
~ordief'ite mt.itri-X °tht.'e~fa¢l.~l: J"'".eg'.on i"n' ··a S?e<? !men hot. 
prest'ed ,'1ri ·arson at t-150C for t 5 minutes. 
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t'ip;.. 39. 5g~ ·r,.aoto~aph·:}or a ·· carbon coated liaxt.e4 118.0 !1.ber 
reinforced a·or.d.J.@Y'1-te ~trix co~et1.L~., t:ur.. prti:i~tf:d in 
argon at 950C f0r , mi :1ute; . shmllng f'i. be~ d~bonr. ~ "~ ·=· ·: 
~! &11:out. 

Fig... ~o-. SEH fra{-:togr~1p.h of. :~-nickel coi~t.t.id Nlcalon f i bar 
reinfor·ced co?"d_t:erffa: ·.matr-ix c-..:l'mposi te·, hot pr ~g~E-- ~~ in 
a~gon at 1100C for 2 m!nuteB, ~11owing fiber pullout. 
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i g .. or carbon coate~ ~extel h8o ~1b~r~. 

SEM pho~otnl:(u~·ograph of a nioke·l cbat~d N!-calon fU>er 
ni:ustrat1ng~jf _ooa~tng thlckne.ss of approxirnate.!y 0.8µ.m. 
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1'y~a.nn-o rJ.ber doa:f :not: rttQ\lir')· WlY coating3 oocnu~:e~:.tr .. e.xbibJt~· · 

-~~;1out';' whcn~:1n~ol'p_C)r~.ted :un¢oa\.ed lnto the cordler1te matrix. Unllk~ 

'the_;. behaviof :.Tyrianno···nber exrilbl t!\ in the XAS-7 matrix, ma lnl 1 that 

-·~he\ ft'1er.: tiQnds,0wheo_-,.h_Ot~:pre'8sed -a~<_io·w. tc~orature ( l 00(1-°C) ,3r,d 

d~~ondsvant,:({.i\f'l'l~t,:out\'.atf ?\11the~.:~~m~etature {.1150~C), w~en Ty,·;~~\ .. ;;-, 

fiber ls - inCorpor·a·t·e-d ·1nt_o _the:_":oord1er1'te matrl.X fi~er <i~boMlng t"ln·"'.! 

pullout ocour!' at .. botii .. ~f- the .: ti~t:·_pfhit;'tng temperature:: (F!g:..;r·~!, ~3 

Table X 1 i~t~, the composi t~ $y~t.etti!'I 1nve5ttgated. their· ho': 

D. Mf.~HANlCAl. TB.ST ING RESULTS --· -

oorttinuoua t' lber~, ~o - th~ '.~tnlni'l!Rlm Si.ct.rat\-:} r~equ.trect · to prvduce · In 

aadi t ion. no ohoervat!on~ :were made ;ls -~ tl;le .. i'aUure mechant.mn of' th~ 

te~te<l ~peclroen~. tensile failure wa,_a!lsumed, ror purpose~ of 

analysts ·~ anc the stan.1ard · Modulus · or -Ru.P-ture (M:.:Odt. ! . equation ror --

tnree-p<;)fnt . flexur'e·· of 'recUfrlftU_lar_ prt Etm~ ..rns u~ed t,O ca1culat!!' the 

t: . ~ tr.,;:: . , ' i : .t_ ..... ... .. T, h l . X r 85 • 86 ~_<",. ::1g _,P va ... ues _ ... -~- eu~ ln .a ... ~e . _. 

can he at t~ibuted to mi saligi:iment of thr· ·chopped fi her!\ u~ed. Only a 

~mall perce~tage o~fibers are parallel to the testing direction and 

the mH~iughed·, -fi~~f-$ ,would ·act. as stre$~ :r.iserl.l causlng a decreas~ in 
~ :. ' 

strength.. ,-The low toughrie$~ value~ can also -be attributed to a ~mall 

. .:._". ·.,# ~ - . • · 

literature for chopp~d :c~arboil fiber ' relnforced·_--P,yrex compo!l!te~ are ,0 

times lower than these value~. 53 This may bedue to differenceg in 



f1 g. 43:·; SBM f.ra-ot-ograph or a Tyrann0 f'iher r.elnf:,rcr:~.j_ .cordier 1 te 
8pe9 .... m,:,n·. hot· ~ret:'~"Jd tn. acgon at i OGOC f(:1r 15 minutes, 
t,fiOf'I ·g r.rher (lehf'.tndlr~g ,and pUllOUt .. 

Fig. ijl.. SEM fraotogr.aph of a iy~anno finer rein.for t>:<~ cordrnr~t~ 
spoolro.en7 hot pressed in argon at 1150C f o!" 15 minute1,. 
!iiho~,ii ng r: ber pullout. 
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TABLE X 

cot1rosr.TE SPEC111ENS Wl'TH YAS-7 OR CQRDIER.!TE MATRIX 

-Fiber Flber Hot Pree~.ing Fracture 1-· 1 gurte 
Co:'ltins Temperature- Behavior 

(e>C). 
. Y.!1 -7 
-~ 

?fli40 none H')OO Br1 ttl~ ?4 
Tyranrio non€ lOOO Brittle 22 
Tyranno nonc.:i 1·150 F.Ib-er Pul lnu~. 25 
Fihs.,r FP none lOOO Br1 t tle 
f1be~ .. i:P none l:150 Brlt.t.lt! 26.27 
scs-6: none 1200 Hatr i.x era.ck .i ng ?8,29 
N450 Carbon l tOO* Fiber rvl lout 30,31 
u~.4.o. S.iC ttoO L.1.mited f>",.1U~ut J? 
NltlfO gN lfOO Limited Pu 11.c.ut 33 .. 

Cordlerlte 

AS-.Q (Uni) none 1000 fiber., .. :Puilou~ t9 
Matrix Crac1. ~ : ,~: ?0~21 

N440 nom.~- 1000 :Bri,ttl¢ 
Nicalotl ncne· 950 µ:r tt. tle 35 
Nicalon clqttl none 950 Brittle 17 
fiber FP none 1000 Britt.le 37 
Fiber FP none 1150 Br!.t.tle 36,38 
Nl~80 catoon .915:i.· "F'!b.er Pt.tllOtJt. J.9 
Nicaloh Nickel 930 Fiber Pullout llO 

Tyr·~n.110 none 1000 Fiber Pu·llout 43 
Tyranno none 1 l50 Fiber Pu 11 ,'.'l'J.t zt4 

•vaccum hot :pres~eo~-·.all at.her ~peCirr.er.~ hot pre~~wJ in ar~on. 



TABLE 1.I 

MECHANICAL TESTI NC RESULT~.; 

Material 

M.O. R • . Tes.ttnsCfStrepgtht 

Cast YAS-7 
YAS-7 Mat.'rix 
YAS-7 Heat Treated ·at 1'100.~C 
YAS-7 + 10% Nextel 
Y.AS-7 + 20j Ne.:>;t'3l 
Y A.S'-7 + 30% N_extel 
YAS~7 + 2oi CCN 480, 

Cordlerite · Matni-X­
Cordiertte. ~~- 20$ CCN ll801t 

YAS-7 + 2Q{,CCN ,;80* 
Cvrdlerlte -+- 20j CCN. 480*. 

~las_~-:tc· Modul i..lS ( Fr.om Bendi·ng-~ i)ata}' 

Y AS-:-7 Mat.!"' i x 
Cordle.rite Matrix 

~CCN ~80 Carbon c6ated Nextel 480 

Average 
-. Value 

Standard 
Devtatlon 

(MPa) 

198 
161 
186 
1 4 lt 
165 
1·0-a 
123 

135 
t3S. 

·lt. 2 

3--.:3 

17_1 • 
97 ... 11 

42 
30 
26 
19 
31 
26 
?.3 

?.3 
19 

0 .• 8 

30_6 
, ~. 8 
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th~ itlat.~lX-· tnaterlals and the ·. toughne~s of the matrix without fiber 

additt-~n~. c-,.:·The -. f.lber.~, aithough tntlmately m.txed with t.he matrix, 

··rorni~d clwiiiia wh_i.ch . al_!gned . perpendicular to the pressing :~-i:~_~pt'ion to 
, • . ...... ··-.. .. ~-, • 

produce · a 'tw~--d1m~hsionaf·'1am1na rather than a t.hree-dimen~ ion;:sl . . . . . . . . . 

r~ndom .·d!s,t.ribu~1on. ,Tfrt~ -0_1ttrnpl~g _. would ; .cause .. two :_problem!': :bhe·.~:-:,. 

first. problem 1~ the :non.;..unlrormity of the di~persion; the :--~econd 

problem is the anisotropy_ Which ·r~S!Jlts from that ~·lia·n..:.:tini'fcirm· 

dls·pers-ion ~- The toughnes~ -values lit=it'ed '"·ln ',Tabl'e · XI were oa°l:cui·atecf . . . . . . . . . . . ~ 

based on Sid :ratios '~o(.\~p'pfoii~Rl<lti?i"f, :.1r u~ing ~ lngle edglect ~'._r:iottjtfe<f.:· 

86 ' 
beams ( S_~!U~h_ · 

pre~sed :-10nc.l 1th ic cord tt~r i tc are 1 'f 1 GPa -and 97. h qp~, -,.~~~pecti vely. 
· ; ·, .. 

. . . . 

The~e values were calc~lated using ASTH Standard Me•:1 :~ ~- ; C67t:-81p from 

pt: 

r.he loact/deflec~i~n_-~ curve~ . generated dur fog fl~ :.c.1r1:~ testing . ..,., Raw 
. : . ···:: 

te~t lng data· an<1 !\ample c·alculatl_ons are pre3ent.er! in · Appendix C. 

E. CRYSTALLIZAiION STUDIES 

. .. ~ .-·_ ..... --~ 

candidate gi~~~:~~.ra.m~~ --~~~b~"pc:··ro'r/- cerami.c c~po!'i te~ tbe't!iuse, ::tt.··:has, 
. . , :· . . 

not been· pr~vlously:....ltiV~~-t..lgated~. -: .Experiment::.-; :-!'ftJi·· ·tne - cord_ier..l te. 

matrix -\.tere . prlmailil~y: coriduot.edr:io help deyelop ~~-~ fabr1catlon . ' · :_'· 

pz:-ocesses and to <provl,de··,~~p4r.~t-i v_e . result~ j,ihel} . ~ppl!cable. The 

sop~e of thi~ ~tudy ·e~pailded ' cori.s'i~erably when --~>(perimental re~ult~ 
• • ~ • . • . • ~ - :. t ' • . •. • •. 

. u_~1n~ _:the . YAS~7 :· ~~ti~i~/ ~~.ter:ia_f. -~ndtcated_·_ t~he po~~ fb ~ 1 t t~>or a.: .. 
polymorphic _phase_.:· tramifomaUon ·in .t.he YAS-7. gla3,-cerami<.' matr,ix. 

. . _.·... . .. ,: . ' . · .. • ··: .. ' ' - . . . '.. . . . . . . . : ,· . :· . - . 

glass -p_owder was 1n1tlally· doped separately with 2.0% of _T102 ·• Zro2 , 



and CaO-:whioh are -k':lown to t>e good nuclear.ion agents in other gla~$ 

~~s.tems • .. DT-A. ~a~ . performed on the doped gia.5~ powder~, but, a~ 

tllu~trated in · Figure ~5. no effect was ob8erved .1.if :t*i_'j><>'~l .tlon or 
., .. :· ;. _· 

~l.ze ._ or ·th~ crya_tail-17.a tion ex.o.therm. The_ dopant add tt irJr~:" did not 
. .. . .. . . . . . . . 

appear t .. o eff.ect: :the ory.s,tal:U..zat!on, or . ~he _glas~ t and t no rur-ttle.r. work-_ •. . ·•. . . . .. ' .. 

was attemted ·to enhance cryf\talllzation or the YAS-7 :wp~h nucleat·ton 

agents. 

2, Effects of.,. Heat<r:neatinents on Ca~t and : Hot -~Pres$ed YAS-"f~ 

Heat treatment.s ot · cast gla~~ $llvere (Table VIII) revealed ·no 

visual evidenc~~ ~Qf _. qr.ystalHzation. _·The ~.speclaiens: _softened at these 

sonerung. was detected by Visual observation up t,o 1200°c. 

~olor, probably a .. rf?s~lt '.:<>f carbon · and/or boro!: · nltric!e (BN) <!if fusion 

into the hot p_ressed bi -llet during hot pre~~in8 . Carbon or BN could . 

act as nucleation sites ·--promotlng· nucle~tion a·nd · crystalLi.zation in 

the · glass, inc~ea.si"ng 1 ts refractori ne3~. ·tr only rt ve percent 

Y2Si 2o
7 

(_dellsi~y ~--~·-.f .. ~lc~3)ltO cry~t.a l ii:zed · rrom the glas~ durlng h~t- , 
' ' ·; . . . . ... 

pre~sing the density of ·the resulting hot pre~~ed ~pectmen would be 

. . ~ 
approximately 3.5 g(cm-. _Thifl den,tty correspond, to the mea,ured 

density of hot pressed specimens. In . addition, this small amount of 

crystalline mat·e~lal would not be deteetab:te wi t.h ~tandard powder XRo · 

techniques. Transmission electron microscopy {TEM) would be effective 

irJ det~rmlning wh·e·tt1er_ the crystallites are actually -presP.nt and t.heir: ·.-__ ,_ 

ap~roximat.e··.sl~e. 23 . . 
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2%·Ca0 

~ 
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T . t (01.• _\, etnJ)e-n1 ur~ , 

· F.tg. 45. The ef-f {:ict __ of dopa ht.$ : on ·the OTA exothe~·rr: :: ;,\~!toci.ated wt·tt~ . . 
the· _cry$tal1lzatton of Y.AS~7 gl.:\~~. 
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3,._·-.c:.·r .. :E·~ Stu.die~· and the . Polymorphic Tran~formation:. A specimen 

of ~ast YAS-7 and a YAS-7 specimen hot pre$~ed at 1ooonc for two 

minutes were each cut 1 nto speci er.em~ for C. T. E .. measarement.. Both 

these spect~ns gen~r-~ted C.T.E •. c-.ines (Figure 46) ~hieh ~how the 

C. T. E. curve for the hot pre~3ed billet. sugge,g t.~ that ,,; the: .. specimen 

contained some residual stre~~ "typical of ir.completely :arihealed glass. 

Th\! · dllatbmetric so.rt.ening tempe~atures 'fd:n the~e two s~c1mens­

corresporid~ ~t.th / th•i '.'obser-ved-~ hot pressing behavior of Y.A$~7 • 

. I~) · i<e~1ping i.-.:i ~tl _the . p1:1rpose or this _. project. to -develop ·c.eramlo 

Next_el 440 fiber. to . form .$pec1mens for mechanic~ } .:testinv · rwo 

spec i.mens were cut from each. tlot pressE:d billet to b'e- n~ed ro~ C. T'.'E. 

mea~u-r~ment.- ·Typically, when.:a ·glass soft.:::-:::-, thB di-lat-ometer 

Specimen Wili f}f~\-exp_anct ag melting bef,n ~l S ,· then, _as· ·_ melting 

progresse~, $Oft-en and deform cau5ing a decreaae ···1n length . . · At. 

approximately 900°C, the ~peci_mens appeared t,o exhibit beh?.ViOt' 

typical of ?- ' glass speoimen.'·-but . lris~ead _ of deformi~g t the . $peel men~ 

st.opped expanding and exhibl:ted 'es~ent.lal ly >~-erb thermal expansion 

betw~~n ·- 9 . .00-~,C :and 1200°'ci ev.en=:·though heat.t ng CQntinuect at_ a. constant 

rate .. (Figure\ 47): ·_ .,At ·_a·pproximately l 200°C both specimen~ ~tart,ed to 

deform so . the dHat'.O!Deter run _was halt:.ed at 1275° c for the !:\peel men . 
. . . . 

conta1ning :20j fiper and 1260°C for the specimen containing 30J fib~r. 

:rh1$ halt .in>:_. expa_nsfqri '-:at . 900°.C _is .presumablv ·due to the · riber3 

sup_porting .. ~}1e dila_to~et_er. ~oad when the gla:.,s began to soften. 

-·~_ne hOt .-_ presse<1 -apec1roenc6ritainln~ tOj Nextel ·':~40 fiber was 

underwent a a~rupt expansion of 0.6% over the temperat.ure range of 
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Hot Preosed · YAS-J 

Cast YAS-7 

200 400 600 BOO 1ono 

Temperature (°C) 

Fig. % .. . Thermal expans i <:m cµrvep for ca~t ano h,)t· . . ;we,!."Hd. YAS-7. 

93 



Fig. 47. 

.YAS~7+30~ CltOPPED 
NEXTEL · 4-40 
FIBER~ -

CHOPPED Nl·: Y.'n:: i. 440 

~-"-~-L>L.--· --l1w---...r---.....:1-..,..,,..--...... ~----J ........... _.._ ..... ..........l ......... ,u-~---\ _,._J 
200 ~00 600 800 1000 

TEMPERJ\Tl:RF. (~ C) 

Thermal. expans ton . curve8 for YAS-7 c:ontaintng,-.20$ and ··: 3Qi 
t,ext.el·· 440 _fiber' hot pre!~~ed in ~r· ~·_-,n at 98p0 c a'nd 1000°c. 
re,pectively. 



lJOO~C t.~ 1.350°-C:.: 1<1ent'loaJ. behavior occurred again in another 

sp~cit0:en-.:~O.t tr~ .the·.· saroo __ ho~· ·pres~ed bl l let.. Both :1pet"!lmen~ 

uriderwe~t ,a , permane_nt. · expansion of appro~imately o. 5j. A !:econd !:.~~ t 

_or th~ :pr~vi~u,sl_Y:.'m~asured specimen · . .i~di:(?ated ,ortenlng hegtnni?!S :-!•: 

· approx~mat~ely'· P5~!:C~;::'a-\ beh~v~or:·~lml1a"r? tb-'a -viscoti~ --~~ltd Z Fir.ur·~ 

lt8L The C.T.E. beu,_een the first and the second thermal expansto:: 

te~t decrea~ed .tram 6.3 x 10:..
61°.c_rno·o0 c to 8so 0 c> to s.o x ,o-6

., 0 c 

{ lt00°:c .'i.i/\000°tY~·:: 

a. D1sc1,1~si0.n of U~e Abr:.:pt Expa~~: ~ Pr-eviou~ work by others 

on th~_ tr1ercial tXi)ctOi3i.On Of CCmpO~\l te::. Bho~e~. ~O ~V id_ence Of ~ueh an 

. ... . ·. 37-90 
aOrUpt-·-exmtnsiOn~ Thermal expan~ion~ of ·: compo·~i te~ an-d 

multlpha~e ~Ft.ems usually f~Ilo~· the ROM~lt,·B7.-90 Lfquid·:·rorm·at.l'on 

due to p~rtial ~elttni of th~ ~spectmen coul~ re3ult in ·a volume · 

increa~a:· ··the 1 iq_ut<! forme~. however, would prolnbli not he able to 

support · the '.'!ilatomet.er l~ad. ·and .tne' specimen would ·deform rather 

91 than e>epand. · 

Becaus~ the C. T. E. is expe-~t:ed to follow th~ ROM 'ih a mul ~-iphase 

~ystemT if one :phase- relaxed .'. t.he overall expansion of :.' the 'ri1a~e!"1a?. 

WO'.,U.d assume: the _c:;•1\ E. · of:_ .the_)"ema i n_i ng pha~~ • . ··xf· }he· lcn-1.er C. T. E. 

materlal ~oft:ei;t~Hh· ... t .he~.th~rfual e,c.pansion of .~_~t~e _.: niater-ial .could 

suddenly: increase .. ·· ·:To1-, is n~\<likely to :·9_c:four· iri this particular · 
. . . 

ca,e, however, unle3S .· the r~~~ini~ phase had .):i extremely high c. T. E .. 

which could then cau~e t~e rapid exp~nslon at 1280°C a~ observed. The 

only ·other· phenomena whlch ,-coµld .. cause ~uch an abrupt exp~nsion in a . 

· · .. aa,91 
material would be_ ,a polymorphic pha~e t~ans.format.ion. · Large, 

8~dden .· e~pa."ri~iona·· 7are ~fteri "observed during polymorphic ·: tr·a~:,\_..::. 
"- . . -· . . . . . .. . 

formations such as the a- to S-quartz inversion which is accompanied 

by a sudden volume expans1on _of approximately 4.5% at 573°C .. 
12 
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,: ·.A specimen . of YAS .... 7, hot pre!;1~erj at. 1000<,} C for 15 mi nu.te8. 
. . . . 

prodtJ:c~d a normal · expansion curve when t~~:..~ ted i:i UH~ <Ji la t.ometer :; p VJ 

1285°c; expanded 0.86$ . betwee"n 1285°C and 1345~c, d·~fr:wmed o.nr~::-

revealed that th!$ spectmen had begun to foam on the top ~-....:~--r ;... ···0 

( Figure 50); $ince this bloatTng effect wa~ mainly confine :~ ~.r., r:l°'·-~ 

inclusions frotn ttot: pre!'.\.8in9,. $EM examinatlon of the t~xt .. er1or ·:if ~-~:e 

bloated sur-fac.e: sh,')wed needle-like ;_c._ry2tals in a .smooth porry:)~-:. •r1atrtx 

(:"'iguPe 5.1). Analysis of the cry::,t.a.l~ ·and the surrotmctlng mat.rix 

us.tn~ EDAX sho ..... ed the - cr·ystal.$ to be compogeci mainly of an yttr-1 :11,· 

" . . . . 

silicate; the matrhc..was compO$ed pr.imarily of . .an al:..1mlnum ~i L\.C?,.te. 
: . . 

SEM analysis of the unbloated ~ M hot . pressed .~urface (Figure 52), 

~howect a much di fferent :mlcr'.oi4truc-t·ure t.han :fhat of "the foamed ~urface·. . ' _.. =- : .-::-~~·.. -.. ·· ' . . . . . . . .. . . • 

. . . . .: 
. . ·. . .·. . . 

was te~ted iri the dilatometer; this gpecimen abruptly (~··:pandea at. 

l270°C, 'the di1atometer wa~ Shut off ~t i 30occ ~ and the Cooling eurye ( 
· '. ... . . . . . . . . .. - . .· .. 

wa~ r-ecor~ed· (Figure ,53) .. . The C.T.E. of °thts specimen on cooling waft 
. . • . :. ;i<r . . . : >. . . . .. : 

5.8 x. ' .10 . I 0 <Y 05.0°C.:: to . 115Ct>C) compareJ to the ; C. LE. of 7.? x 

. : ·;...fr . ·.· ..... .•.. , . >. ._. 
10 . ... / 0 c .·("lJOp·<s:.c . to l000°C) ori heating. When r ·etest.ed, this $pecirnen 

exhibited behavior shnilar to the retested 3pecimBn of YAS-7 

containing 101 Next~l 440 fiber ·: the C.T.E~ cur~e was linear and has 

- .. . ;. . . . .. . ' •. . -6 · () ~-~.C·T:·:E•. pf 5.3 :: ~·-:10 / _ c_ up to · , 2ooec, :at which _Polnt it began r.o 

soften (Figure 53). Powder XRD of the hot ·:pre~sedbi_llet and the 

C·.T··~~.; specimen after this second t.est revealed ;that.' the crystalline 

phases a-Y
2

S1
2
o

7 
and muilite originally pre5ent. tn the: hot pre~:-:;ed 

specimen had changed to S-Y 2,si
2

~
7 

and mullite. 
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F !.g. 50:; · · Phot.omlc!'ograpt1 of .t11e · bloated t.herrr.nl expansion 
spectmen. which produoed -the tharmal expansion ourve 
illustrated tn Figure .-119. 

· Specimen Length,.. l !nch 

Fig. 51. SEM photomio~ogr-aph of the ·bioate.d·'·aurrace · of the 
· .speoimen depf-cted in . Figure. --so. 

· Bar ~ 1 Oum . · 
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Fig. -~fa;J\ SEM photQ~~crograph . o.f · the .hot. pres3ed , 'i.n1bloated ~urface 
. . : : ?}; or the .·spec.imen depicted in F1~1re ~C. _., tt -. ,. .Bar.- ,,. 1 Oy.m 
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l'.EMPERATURE ( '' C) 

Thermal" expansio}i'· '¢tirVe~ ":fo:r monol i tl-1 i (: Y AS - ( . ~peci.men, h()t', . 
pres!:led in argon :a.f fooo·0 c fi)r 15 mt nut. ~~ :, . 



A. second test of _ th13 epecimen showed a ·o. 48% expan~i 1.:-in b~ginning at 

13 45°C ~ 11 lustrated ... J.ri _ Figure _ '5~. This 3peci men ~app~ar~d /slrnilar . to 

-· the · specifueh: depfcfec(·-tn . F.igure:·-·50·. , E-xamln'at ion "otr,thl:·,~flatome.ter 

apparatus showed the aiumlna ~pecimen holder wa8 ~ri~center in the 

furnace which could have resulted 'in a thermal gra<licnt. heating •the 

· top-"·or t"tie ~pecimen -more ··rapidly· than · the ::fo·t tom. 'Thl~r···c:ou1ct eipTa.1 n 

the _plo~tA.ns. :obser"V·ed ·in t.he 'upp_~r. . ~urf~ce. of the spe~imen. Po,,1der_ 

XR~:, of ·us~1 .... h_qt ,~pr,es~ed a~ l:3P9~C-for/ .1-5 minut_es, .. , 1.nd1cate<J : 1:. 

"::~:, ~}·.~fned':\mullitcF·ar1d s'.-Y"2_SliJr, .. The · C)~"/P. ~$ :.,for.- ·th~ ·above ,pee:i:nen~ 

and t}J~_:i ide.nf(fied q~ys.tal. phase's 'are listed .ln . Ta_ble . XI I. .. ... , .. ·,- :,, . . · . . . 

b. DTA Anal·}·s1·s.~ . _To· ~eter)Jitn¢ whether a polym::wphh; pha:? ·: 
• .... . • ·., • : _ •• · • . . r 

tran~formacion . was occurring iri . the _YAS'-7 glas~ at · or -\~round 1300°c,: 
. . . . . . . . ·. 

DTA wa~ performed on :a· -'sfaalL'block:. of hot presged fA~;7_>p:ius ·· 10$ -:· .· · .. . • ' .. :· .... 

Car.iparison of the_· OTA curyes · or hot ·p_ressed YAS-7 _··_plus _, O'.t Nextel 

fiber and YAS,;_7 glass· ·,how that _. fiber addit..ion~ :--cause -a -sruall 

affected ·by · c~ushing the sp~clmen, indicat i.ng .that the YAS-7· gla!{s\ p~ - · 

not sensitive to surface crystallization eff'ecr.~~- A change of sl~pe ·. 

which occurred at -app_roximately 1280°C coul<j _corresp~nd to the 
. · · .. · . . . : . 

polymorphic ph~s~ tr~ns~ormation_, partic~larly i _f the transfo_rmat.fon '. ·· 

. · - · - 24 
does _not require or .produce heat. _ Melting of the OTA specimen 

b~gin~ at ·13_60°C cind ts denoted by -~ sh~H'P endothermic dip. 'A ,econ~ 

OTA measurement of the crushed specimen .showed no exotherm :..-~· .-:.-· 

endothermic reactions up to 1350°C, the temperature at. wh\('.~1 :-~ ... -: test 



Fig .. 

I 1.0 f 
~ 

~ 0.8 
w 
~ 

-< 
ts"l O .6 z 
i-4 
i-=l 

~ 
~ 0.4 
u 
~ 
w 
~ 0.2 .·· 

I 
...._..,._.,_:~f:·-·· ~-~--.a..--~-J~.J 

200.· .'409 ,' · 6~0 1000 1200 140f1 

·TEHPERATURR · ( ° C) 

r-1, 
. :>'t • 

p~e~sed· 0 .t.n. ·ar_gon at. 1300°c for 15· minute$. 

103 



Specimen 

·cast 
HP 

-t20% N4~o ·, .. 
+30% Nli~O 

+:10% . Nl4li0 
(Test t) 
.( .Test 2) 

·:HP· at 1000(\C 

HP at 1ooo<>c 
·( Te~t 1 Heat) 
(Te~t l Cool) 
(Te~~ 2 Heat) 

t{P at 1300~~ 

TM\LE XII 

YAS-7 C.T.E VALUES ANt CRYSTALLIZATION PRODUCTS 

c.r.E. 
( 10-o .,o,.· 

. I . ._. ! 

-6/it 
-6~Yr 

··6/ 3~ 
7 ~.2 

6.33 
5.03 

7~3 

·r ... }s 
. =.5 ;.~33 

5·· .;5 
. . . ~: . 

. 4 •. 56 

Tempera t.ure Ma:< 1 mum 
Range < 0 c ) Temp. ( ° C~ 

3:s·<>;-890 915 
~00'~700 915 

;400.~700 -1275 
55·0·~990 1265 

iiqo~a50 . 1385_ 
4pn'.""tooo 1300 

500-1000 .1395 

400-1000 13·00 
350-1150 
100 ... 1oqo 1320 

llQ0-900 1370 

Ctys'tall!ne Phase~ Fig·-..1.re 
._ Be(-Q):'~ After 

,\morp.hou~ 1~6 
Amo:·phous 46 

(: -"f • 2S ~7 
·. ! ··Y • 2S ll.1 

a-:-Y·2·S ~8 
4c . ., 

a·-_y,.zs~·lA· 2s S-n_2S, 3A•2S 49 

a-Y•2S~3A•2S 53 
: ·· ··:-··, ... • . 

6-Y•2S,3A•2S 5.3 ... .. 

B-Y. ~.2s·, 3'.A • 2S . S-Y~2S,3A•2S 53 

3-Y•2S,3A•2S su 

y,. 2S • Y St O :.,'- ... 1 
3A·2S f6: ~ulfi _.f• 
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Naxte 1 41~0 .Fiber 

, ·· ·- . ..--··, -_.: 

Block :o·f. ·_;'ti..s·t :t 
· Next;el 4!JO'"-¥iber : · 

Second Test 

~ ..... ~--, . ....,. 
r - -. 

YAS-7 Undoped Glaas Powd~1 ·-
..,_../'' 

! 10,0 !200 

·Temperatu?"-e ( °C ·:, 

..... -· . .... ·: .-· 

···: : .. - ... . . • . • • ,- -"::;} ·' 'I,. ·· .... ·• 

. : _ .. .... ,_ :·_ ·• _ ... -.. ~ 

.. ..... - .. . .-~ .· 

a. 

··_ ) : :· :~~~; ~ 

F·~g. 55. DTA cur't·es for undope(j YAS-7 powder a:1J t:G~-- pre!:'~ed YAS-7 
containing 10$ : Nextel ·111.IQ : f lber, bull< a1:d crushed specimen~. 
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~a:.r".:t ·erm1natec1; DTA .. ,wa~ :also performed on :-;i specimen of Nextel lt~O. 

fiber:-- : ~ ·determine · if the: fiber ls thermoctynnmically ~tab11:> ln air up 

to 1'300° c·_.: No re.aCtions were observed. 

c. The Pol;'lllor,2h.1c Phase Transformation. A previous Study on th~· 

cry.stall i z.ation:, of YAS-7 showed t.he .~rystalHzat.ion product~ of YAS-7 
. . Q; 

to ~e ·s-Y
2
st

2
o~j'~ ,·y".:..1

2
s1~0

7
• and SiAl

2
o

5
, or sil limani te . .,c Howev~r. 

. . : . . . 

the crystallization temperatures used iri that sttidy were below the 

Pep·orted tran~fOr'ltlatfon····fenipijrat·ure; for . 0"'" tc{ ' fr..;y·?., Si ._;o., ;-~iricf .f3- to 
. ,;, 

'Y-Y S1 0 :'o( 12?5°C. ~rid . t44~0.t-rtfopectively. 
41

-
1
'
5 0

The·.: formatio._n_ <?f .. 2~ ,-2,.7 , 

c0nditions, ~:!d 1~ is doubtful tha~ t~~se ~~ondltions coul~ have 

· - .. . 93 
treatmen~ of YAS-(. 

\'· . 

the 

formation of . 3Ultmanite_ rs, highly unl-ikely and th0 alumii1osilicatc.-

phase is more probably mullite ·(si
2

~1 60
13

); ·.t.i=> XRL ~1r.terns .for 

sillimantte and m-,;lllte- ar'e''v'ery s1Milar,ano 0M· can easiJybe 

occui· at' i 2?.~j°C (Table 

. . , 
account for -the lan~e expans:ion. ·which besri nf\ at 1280°C. H~F! ·, - - : · .. . . -

' !p -li·5 
transformatlon·._n(also describe~- a8 reversibl;:' ln previo;;$ work, ' 

but is . not observed a~: ·reversible in thi~ !\t,.;c,. I!' the obser·ved 

expansion is due to- _the·polyrn_orphic phase transformation Df a-Y 2~·a 2o7 

to .- 6~Y2s1 2o7 , lt ts -_ po~_sible >t}:ia): th:~ Al 2o3 in the YAS-7 gla~~ l­

acti_ng as a dopant ln· the .structure of the Y2Si 2o7 thereby sh!fting 
. . 

the tr~arorrna t ic>n ···temperat~Fe \j,warct~ r rom 1 22s0 c to 1 280° c. 
. . . . -. . -.': ... ~ ·. -- - .·. ,,:: ' ·: . , " ·~-- - ·. , ........ _: : .. : .. . .: ,._: ... '. . ·.. . . .· . 

'fhe COmp6und Y 
2
Si 

2
0
7 

~as f~bricated US! ng hydrot.her0,1°L proces~ ing 

techniques from reagent grade yttrium nitrate and TEOS. The raw 
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chem.oals we~ put tnt.o .so').ution using ethanol and gently._ heat.ed until 

then" heat: ,treated at . 500°c· for 24 hours to remove the organic~ and 

nrtrat·eii~ ::The: result'.1ng 'J)owder.·.waff· det·ermined to be amorph·:> ·;5 ·using 

powder XRD tech"riiqu_Ef$.. DT.:A shq:¥1'.ed an ~,totnermtc peak· -·~·~.soc! at.ect ~with 

cryst·allization· .. t'°C> ·be~ln . ~ -~- 9.~0°C . Wl.th· the maximum occur·r i ng at 

f050°C •.. At '1'2C0°C an endothermic ··dl~contlnut _ty bt~gan whi~~h ended at 

l2~3°(1., atiotlier exotherfufC 'T~eadtion 1f~glln- ·:at l 4?.0°C· and the ·fifst 

reaction. an exo.therrnlc . d.1$CP·.n~·l?lµiJy, occurred at 1535"C (Flgur-e· ·.5.6). 

tr'a ns format.lon ·temp·er.attilie.$ :.of 1225°C;· .1-ltl~5°C. and l:S~.5.0:C:~.asYr-eport.~ 
·. . . -~y:/ lf2 . 

in the ··literatur·e·. •· A ~pecimen for t he~ma l expansion t.e·$t1ng · 

measuring · 1 /~tt x 1 /lP' x 1-11119, was compact ed )md placed in a sr.iall 

furnace to · sinter... The $pec1men was ~1eate fj at; 900°C for 5 hour~,; t he 

temp_eratur-e tncr.eas:ed to 1000°C and tleld for 5 hours, th.en wa~ 

incr.Gased t-O UO_QO:C nnd held fer i 2 hOUr !-1 . ··It· was hoped that th€ 

rnate~tal.~. ·wni-~~:.·was ·· amorpbous; ·woul·d sinter ·to sufficient strP.:1gtn r.o 

af't~r hol.d1ng .:.: for :·, l2 ~hours·:·at ·1100°G :t'he ~pe.cimen had di;3intr.:grat.ect 

t~~i~:~: .flrva···powder~ Powdeh::·XRD sh_ow.ed : ~~e . specimen to he our-e 

'1'.:'?·l·~~:~~f.:; . It appears :· tha.:t·:~:the '?cr,ya:t:allization Ci-Hl~,es a ehange ln 

.voi'uriie::.wh.lctr. · 1s.: s'ti!f.iclent .tcf:;·dest.r.ciy the specimen. 
• • • • • ,r •• _ . -· · · c: . . . · . . . _ _ ••• . . ·• .• 

· .· .·. 41 
Using the . uni.t :-ce.11 volumes for a- and {~-:12s12o7 a volume 

. . . . 

expansion of ·_.6,._66·J -: W,.as ca1~·u1at.ed . for the phase tr?-n$forma't .1on. the 

line.ar -_e~pansi9n ::::r,es~lt:1ng from the phase tram~forma t·. i0n for · a 

_r .ect~~~ar-· Pf-1::s~~:~f ·.Y.2S·!2~7: wae · calculated assum!~g 100:i ·c_onversfon 

of· a~ to .B-Y2si
2
o~r Fr·om this value, aata from the YAS pha~e diagram 

and the percentage of the abrupt expansion from the C. T·. E. of the 
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YAS-7 spectmen C Figure 4~),. .hot pre~5ed at 1000°C. t:.tie_· wefght. 

per~~entages. ·or- ¢rystalline phases were calculated to be 111. 1 weight :I 

S:.Y~Si:}\~:_., 24 ~::1 ·· weight . J : 3Al~OJ. 2Sl02 .(mull i te). and 5. 7 w~lght 1-

-~~Pf Wl th -the r _ematnde;r .': ( 23. f weight %} to 'be a g.la:;;s of compO!~H 1,:)!; 

YAS-7 ~ Thfa:· corr.elat:e:s>=well·: with .. the t qf.'ystalline phases .id~ntif led 

With powder XRD an<i_ ·the .-observed ·pea}: . intensitie~. These calcul:,t.,ion!~ 

are presented in Append1 x . I?~ . 
. '' . ,. . . ~ .. . . .. . _ 

~, . Ef feet of ~o~ • .. Pressinsr on the .. Matrix . Crystal 1 i 'l..~ ti Gn. · Pow<ier 

XRO analyst~. of hot press~d YAS_-7 matricc5 revealed. that 1f the 

~pec1mens· were held , at a: maximum temperatur~ below n 50?C fpr a short 

ti~e, .· ~~e'. lN,s ·t:hait thr.ee-i::m1m1tes, th'e ~pectm.~ns would t~matn X-Ray .. 

amorphous. .SEM analys1~ or these ,pectmeris ~howej ,: bi-pha!'e material 

which appeared t.o have glassy inclusions in a cryet.alline mat~ix 

( Lgure 57). Holding the YAS-7 glas~ under pre~~Jrt: at the maximum hot 

pr~3si ng temperature for approximately 15 minute~ will cause YAS-7 to 

cry~ tall 1 :z.e. :Ideal'ly, the YAS-7 shotJld be hot -pres~ec at 1 300° C to 

allow the u- to ·s-Y 2s1 2o
7 

polymorphic phase transformation to occur 

;.;~.ile in t.he con_fi_ri~~ or the hot pre8~, ther-eby stabilizing th~ :r.atl'.lx 

and allo...,~ng: YAS-7 matrix composites j:6 be utilized up to 1200"C. 

Hot press.i.ng{ SG..::2661..{ fo~" :t,5 · minutes at t.err:p1::r-3'tl.ires ·.fr.om -950°C to 
··. . ·- . . · · .. '. . .. • - ·. · " '. . . . . · . 

1250°C c·auses SG~2,~-6r:,{\~· cr;sta111.:;.~-to . ci-.a~r,dieri _te. SEM analysl3 

indicates that th~ ··fractura -surf~c-e of · ruonol i th i ,~ SG-266M contains 
- . . .. · .. · . . -· . • . - . -; . 

multiple fractures folio~ing the · blocky graln ·structure; the material 

ap?ears well dens1q~d_.\,1 th xery. little ·. porosity J,Plg~res 58 and 59) . 
. · . . ·· ._ . ... · .. ·.. . . : . ... . . 

DTA analygi~ ~how~.(j -~h~:~_: _dop1ni ·:Sc}-26-6M. separately ) w~tt~ 2.?% ·-J102 and 
.. 1-~· "':·. . ~ ...... ... (- .. .. .• -·._ . . . . . 

Zr02 .re~ult_ed. \~,~'·'.a_ . .-J::9i:i·s.i~et'?,ble '.:~hange : _in . . the exothermic .- p~al<~. 

associatecr: wit.t{·crysta-iitxition'. ( {1gurfj' :60)'. ·. w lth Jiti~ .. :-di'sco.very t.ha t 
. ·. · .... , _ . : ... . . . . 

the cordierite matrix would readily crystallize through the .use of 

longer hot pres'sing · ~1mes., a~di tional work w.i th dopa.nts: w~s ; suspended .·. 
:-. , .. _ . .,_ -· - .: . . . :' ·:~ .. , : . . . . : .·.·. ·. 



fig. 57·.: SEM fractograph showing glassy '-lnrilus.ions ·1n monolithic 
YAS-7 ~ hot·: pres8e<:Lin ·argon at '_::fo.ooc: for 1 5· minutes. 
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Fig. 5-8~.- SEM ··rt;a;ctogt~ph ~f mon(>l!J/th~b_:."c~r:d1eri te .gfifae~ceramfo,_ ~ 
hot pressed 1n·· a~g<>~<a~-::_9.5o_c.-: .. "for_· 15 ~lnut_es ~. 

Fig. ~,9. SEH frac~ograph . of monol1th1c c-0rdlerite ~lass-ceram.ic~ 
hot pressed in argon at 1250C f'cr 15 mim! t. t?.~ .. 
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SG-266M + 
2.0% Zr02 

... · ., 

· sG-266M ·+ 
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.. t::::==q:;= v-::--:-
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I 
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Fig. 60. The · effect or.:, 9opant~· on the DTA exotherm$ a~,oc lated wf t.h 
the cry~taHtzataon of cordterite gias~·,. 
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V. SUMMARY OF RESULTS AND CONCLUSIONS 

A. PROCESSING 

Techniciues··were developed for the production of di~contlrJY).;!~ 

f 1 b~r rel nfor..ced ·oompos! te:-,i ,using· a :_SJ.urry. method and a roller ~'aB t. i r.; 

method. These techniques provided specimens for determining ·v1~ 

exte.nt of fiber/matrix inter·a:ctlon as a function of hot pr'=!\$!n~~ 

tetnpet"atUJ'"e, an(! fOJ' (!~termining the ef_fect°ivene~S Of U~ing V;tri,"),;~ 

fiber coat1ng5 :·to reduce f.tber/matrix inte~actton. Roller ca~ting 

met~~d~ pr9ciuc~~i: promlsing re~ul ts · t'or th~ ., f.abr !cation of lal"ge t;..;o 

dimensionally:: orlentate'd -chopped fiber lamina,. A. ·rparne.nt wlnder was 

de~igned and built'·::_:to',:5fari.ll.1'tate·.:~tie/fabr:fcation of unidirectional 

':ctmlna prepregs. 

Tne oi:;cimunt hot pressing parameters were determ1.:wd for the YAS-7 

and cor.dieri te matrices. µen.se ·isp~oi~ens were p'rOduced at hot 

pressing.' t .. emperatures as. low ~s 98'0~C and ·9t 5°C t .or the· YAS-7 and the 

cordierl-te: matrix, respectively. Th~ optimum ·densiflcation pre$sure 

\.:o:_\ determined ta be 3~5 :11~a ·_csoo psi) anu higher densificat.ion 

preasures were de~med unri¢ccessary. Hot pr·essing $pec1mens in an 

argon atmosphere·:produced .' iiatisfactory result~ and vacuum hot pre~sing 

did not show ariy:··slgnlflcant ·advantages. 

B. COMPOSITE SPECIMENS 

Specimens fabricated with uncoated Nex~.el. Nicalon, Fiber FP, aod 

SCS-6 exhibited bri'ttle fracture due to fiber/matrix interaction~ and 

chemical bondl~g~ .. ·to~~filgs· or ·, carbon, BN, nickel, ·a~d silicon carbide 

reduced fiber/matrix ' interaction ' to allow fiber de'bonding and pullout. 



Uncoated Tyranno ft'ber ~Khihited fib~r debondft18 arid Pl4:tout wtien 

incorporated intotl'.le coY'di.ertte·matrix at ootn .hot prea$1ng 

temperatures_ (1000°C and 1°l50°C). 'fyranno.·fifier·. :honded to the YAS-7 

matrix at low temperatµr~ (1000'>._C_) -.-prqqu,cing· ,or.it.tle fracture but 

Discontinuous fiber reinf9rced composite .spe¢.1mens exh.lbited 

lower_ strengths than the monolithic matr.i.x specimens, when tested in 

fle'XUre~ presumably due to misalignment or the reinforcing ·fibers· in 

the compostt:a.: specimens. It 1~ expected that optimum comoosi'te· 

mechanical properties will only : be realized tnrough the u3e or . 

unidtr.eQtionany- aH~ned continuous rtbere.. The--··e1astic modn.l i-1 ~ 

calc~lated·. from·· fle~e dat·a, 6f monolithic YAS-7 and corctierit"e ·w·ere 

171 GPa and. 97 .14 GPa, respectively. 

C. CRYSTA LL IZAT-ION' OF THE ·.GLASS!'"CERAMIC t4ATRICES - . 

Differential thermal-. analy~is ·showed that dopant additions do not 

affect the.crystallization of the YAS-7 glass, but greatly affect the 

the cryst·ail.1zatlon o_f YAS~7 and .·also ·appea~ to act as porosity sinks 

causing a dt·amati:o decreasa in the '!AS-? m·atri.'<. porosity during hot 

pressing.· · Hot pressing.· al~o .a·ppears to 1 ncrea$e t.he high temperature 

dimensional 3tabil~ ty . of. the YAS-7 glas~ provid~d the gla~3 is not 

under an appli~d lQad. The-glass remai.n~ X-ray amorphous when hot 

pres$ed be1ow i 050°C for sho~t J_.1.mes.·, 1.e. 2 mlnut;.es or 1 ess. 

Hot pressing greatly enhances c~ystallization in both the 

cordlerit.e and the YAS-7 ::· mat.rices when the· specimens are held in the 

hot press at ·the maxlmumttot pre5sing temperature for .15 minutes. 

Powder XRD was used to identify the crystalline phases formed in the 



Tl5 

~g-l~f\'$f-:C~r:,alillcs_.~_:-· cord1er1.te ·· ~ryst.al.Hzes to ct ... cordie"ri te .. -YAS-7 . 

~-rrs.ta;t-,;~,~$-.' ~<> :n\U_l,ltte_: ~n~·, ,1_:Y2s1 2o7 when hot pre3::t+-)ct at or belnw 1~?50°C 

and cry~talliz·es ·io ·mullite and · 8-:Y2s1
2
o
7 

when hOt pre$~ed at 13C>0°c.· 

. Ari abrupt-~e~p~nt\t.on _of·' apµ.rox_fmately o.8% begin~ .at. i280°c, 
. ~ . . • · -· . : --~ . ·: ' . . . =- ·' 

Thl$ expansion:_is due; ·to :_the di~_pl.aci ve . polymorphic pha~e 

. transfohnaffon ": ·or::a.~fjjf~o/·.t5~-:5}: YfST207 which I . al though 1 t~ted . as 

reversible in the· 11 t'er-at·r}ri·e ,- \ias not ·ob~erved ~,t:6h:i~<~e\tet$.fhle ·Jn 

the Y
2
s1

2
o
7 

pha_se· a1or,e W?re:: un~D.ccessful. If.YAS-7 ·1s hot . rwes5ed at 

-1300°C ,.· : B-Y 2St20T ancr_ m'uiJl.~·e·,fe_sult and the -'tn_1~tix Js ctimenslonany 

stable up :t/f 1200° c. 

D. J\DDITIONAL OISCUSSION .. O:(THE YAS PHASE DJAGR/t;vi 
. .. · 

. Figure: 6\: ilitis.~fa.te~··:'.the cd~potd. u on 't:~a··~:ngles <let.ermined using 

t.he inVUPiant.,. pOirtt; .and_ 'their. re~p~Cti ·1e eqUi Ii bri um. pha~e.s -On the · 
'. . ·~· ' . 

YAS phase. ~i~~ram. 37 . : Th·e . compos·i t.lon YAS-'/ lies in the Y-2S, 3A-2S, 

2Y-3S composition: trtangie and therefore, under equilibrlum condltlon~ 

would contain thos~ three c6mpound~. It is .also evident that there 
. .. ·; .. • . ·,· ... .. 

would . be appro_x.1-tJla~~ly '. e·qu_a.i .. atn0u'nts of Y-2S and 2Y-3S judging from· . 

the position ~f YA~-1 ln~id~ _the composttion~trJ~9gle~ The bihary 

phase dia_gr'~ _(Figur•e :.62J?shows that 2Y-3S decompose~ to Y-S and y.:.2s . 
. .. . . ... . · ... ,· .. :,-· ; . - ., . 

at 1650°C and would not be stable at room temperatur~. In the YAS 

phase diagram, alumina mtIBt somehow stabilize the 3Y-2S structure to 
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fig. 62. Yttria silic3 b\-0ary phase diagram. 



. . . . . 

allow- t.-h~ compound t.o. be ~t.~ble - below 1 1wo0 c. · '{Mf-1 unde·r th~~ii · 

cii'cumstances· should crystallize to 3A-2S, Y-2S, and Y-S however, ~10 

Y-S 1~ observed in any of the crystallized ~pecimer.s. A recent ,tudy 
. q, 

of the -.yttrium silicate~ · ·.s~ggeatt' that there t~ not. s:.iff1cten;; 
. . . . 

ev1den'6e.-··:t"p~·-supporf-:_;tne···:exf-s·t~:rice>of· ·the. 3A~2S · compour1d wtil l(! .anot:1er. · 

-Similar d!~crepand~~ in 

the cry~tailizatlon products in the YAS phase diagram ha·1r;~ been 

· · · · ~ 94 · 
observed by another investigator. -· Tal>1.e )(III -H~-t~ the · exp~:'imem~al 

~n~: the.orer,.l~aJ , cry~_tal,J.Jzation _P.r.oducts ·-°ror compost t.ions in th~ YAS 

phase .d_ia&t..ant." .. ~ The~.e .result;~ su_gge~t t~at. ··.:tl)¢.:.Y.;2S: region :LS 

·oon&.i_cterab).-y -:·._r~r,~_er,.::_than rt _4pp·~ar3 ·on ~-thi{:,~,ur,-~en-t· . .YAS phasu -die.gram --

assuming the . crystallized :spe.cimen~ are .l~i eqµ_iJ)~rJu.~. 

r.ne accompany 1 ng . composition · tr-iangles could be altered as llltis.trated 

in FfgurEf : ~l._\ \ Tnfs prop6_s~ed phase .. _diagram would -:correspond · t~ :.t.he: 
· . · , ' . "=· . . . 

.. .... . - · .. 

exper.1r.ient:a~· re~ul ts wlth ·. the "except ton of compos i t. ie:n ·n .· (.Table :: .. XiI I}. 

Th!~ prows~d -pha~e-:diagr.~ could : also be fea~ible_if the 2y..:.3s. 

compound .. Js:·:.riot: ~table/ beiow ··:1:~00°c an·d was ·used ·.- to calcuiat"e the:·-. 
. . . . . : · .. ·. ' . . ... _ .... 

temperatW"e XRD ~hould . be · performed ;)n powders, prepareti by 

hydrct.herf!lal _ metho_ds; ln: both the .yttr1a-2ilica binary and. tiaf: YAS 

ternary . diagram at temperatut'es above wt:k~~ the _2Y-JS compound i.-s · 

stable. If high temperat_ure XRD 15 lmprac1:iea1 ~- rapldly qucnch_ing the 

compoun~ :ma.y r _etaI-n t~e structure for analysis 2t -roe .. temperattl!9es_ •. · · 
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EXPER-ThtENTAL AND THEORETICAL. CRYSTALLIZATION PRODUCTS F'OH 
COMPOSlTlqNS IN.THE YTTRIA ALUMINA SILICA SYSTEM 

. Deeignatfon Comp_osltlon 

1 11 ( Ref • 9 4 ) 
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2
o
3 

s • s10 · 2 . 
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VI. DIRECfIONS FCR Ft.rrUHE WORK 

The primary goal of future worl< sho~ld be .· the :devel9pment of 

proce~s1ng parameter_s for t}:le ·Jabrication . of unidtr·~ctlonal f.iber 

reinforced g1a;s-ceramlc :>con1po~lte~ .· 'The··.temperature ·,tablll t.y o°f. the 
. . ... . . ,,, 

Tyrarin"o ···fiber ne~ds to be determined and unidirectional Tyr~r.r:r: fiber 

r~i nforce_(composi te specimen~ should be fabricated. Thi, f i h".: 1, 

U·:e mosf · prOOi!'i hg :cdndrdat~e ror.. US~---:f-n·: ~la$~"'.'·Ceri3.I'liC rr.atri X 

comp_osites: be_catise · 1t ~ does_ noLrequlre _a. coating. New._~high 

t~·~p.er.at.tir..~ f.ib~"r'< coa t1 ng, . nee.a to be ~ev~.lC>p~d. _~nct ev:abated f 0r \.I~~ 
. ·. . .. '··· . . . . . . . 

With T~anno c1.'ri.if ,~ ... ,her av-a 11ati1e fiber cerarn \ c f1ber$. 
. . ~ : . •': ~ 

The· effect of' :: hd~:·~:pre$sing time ."on the · c?°~ys~~lpzatiorcof< ttie 

matrices · needs}~ be inv'.estig~~-ed fur.f~~fr.·; _,_, The ~OP-tJrnum:·.holdfog t.ime 

and temper.atur.~ '··sh6tilcf: be ~eter~in~d:· fm·: both mati.tces to maximize the 

cry:5tailtriEf :COI1'ten·t :•· Tratl.sml$S_fo.n .. electron. microscopy ' shoUlQ . be · used .. 

to quan.tHatiVely\ analyze ·fiber/matrix interactions ;and -the .. erre·cts of 

fiber: a~dft~oqs:_on the crystalii_~~-~10:11 of the glass .. ceramic matrices. 

cor.'dfebit'e ls an . excel-leryt· matrix candi da t.e J:or· high te.~per-a tu.re 

g.l_a,.as--cemurrfo matr}~ _c9rn,po_~ftei,;:: · ·eorctierl te, wheri. ~ompletely 

cr.vs:t.al-l·tthliiL shou1<1.:be :usahle:·<"to, i.HOO~C. ;.:'fhe Tow ·C. T. E. of r, : ·~ .· ~ . ·;,.· ···'-··~ ·: .. . _ .. :.,· . .:: .... .. ··· . .. : ,.. 

In order ror the YAS-7 composition to be :J~e!i as a high 

temperature glass-ceramic ruatrix, certain prob.:: ems mt.,:-~~- De ()Vercome. 

Tht': source of the matrix porosity, developed during h0~, pres31ng, mu3t 

be ldentifled and the effect of this porosity on mechnlcn .':. behavtor of 

the matrix should be evaluated. The u- to B-Y 2s1 2o7 p~ase 

transformation, the accompanying 6.6% volume expansion, and the 1300°c 



processing ._temperature nee<1e<1 A:.o t_rigger t.hi3 trans format.ton, must t,e 
· - · .. · . . . .· . . .. · · .•. · ,.-

investigated to determine their effects on the me~hanical and 

chemical properties on both the matrix . and the reinforcing fiber~. 
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APPEHDIX A 

POWDER XRD PATTERNS 

Figures 64-67 illustrate the· p(>wd.er XRD pattern3 obtained from 

typical specimen~. The ·peaks in Flgure:i\ 66 and 67 are de~lgnat.~ci t•1 

the followi~g_manner: 

m .. 3A1
2
o

3 
•2S_i0

2 
or mull! te 

A ,:: · ci-Y2s1
2

o
7 

8 I• V s• 0 .. "" ,)- '2 a 2 7 

The cordierft'e· ~tanciard _pa:ttern w:a,s - obtained fr.om a cr::.~~,f· ·i ~~t=-~(~:men 

of a ·cordieri·t 'e body.,, used) fo ::ttie fabrlcat ton of catalytic c·onverter 

parts~ Thi~ pattern was ·<?ho~en becatme lt ""a~ cleaner, in term~ .of 

contajntna~Jort from mull! te 'imp'uri ties • . \thari a 1196'% pure" ~pectmen 

obtained from Bai~OW~ki Go~:nany. . Information r-egarding the 

prepq.ratfori\ o,f: ~~-¢ mulli te XRD ~tandard Will .:be avaliable ln the 
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Fig. _·65. Powder XRD pattern~ from a commercial - oordieri~e (~tandard) 
and hot pressed SG266M. 
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Fig. 66 •. Powder XRD patterns of hot pre~,~ed 'f AS-7 before an<j aft.er· 
therrn~l expa~sion te~t. 
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Fig. 67. Powde!" XRD pattern f0!"" Y.AS-7 hot pre~~c-d at. 1300,°C (,v, ; 5 
minute~. 
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APPENDIX B 

ADDITIOtlAL· Dl$CUS~ION OF AXIAL STRESS DUE TO C. T. E. flHSHAT(:H 

Tc determine-t.he ·eff4;!ct· of' c.T.E. m1smatch, · 1n ·terms or matrix 

microcracking, of various riber jdditioris lrito either the cordierlte 

or Y.A_S-7 matrix. the re$ult lng axial stres'"'es should be calculated 

berore composite fabrication. :I( tt,e axial · !\_tref'~ fo great.~r than the 

matrtx- fai.lttre st#rength·, then · matrix -micr-ocracklng ,~ill occur and the 

re~ult~~~- ·compo~:{te syf'\t.em -wi.ll be useless. 1'able :XlV. <r,Qntains .t.h.e . . 

calculat~d axial ,tre{\~e~ tfiituat-ton · 5) for f\Ypo_t.hetfo-~t" oompost-.te·, · 

~ystems uging 50 volume j -unidirect;ionally al.lgned commerc1ally 

availa~le ~eramic fiber and .either the cordierit~ matrix or th~ YAS-7 

:nat.rix. In the cat'e of .YAS--.7·1 .whi.ch has been found to exhibit a 

ccn~idertable change in ·C.T.E~·ctur1ng .cryst.allizat.icm, . value~ fc;>r t.he 

axial stress have been calculat.ed using the exp.er~ment:.ally det~rminf'1J 

C.T.E. values •. It has also been as~umed that the ela~tlc modltlii for 

ca~t YA._S._7_· gla.g~ and cry8tallized, hot pre~~ed YAS-7 rtre the ~ame. 

The cha~g~ in t~mperature {AT) used fo!" the,e calculatbns . wa, :>icked 

because · the matrrx , WtlU}d: not· ~e- ·able to def..:>rm and · relieve _~tressee 

below ·that temperature. The it·. ro_r ; crystal Uz¢d Y.AS~7 wa, plcked. 

ba$ed on -experi~enia1 r _esuits· • . as . _the minimum ·temperature required to 

C.T.E. 

Negative axial ,stress -mean~ the matrix .will be .placed in 

compression and no matrix microcracking will occur. A perfect C.T.E. 

match betwee_n t:.he fiber and t.he matrlx i:3 optimum. Some t.oughenlng of 



TABLE XIV 

AXIAL.STRESSES RESULTING FROM C.T.E. MISMATCH FOR 
HYPOTHETICAL GLASS-CERAMIC MATRIX COMPOSITE SYSTEMS 

Ax1a1·st~es8> a8 (MPa) 
YAS-7 

Fiber Cordieri te · Gla3s Cryf:. tal 1 L ne 
Vf~0.5 ~T~850°C AT~900°C 6T=!280°C 
---~~~~~~~~~~~~~~~~~~~~~~~ 

AS-4 
NICALON 
.NEXTEL 4 40. 

FIBER FP 
TYMN~O 

287* 
-21 .. 9 
-91.6 
~191 
-21:..:9 

-kF.xµected Mat:rb: Mit~ocr-acking 
-Dcnctee Compressive A:id.al Stre~~ 

757* 
259* ,,6·u·· 
39.3 
259* 

912* 
219* 
7 3. 9 

-G5.2 
~·19 * 

143 
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matrtx ·as -·dtscu~~~d earlier.-

Based on the calculated axial ~tre~~ val~e~ listed tn Tabl~ XIV, 

YAS-7 wUi o'nlt tie · tiseftil as . a glass-ceramic mat.r ix when relnfor-c~rj 

with Flber· Fr or: _ Next.el l(~_o"-.. · ~ord.ie-~i t.'e, ·howev.er, :fs a c:indid:!t.s-i for-

all of the H~ted ceramic fiber~ . . Carbon "S-lt fiber reinforced 

cor<1ierite matrix composite$ _-~ould exhtbtt ·m1crocrack1ng wh!.ch has 
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APP&~DIX C 

MECHANICAL · TESTING DA TA AND SAMPLE CALCULATIONS 

A. M.O. R-. RESULTS .AND CALCULATIONS 

Table XV contains the me6bani~a1 te$tlng data ~sed·to calculate 

the 3-poin~ flexure strength_ (~.O-R~) val~e~ ligted in Table XI using 

the following equation: 

where ~ ~qual s . the . t~sting -~parf whloh wa$ one Jncn for.· a_ll t .ested 

speclme.ri5 i.i1 this thesis~· - :For· the first specimen .listed in Tabl~ xv, 

the avel"-~g~:~ -~nd ~t.andard deviations ,\ler.e Ml911lated u~ing the 

st~n~~r9-, equatlohs.. -Only spec-irnen~ fr{ whfop. fr~cture lni t1~ted 

approximately midway. betwee~.-.. t~~ ,.te5t'ing support~ were u~ed in· t:M 

~loul~tlon. of the averag~.:~nd· standard deviat.1on~. Value~ obt~ined 

from spec1mens"-whicn -.- d1d -riot_: .. _e_xhibi t ideal fracture wer€ aiscarded and 
.:· ' 

are marked \fi th~·an·.,:aet·eris.k -: in Table xv. 
. . _ _. . . . . . "- ·.· ·. -- ~ ~ .. .. ·. ~_"._' .. ~~_: ~<:·-. ~ 

B. TOUGHNESS ·MEASUREMENT;.;OATA ANO CALCULATIONS 

The values for · toughna_!ls (K 1c) _.'-_ listed in Table XI, were 

calculated frqm _~~e :4ata listed in Xable .-XVI -using the following 
~-,~:.: ' . ~-- ' ..... ' . ' . . . 

· . . · .. ,· 86 
equatior~: ·· 

::!\r_e. -Zl!.--:YC(3PLc _ > 1 · <2b'ct2
} J 

. .. : ··.-

(7) 

whefr~.:.: c.~_eqtiahc· ·:ttj.e\ rio.t~h;-dep~h. · The .calibration coeffictent, Y, is a 

furic\ion of (c/d} and the. te~ting ·conflgur.ation, i.e. 3- or It-point 

bending~_and cari ~e calcula~~d using this fourth-degree polynomial: 



HOT-PRESSED CORDIERITE 

lj 

(!n.) 

0~320 
0.320 
0.320 
0;.'3l8 
0.312 

TAllLE XV 

3-POINT · FLEXURE T~ST JNG DATA 

·b 
{~ ... ) 
'..l.i < • I 

0.223 
0.233 
·0.205 
-0;.:235 
0.226 

p 
() h~.) 

265 
260 
295 
195 
31t7 

· 120 
113 
1115 
65 

161 

HGT-r'RESSE.o ' ·coROIER!'!'F. ' .. 201· CARBON C0ATE(}, NEXTEL .lt8C 

CAST . YAS-7 ·. 

HOT-PRESSED 1AS~7 

<1 : 

Cln ... } . 

0.268 
0.260 
0. 25.4; 
0.228 · 
0.253 

d 
(in.) 

0.199 
0.239 
.0:231 
0~;265 

.·o~:26.1 
0.2·3'0· 

d 
{in.) 

0.239 
0~2lt2 
0.-2111 
0.·2~0 
0.278 

b 
(in· .. J 

0.335 
0 .. 347 
0 .. 366 
0.339 
0.365 

.b 
on.> 

0.366 
0 .. 351t 
0.34_6 
0~330 
9 ... ·339 
0.366 

b 
(in.·) 

0.277 
o·.210 
.o.~::260 
o-~21 It 
o~fro 

p M.!J. R. 
(lbs.) {~P;!i) 

260 i 12 
205 90 
319 • h('\ 

~ -:v 

252 1118 
193 .. : 85 

. p t-t:O~ _R:~-
{lb5 ."} {MPa) 

125 89• 
362 185 
358 200 
1 35 60* 
3li3 15t1 
510 254 

p M.O.R. 
(lb$.) (MPa) 

273 178 
. 97 65* 
283 19.1, 
1911 127 
t84 11r5 . 



TABLE XV (Cont.) 

HOT-PRESSED YAS-7 HEAT TREATED AT 1 tOOC 

d b p M.O.R .. 
c1n.·> <1ri.> (lbs.) {MPa) . 

0:225 (J.258 183 145 ' 
0.207 0.257 230 216 
0.252 0.255 30lt 194 
0.253 .0,213 248 188 
0.268 0.243 312 \85 

HOT-PRESSED Y.AS'.:7 + 10$ UNCOATED NEXTEL l:~O 

d b p M .. O. H. 
On.) (ln.) {lba • . ) .( .MPa) 

o·.2116 o. 161 151 ·r6o 
O. 2ti8 o~ 161i 1'45 1 49 
0.256 o. 1 ~7 1l5 123 

d b p M~O.R. 
(in.) {in.) (lbs.) (.MPa) 

0.238 0. ~52 l7i 199 
0.236 o. 1 59 1311 156 
0.245 0. 1 ')8 128 11!0 

HOT-PRESSED YAS-7 + 30J UNCOATED ·NEXTEL ltltO 

d b p M •. O .. R. 
On.:)· (In~) l"t·k- \ (MPa) \ .LV~ • I 

o·.263 0. i 61 87 81* 
0.261 0.159 . rtto 13q 
0.262 O. 153 113 111 

HOT-PRESSED YAS-i + 20J CARBON COATED -NEXTEL 480 

<.1 b p M.O.R-
( in - ) (in.) (lb~.) . (MPa) 

0 .. 249 o.~.19a 75 63_* 
0.26~ 0.259 228 1 31 
0.?59 0.266 184 107 
0.275 0.262 29lt 153 
0.281 0.261 20" 102 

. . ... 



-T"ABLE . XV 1 

SEZNB. TOUG..~N~SS TESTING DATA 

:ORDIERITE :f, 20$. CARBON COATSD:-;JiEXTEL 480. 

ct : 

t:fr1 ·.:; 
.. 

tr~'.388 
0~357 . 
'0"::36°tL 
0.379 
0~365 

o:·275·:· 
o~:·2:95 _· 
-c.~,~ff· 
o.-~ ·251-;: 
·tr~2ao· 

b 
( in. } 

o. 269 
0.265 

.Q .. 249.-. 
0.258 
-0.26T, 

b 
(in.) 

0.259 
0~262 
0 ·.26~ 
o~ 25,~. 
0. 26_2 

;-'''.c" 

.--:{ti\\) 
..· 

o.~:ose'. '. 
-*::; .. 

,t)i~Jt(}:{{ 
·o.osJJ·· 
0~065. 

c 
(t-n.) 

i:::Zjt 
0~03S. 
o:tcflio­
·o-;:_86f 

~ '/. .. 

: 1 .725 

1 .747 ... i .726 
i • 728 

y 

1.;nu 
l..759 
l .·,25 
l~ ·725. 
1 • 'l 68 

p 

(lbs·~ 

1.9? .. 
.. 

J.60 . 
J79-: 
242 

.p 

) 
K . le ~ .. 

(M?a·m .)· 

3 .3 

3 .8 
3.2 
:i q 

.4. ':'. 
s~o 
?. .} 
2.~.J .. 

148 



" · A + " ( /d·) . ·+ .. A (~ta•, .? ,. A·, •. ..,(.·n/d·. '; 3 .+· A. 1 1 ~) 
4 

.1. "' • 0 ,"\ 1 c . . .. (! -1 ,' . _) v I!\ e I d 

Tabl~ XVll= contains coefficients for A depending on the testing 
n 

lk9 

(H) 

methOd employed. The te~tlng spectm~n us!9d in this gtudy had a ~par: 

to depth tatfo.ot appro~i~aiely 3 $0 the values li~ted in Table xvrr 

The toughne~~ values calculat~d from the dat~ 1ri Table XVI 

.lnit1al+Y had the units ·ksi•in~. These value~ were converted to MPa·m~ 

u~ing the following ~q~alfti: 

·k~1 • 1n~ :c ~{fr/9/(0·~ 0251!) ]MPa • m~. 

C. ELASTIC MODULVS CALCULATIONS 

flexure te~ting data · usin~f-tl)e equ?1t ton 

1r:::~<-i<t ~ /.: .i, ti b. d ~ 

·wh¢.r_f·/tis "the deflect.ion. of . each· Etpeeim0n determined from .ttie::· 

lo_a.d/d~flection curve generated during t.esting. ·For the flr~t-. 

sp·ecim~ri~ in Table 'XVlJI/. 

-E ,a ( 285H 1) 3>n-~·.)\1:.;.09x 1 o~q ){O. 223).(0-~ 320) j] x 1 2, 790 ksi 
.. . . ...... :· ,• . . . .. . . . · ... :· ... ~: ::·~ .. · · .. . : . . :· . : ' . . . .. -: . 
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:-TABLE XVII 

COEFFICIENTS FOR DETERMINING -THE CALIBRATION FACTOR FOR 
TOUGHNESS MEASUREMENTS USING -FuEXURE TESTING (REF. 86) 

AO A, A2 · A3 Alt 

4-Point Bending •1. 99 -2.47 +-12. 9·r -23. 17 +24.80 

3-Point Bendlng-
SID . 8 +1 • 96 -2.75 +13.66 -23.98 +25.22 
SID · .. . ~ _.,.-1; 93 -3~07 +llL,53 -25. l t +25.80 



TABLE XVIII 

3-POINT FLEXURE DATA USED TO CALCULATE ELASTrC MOOULll 

HOT-PRESSED CORDIERITE 

p l:J d b E 
(lbs.) { 10-11 in.) (in.) (in.) {MPa) 

265 7.09 0.320 0.223 88. :i 
260 6.89 0.320 0.233 85.6 
295 6-. 79 0.320 o.;ws 11 2. 
195 5.11 0.318 0.235 86. 3 
3i._1 1 ... 3~ 0 .. 312 0.226 115. 

CAST 'l.AS.-7 

p fl d b E 
{lb,.) no-n in.) (in.) {in.) (MPa) 

1 25 5.61 o. 199 0.366 133 
362 6.69 0.239 0.35~ 193 
359 6.99 0.231 O.J~o ?.08 
135 3.:t~ · 0.265 0.33C 152 
3t.3 6.69 o ·.261 0.339 147 
510 9.25 0.238 0.366 193 
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APPENDIX D 

CALCUL.ATIONS OF THE PERCENT CRYSTALLIN!TY Of 

A HOT-PRESSED YAS-7 SPECIMEN . 

Theoretically, the . volume changfr a~~octated with then- to 

B-Y2S1207 polymorphfo pha~e tran!'formation can be calculated U$ing the 

untt cel'l dimensions or ·· 133.6:A3 ·and. 11t2·-~-sA·3 for ci- =ana ·-a..:.y
2
si

2
o

7
, 

respect 1 vely {Table_ !) • 

1, Volua,f3 . Change .. [ (V 
1 

- v r) ,v.
1

.J Jr loo { 1 O} 

-v-. and v.f equal. the inf_t.iaf and ·final volume~, respe!~Uvely. In thl~ 
·l 

~a;te, when a ,peclmen o"r Y2st"2o7 i~ heated through the transformation 

'".P.mperature of 1225°C·, v
1 

si l33' •. 6A3 arid Yr Cl 142.5.1\3 and the volume 

change equals_-6.66S. The negative sign ~enotes expansion. 

Thi$ expan~ion ·c.~n. b~ coordinated ;~~ t'1e linear expan,ion or ~-
. . ·. . . . 

rectangular pr1~m; ~uch a~ u~ed for thermal expan!'lon te~t specimen,, 

provided the dimension~ of the · te,t ,pecimsn are known. The ,pecimen 

used .to '. generate· the·· c.urve·, illustrated in ·· Flgure 119 had the lnl t!al 

dirnen-~i~ns bi _~ ~:~:-~1:9,·~· d.i _:.;.··~6~ilio·~···and l.l "' -l-_.902'_' to gjve a v<.,lurne 
.. - -.. -... . :.:= ·:,:· 

.of o.o~;r ·1~3-.; . :1.;.:_·-.._hp.'" initi·D·'l CU'\Ol"im~"' \J~O 1(\01!° - ... -~' {) , ...... "" ... 
- _ ... _ .... _ .... _ 7 .. . _ - ~--:-- :·- ~:.'"~ -··- -~---~ -..·r ............. "' ..• - ... . --,.· ,_.., __ ~ ....... =='"7• ""'~.....,.·~ 

complete conver.ai:on '-~to _a-s12o
7 

,the ,pectmen .would · undergo a volume 

.: . . 3 
tncr~ase of _0.0035 -in .. assuming isotropic beha'lhW. Ba~f:?d on thi, 

assumption, the final dimen~ions of the C.T.E. test specimen. having 

the initial dimensions listed ~above, are bf~ ~.22~~. df ~ 0.245" and 

J.f ·0 1 ~02_l(lt.~ Therefore, the percent linear ·.expansion due to the 

• . 

polymorphic phase tran_sformat"ion of a pure ~pecimen of ·,x2s.1207 equal~: 
. . 

-~ Tfl
1 

-·1r)1c1
1

J ·• 100 ""-2.2oi { l 1) 
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The ;p~r~ent"a'g~. of _ Y2s1?0
7 

pre~ent in · t~h·e Y~s~7·· spec{~~~. whOlctf 

generated the ~.T.E. c~rve in Figure q9, t~ 6a!culated b~sed on th~ 

percent 6xpan~lon due to the phase tran~rormation divided by :r.e 

theoretical expansion due to the phase tran,.forrnation: 

(-0.86~/2.20} '100 = JQ.J Volume I Y
2
s1

2
o

7
· (12) 

The relative amou·nts of Al2o3 t mull it.e, -; and Y 2st
2

o
7 

pr'3!.\ent. in a 

fully crystallized specimen of YAS-7 can ·be calculated using the lever 

rule. 95 Figure 68 1llu$trate~ the YAS pha$e diagram, the compo~itlon 

trlang1e ABC, and t-he YAS-7 co:nposi tlon. Tne . t~eoretical weight. 

i;,:•rc:t:'nt.age of A, 8, and- c -·.(A~--~?3, . Y2s~
2
o7 and nr...tllite, .,. r-e~p,ectively) . 

95 u~ing the following equat.1on~: 

iA e ::: , • 100 ~ 7.4 ~e1ght.j Al 2o3 

ia ·G~A 
* 10.0· 61.. 1 \.leight 'l y ". r\ ( i 3 ~ - .. ,...:, 1 "'\ ,,., 

B-A c. !'.. 

tc E-G 
* 109 3L5 w~ight '$ mu 11 t ~.{' ... -B-A 

species, are listed in Table XIX. The "F:!:t. ima~.e; '1olume J •• w,i~ 

calculated· t>y mult.iplying each volume percent·_..by · the rat.to :}f 

exp~rimental volume J . t 2s12o7 , from equaU·Jr; 12, to· ·the calculate~· 

vo.iume J Y
2
Si 2o

7
• rrom e_quaticn 13. The total of the et-,t.lmated volume 

percentage~• . :!Ut>tracted from i 00$ ghe8 t.h~ .v.C.lumc pC:'~C:?t g!.~S~ of· 

compo~ition YAS-i. Weight - percentages of each ~pecie~. Al?04 , 
. .._ _, 

Y2s1 2o
7

• mullite, and YAS-7 were ·calculated using the .eportea 

densities of each and are -listed in the last column af Table XIX. 



YAS PHASE DU.GRAM 

\ 

Fig. 68 . . YAS pha~e diagra,m for calculatlng crcy~ta1line ph<t~e 
percentages-. 

154 



TABLE XIX 

PERCENTAGES OF CRYSTALLiNE SPECIES IN A YAS-7 SPECl~E~ 

l(e_1ght- D~nsf3Y. V~l~me · V~lume E~tlmatcd E:3t1mat.ed 
:i . 1, Vo.t i Wt- .. slcm. cm · · ~ 

··Al_
2
p3 ·. ·7 .•. 4 3 .. 9 ,. <J 7.6 5.6 5.7 

y2~1·2?_1. 61. 1 4.6 13.3 53.2 39. 3 47. t 

Mulilt·e . 31 • 5· . ..ld.: ___ 9._8_ ..J.2.:1. 28.9 £!!.:.! .. : 

Totals 100.0 2.5.0 100.0 73. 8 76.9 . 

· Y·AS-7 (llasa; 3'~'39 26.2 2~. 1 


	The development of glass-ceramic matrix composites and the crystallization of two glass-ceramic matrices
	Recommended Citation

	Carty_William_1987_001
	Carty_William_1987_002
	Carty_William_1987_003
	Carty_William_1987_004
	Carty_William_1987_005
	Carty_William_1987_006
	Carty_William_1987_007
	Carty_William_1987_008
	Carty_William_1987_009
	Carty_William_1987_010
	Carty_William_1987_011
	Carty_William_1987_012
	Carty_William_1987_013
	Carty_William_1987_014
	Carty_William_1987_015
	Carty_William_1987_016
	Carty_William_1987_017
	Carty_William_1987_018
	Carty_William_1987_019
	Carty_William_1987_020
	Carty_William_1987_021
	Carty_William_1987_022
	Carty_William_1987_023
	Carty_William_1987_024
	Carty_William_1987_025
	Carty_William_1987_026
	Carty_William_1987_027
	Carty_William_1987_028
	Carty_William_1987_029
	Carty_William_1987_030
	Carty_William_1987_031
	Carty_William_1987_032
	Carty_William_1987_033
	Carty_William_1987_034
	Carty_William_1987_035
	Carty_William_1987_036
	Carty_William_1987_037
	Carty_William_1987_038
	Carty_William_1987_039
	Carty_William_1987_040
	Carty_William_1987_041
	Carty_William_1987_042
	Carty_William_1987_043
	Carty_William_1987_044
	Carty_William_1987_045
	Carty_William_1987_046
	Carty_William_1987_047
	Carty_William_1987_048
	Carty_William_1987_049
	Carty_William_1987_050
	Carty_William_1987_051
	Carty_William_1987_052
	Carty_William_1987_053
	Carty_William_1987_054
	Carty_William_1987_055
	Carty_William_1987_056
	Carty_William_1987_057
	Carty_William_1987_058
	Carty_William_1987_059
	Carty_William_1987_060
	Carty_William_1987_061
	Carty_William_1987_062
	Carty_William_1987_063
	Carty_William_1987_064
	Carty_William_1987_065
	Carty_William_1987_066
	Carty_William_1987_067
	Carty_William_1987_068
	Carty_William_1987_069
	Carty_William_1987_070
	Carty_William_1987_071
	Carty_William_1987_072
	Carty_William_1987_073
	Carty_William_1987_074
	Carty_William_1987_075
	Carty_William_1987_076
	Carty_William_1987_077
	Carty_William_1987_078
	Carty_William_1987_079
	Carty_William_1987_080
	Carty_William_1987_081
	Carty_William_1987_082
	Carty_William_1987_083
	Carty_William_1987_084
	Carty_William_1987_085
	Carty_William_1987_086
	Carty_William_1987_087
	Carty_William_1987_088
	Carty_William_1987_089
	Carty_William_1987_090
	Carty_William_1987_091
	Carty_William_1987_092
	Carty_William_1987_093
	Carty_William_1987_094
	Carty_William_1987_095
	Carty_William_1987_096
	Carty_William_1987_097
	Carty_William_1987_098
	Carty_William_1987_099
	Carty_William_1987_100
	Carty_William_1987_101
	Carty_William_1987_102
	Carty_William_1987_103
	Carty_William_1987_104
	Carty_William_1987_105
	Carty_William_1987_106
	Carty_William_1987_107
	Carty_William_1987_108
	Carty_William_1987_109
	Carty_William_1987_110
	Carty_William_1987_111
	Carty_William_1987_112
	Carty_William_1987_113
	Carty_William_1987_114
	Carty_William_1987_115
	Carty_William_1987_116
	Carty_William_1987_117
	Carty_William_1987_118
	Carty_William_1987_119
	Carty_William_1987_120
	Carty_William_1987_121
	Carty_William_1987_122
	Carty_William_1987_123
	Carty_William_1987_124
	Carty_William_1987_125
	Carty_William_1987_126
	Carty_William_1987_127
	Carty_William_1987_128
	Carty_William_1987_129
	Carty_William_1987_130
	Carty_William_1987_131
	Carty_William_1987_132
	Carty_William_1987_133
	Carty_William_1987_134
	Carty_William_1987_135
	Carty_William_1987_136
	Carty_William_1987_137
	Carty_William_1987_138
	Carty_William_1987_139
	Carty_William_1987_140
	Carty_William_1987_141
	Carty_William_1987_142
	Carty_William_1987_143
	Carty_William_1987_144
	Carty_William_1987_145
	Carty_William_1987_146
	Carty_William_1987_147
	Carty_William_1987_148
	Carty_William_1987_149
	Carty_William_1987_150
	Carty_William_1987_151
	Carty_William_1987_152
	Carty_William_1987_153
	Carty_William_1987_154
	Carty_William_1987_155
	Carty_William_1987_156
	Carty_William_1987_157
	Carty_William_1987_158
	Carty_William_1987_159
	Carty_William_1987_160
	Carty_William_1987_161
	Carty_William_1987_162
	Carty_William_1987_163
	Carty_William_1987_164
	Carty_William_1987_165
	Carty_William_1987_166
	Carty_William_1987_167
	Carty_William_1987_168
	Carty_William_1987_169
	Carty_William_1987_170
	Carty_William_1987_171

