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ABSTRACT

In-order to davelop ceramic matrix composttes for high
temperature applicationa, two glass-ceramic matrices, one an yttrium =
aluminosilicate (YAS), the other 'a magnesium alu@fnosilicate
{cordierite), were chosen as possible matrix compositions. Two
aeperate sets of experiments were performed. Spectimens were hot
pressed and heat  treated-then analyzed for the ceystsllizartien
products and-.E.Ty8v- :Specimens -were ‘also preparen ‘convatntng
coamercial by avatTablErceradic f1bers ‘and coated ceraaic Tibers %o
tnvestigate: fibern/ratr{x tnteractiona 'and the elfect of frber
additions onithe ‘crystallization’ of the glaaa matricea. DTA was
employed ;g'apprdklﬁate,the erystallization temperature of the glasses
and to determine the effect of dopant and}{tber additions on the glése o
~cryeta11$zation. Giasaﬁqﬁécidénﬁ‘hot‘preased aboVe‘1000°C for 5
rmlnutes would crystalllze while Qpecimenq hot presaed for sho*ter
'Limeu 1 e. 2 mtnuteq. would.remain amorphouﬁ ‘Thg»cprdiecite mah;ix"

samgordferifey  The YAS glass would cryatallize to

ﬂhenfhct pressedat, or below 1250°C and to
hen*ggggppessed ‘at 1300°L. Thermal expansion .
ééaéuhéﬁéﬁtékénfY#nglassgsbgziﬁené showed the u- to B-Y,S1,0, phase
transromation”to*bé‘ﬂisﬁiébivé and occur at 1280°C, Fiber additions
enhanced crysbéllzzation,ubutuwtthout.protecbive coatings, they
‘chemically. bond&dito-the matnix: ellminating fiber pullout and eausing
brittle” failune:of the composite’ during testing. fFiber gonatings woulﬁ_

effectively. reduce Lhig. Giteraction and allow fiber pullout to oceur.
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I. INTRORUCTION

Tﬁe-heed,fon;nign temperature .structural materlals has
necegaicated research and davelopment of fiber and particilate
toughened ceramic composites. Wond, teeth dand hbones are some examples
of naturally OCLaring COmpoqlteq whieh' are corpoqed of a matrix phase
and a reinforc;ng phase. -3 The ma*rix phase is. usaa ly a continuous,
nonogeneous mediwn which bonds’ to. the reinforeiny fibers or
partioulates to form a materi{al which exhibits aync"31«tir behavior.
Caramic materials atalof;parbicul&rwﬁnterestfasxmatrxvl marerials
because of their High strefgth and hlgh Laage Lemperature.

Unlike: most metals or plastics, ceramics are brittlé and
generally rfail in teﬁsion.g-AThéréfore, il ceramics are to be used for
high ;emperatunq‘structuralgadplications they must. be toughened to
reduce the possiblility of catastrophie fallure. The incorporation of
ceramic-fibers or parti01lates into a ceramiu matvix give« rise to
mechaniams which {mpede-crack growth and disslpate crack energy
tnparting ﬁouéhnessltOVthe matrix.

The potentlal application of ceramic composites for high
Lempsrature applications’requires that the compnaite be thermally and

dimensionally staﬁlé7iﬁ an’bxidizing stmogphersc.  Refractory

N

L:13na8

glaas-ceramics and ceramic oxides exhibi* excallent.oxicatlon
reatavance and 1ow ooerficient< of therma! expansion (C.T.E.), making
them 3olid candidates rcr theqe applicaticns providing they cah ée'
mechanically toughened. “Glasa-ceramic matrix composites are of
particular interest bacaude of their ease of densificatten anc their
potenclally‘high usagé}cemperatures after ceraming. AThiq thesis will

examine thé‘behayior of various commerclially available ceramic fibera



An-an yetreiwn aluminositicate und & magnesium alumino-oaiilcate
glass~copranic matrix, tho-erystallization procedure for thess
watricesa, and the effect of fiber additions on thetr crystallization
‘tehavior,

Particulate angd wvhlaker reinforsed cImposite -aystens are beyond

the scope of this thesis and were not studied.

X



IT. LITERATURE SURVEY

A.. STRENGTHENING AND TOUGHENING

‘The térma strengthening and toughenirg tie often confused; just
because a material "{s strong does not mean that that a matertal will:

3"61 The §;rengtp;q§+§jgg§gggiteig%fdetermined by the force

Bg rough.
required to produce ultimate failure. " A material whichican support a -
langavshhesgg1sucanaidered-a atrong :zatertal. ~The toughness of. a8
matertdl Is determined.byithe way-the materlal fractures,. A vough
waterial féilé {na ﬁbﬁéﬁatas;rpphié:manner,;uherea& a. brivers"
materf{al fa{l® .catastrophically (aee Figure 1). Ceramics, like
metels, possess nigh strength; unlike metals, however, khlcﬁléknibit'
ductile floW and other mechanisms to alow ¢rack growth, genamics have
very poor toughness and.generally undergo brittle failure.  If a
ceramic containd a flaw of critical aize as defined byfcriffitn.7 it
will fail -af & predicted stress which {s much. lower than the strength
of the flaw-free matérial. The siZze of the crftical flaw can he

expressed using the Inglis equation:
B ~2 R Carpyt /e (1

i

AMAT T YN AT

where p is the radius of the Grack tip, ¢ is one half the flaw length,
R ié the applied stress, ‘3nd F iR the maximum stress realized at the
cra¢k[t;p,.;By“sunS:igﬂgjngﬁthg_dl;lmaCG;tenalie strength of the
matéridl for F, the maxigum tensile stress the material can withetand,
R, can bée caléulated. The’eritidal flaw size for.a structural cerasie
pateridl is gccepted to e less than iﬁﬁm;ﬂ .1f the material contains

a particle or a fiber which can impede crack growth or can somehow

promote absorption of the crack energy, produced by ‘the increase in
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surface area asseclated with arack propagation, the material may

exhibit toughness.

1. Criteria for Strengthening in a Ceramlic Cowposite. Three

criterla must be fulfilled in a f tber Telaforced ceramic to strengthen
the céramic with Tiber additions.

a. Blastic Modulus Mismatch. =The-elastic mcdulus, E, of the

relﬁfbrcihggfiber must be considerably greater than that of the

matrix. 'E la defined as the slope of the atress vVeraus strain curve
{(Flgure 1). .When the straln becomes too gre-t. the specimen fails.
qu‘upnimum~sﬁﬁengthenlng}6hxa‘comgoaixe.;ghe-x‘cﬁithakfiber;mustybe
hﬁéh’greatéf than “the E-bfithe matrix. In general, the:ffbeps wilid

2longate much leas under a»glvén load than W{ll the matrix, allowing

Ry

t.he composite ;6fw1thsnand greater loads without railure.
The elastic moduivs (E,) of a composite can be determined uzing

the Rule of Mixtures (ROM):Q'jO[

Eo By ¥y * Ep Vo &3]

where Em and’Ef are the elastic modulus of iﬁé matrleand fiber,
respectively, and Vm and‘?f_are ﬁherOIUme fractions ol the matrix and
fiber, respectively. Figure 2 flluptrates the resulting'Ec for a

éeramic"matnix*compoaite;-,Suchkazmatrix will only be strengthened if
2,9-11

it contains a critical flber yolume fraation:(Vy¥) Equation 3

can be used to. calculate V?*.‘Q

Vew = Loy, = (ogde 3 7 Logy = (o), ) (3)

Where g, &nd g are tietultimate tenslile strength.of the fiber.and

£* -
streas:prequired te produce. the mateix fag%ure s$train in the fiber.

méir;k.grespectrvelyg;(pmlé' _.is-ihe atrength of the matrix at the =

Figure 3 1llustratés’the strength of a composite as a function of Vri
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for a composite passesaing the component properties of Niealon fiber

in a lithium ‘alumiriosilicate (LAS) matrix.

b, C.T.E, hiﬂmatch..~"hé coefrtoinnt of thermal expanaion

(B.T.E,) utfthe re‘nforcing Eiber and the C.T.E. -of bne matrix sust be
similar. [ The coefficient..qf ;thermal expanwioq 1q the amount a
material expands or contraots ‘during heating or cooling and is
dependent on phe,qheéiéal;and,pnyaicai make=-up. of ihat material.}?
The‘C;T.Q;;dirference.zl;a,hmigmaich.3ha§€éé;,§gg:maLrix,andﬁtne
fibers can;hgfegggprqﬂpundterrect'qnmtheistrengﬁh of the compositz,
particularly 1f the composite 1< proceﬂaed at a high temperature as in
‘the case) ‘ot -ceramic. .composites . } X, 5 8,9,13-17 “yere are three cases
‘thch can ocoun:

{o £.TUE., < C.T.E._

f‘-.

' ilft'ﬂC.T'.Enr « C.T.E.
‘ m

T GCTEL . > CLTLEL

i. C.T.F. When the C.T.E. 12 less than the C.T.E._,

the matrix surround1n§fiﬁ§ fiber is placed in tangential tenston. and
radial cogp%ﬁss;Sn,apgggcoqxtngzaa,the-matrix téiés.to.shrink=éro¢ndt
the beor,fth;&bﬁvﬂﬁaMatchia large enough, -these stresses may cause
radial cbéckingﬁor‘theﬂmﬂtrlx around tﬁe“figﬂr and a conslderaﬁle
cecrease in oomposite strength as illustrated in Figure U.

tt. C.T E. ¢ C.T;E;m. The 1dea. situation is when the C.T.E.r
and the C.T.E.& are mét&hed since this yields a composite free of

resldual athésa;i

> C T E. It 1s more deairakle ta nasve the C.T.E.f
1r a mlsmatch occ This mismatch places .

ftﬁé*ﬁéiéé&iéi Vﬁeéﬁf

‘*trix in tangent!al compreqsion and radial

tenslon. equal to one-halr of the compreasive atreas (Figure 5i. This
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ia desirable for ceramics, as ceraifcs are stronger in compresslon..
If the C.T.E. mismatch ia large enough in this sitvation, the f!béfs
are placed ‘in radial tension which can resvit in debonding of the
fiber from the matrix or in fiber breakage, efther sf which =
detrimental to the strengin GﬂAthe‘Cbmﬁﬂsiﬁﬁ.

c. Fiber to Matrix Bond, The reinforeing fiber and the mairix

must .be. intimately bonded togsther, eivher chemically or mechacically
to provide efficient load Erdnsfer from the matrix to the fiber. If
this YBond is not'sf?ong;*tﬁégbom§oslne will not pe able to ant in a

. synergistic Fashion, and a pedurtion tn the atrengih of the compusite
will rezuiﬁ;sns'g'zo

2. Criteria for Toughening in a Ceramic.Composite. There are

baaically two types of. toughening in [iber reiaforced ceramis
composifes: crack: deflection. due tb"CTTiﬁanmismat¢“,h'ﬁ and erack

e o _ : -6 ‘
energy absorpuion dite €6 fiber debonding and puil out. or9:15:18

a. C.T.E. Mismatch Tdughening. Wnen &he C.U.E L (s gbeate“ than

~

nne z.T.S.éé the matrix i8-placed in compression airound the fiders.
in tni;_:age,‘a crack propagating through the matrix will te deflected
beforexnaécﬁing_the fiber at the compreasive zone surrounding the

ivge aad
neceasftates a atrong iqterfacial bond to produce the comprasalve
force in the matrix. Thé~strong interface negates the toughsening
achieved through fiber pull out and is, therefore, an inefficient
method for toughening.

by Eiber Debonding-and Pullout. In arder. for ‘the fiber to debond

and pHll out of the matyix, the fiber/mathix interface must be ﬁeax}

There can be no chemical reaction between the fiber and the matrix or



any corroston of :neigibeﬁ by‘the mat rix at the. 1n*erface.: lr there
{a a atcong chemical bnnd betwaar ﬁhe fiver and che matrix. ‘a: crack
propugatihg through ;ﬁéﬁhéﬁfix will bropagate tnrough the‘rlner.'
restlting in brittle fallure of the cﬂmposite~aa“;11u3trated in Figure
6.5‘6 If the interface is weak, howaver,”thé;ttber wil! dehond from
théimat}fi,fhlldifng»ﬁhgiribér{to’rémalh‘iﬁtact and carry the load.
Once‘ﬁﬁeiﬁétrix;ﬁéﬁ;éfé§kédfﬁhfépgh; the entire load is trapaferrad to
the fibers which will r$11 at, ﬁhelr“@békésf“pélht‘and'puti‘00§;ﬁ‘9‘18

as shown in Figure 7, producing a tough composite. The stress

required for:ultlmate fallure muat then be large enough to overcome. -

SR s h‘ ;!
the frictionnl“forces ‘assoctated with the pulliout of the: Livers.. af?f

B. GLASS AND GLASS-CERAMIC MATRICES

‘. Glass Formation. The KMénlcan Society for Teating and

Materials: (ASTH) dofinex a glass as "an inorganic product of fusion
whlch has been cooled to a rigid condltlon without cryastsilizar iow.“‘g
If a2 melt cannolibe cooled quickly enough to freeze the amarphous
sﬁtudturé‘bf the: 1iquid, theﬂmate?ial_lel crfstalllze. The mtnimom

~ 8peed.at. uhleh the melt needs to he cooled {8 knoun as the crttlcal
’uoollng rate.n Thus, by the ASTM nefln!tion ‘any tnorganic material
which can be cooled quickly enough will form a glasa. Of%en, nowever,
the rate or 00011ng required to form.a glass 12 =0 high {t nakes glasa

<

rormatxon impractical. Using this-criterion it is posatble to -

composltionally determlne a glaﬂ« rormatlon range. Figure B shows the

glass. formation region for tne Y203 Al 03 Sio ay«tem 20, 21. “and the

MgO~AY. 03~810 ﬂyﬂtemzz based on the criterion described by ASTM.
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2. Glass~Ceramic Formation. ‘Glass-geramics are defined as

-"poljcrystalljne aolid« prepared by the corbroiled eryataLlization of

glaﬁﬂes “22 This cryztalItZacion is uqually accomp‘t«hed Lhrodyn

heat~treatmeny~resultlng in’ he“nucleation~and grcwth~ofsa~f11e

graxneh‘nétwééﬁr5fféﬁys£aléf~ Bue 1a9*1on-and crystal growtr are the

two stép« easential to: the eryetaliizabion -of tne glasaes 22 23

a. Homogeneous‘ggq Hetgrogeneous Nucleation. .There are two types
of hucleation: homogedééué}éndfhetérogeneous; "In homogenesur
nucleétiod;i#he nucléation 81teaaane;ofiphe same composition as the‘}
crystéls‘whééﬁ grow upow them. In heterogeneous nucleattion the
éwystals are niot Lhe same compasitich aﬁihﬁeiﬁuéieéficn 2iten,
He:erogenea&s nucleation is by far the more common of the two types.

-

b. Differcnacial Thermal AnEIVE{a. Melting, or £Hé trznaformation

rro@mé 5or&d§Lo,a 1iquid, requires energy and will appear ‘as’ an”
endothermie peak using7biffeven§1§1~Themmai Analvists {UTAY. . The
bé&uction in free energy associated wiEh hﬁa?nrystallization ofig
giass’resulti in tha evolubion of heat,wh1Ch;cén‘be detected ‘asan.
Aexcthermib peak using DTA. DTH can be used O determine the annealing
point of a glase, the optimum noueleation and crystallization
”vtemperaéuregy Lie erfEly of Huclaation zgents on the crystallization
behavior, the orystallization activation energy, and the:sensitivity
of’ glass’ to surface crystallization effects experienced with, pawdered,
‘glass samples.zz 24 |
For.crystalline ma-t'e‘i%ifalsrxbfkis useful in determining the
temperature &t whteohan polymorphic phasa traanorndti»n oceurq. It
cha polymnrphic tranarormation requires heat an “endotharmis reaci}gﬂ:i
oocurs:.pf:heat is produced. an exothermic reaction occurs. If thé¥l;

polymorphsahave\ditfergn;ispeclricAheats andzlgitle heat is absorbed



or evolved daninasthe&pqumorphig\tr&dﬁ(qrmation,ga1ﬁ§$édﬁttnutty:‘
bcoﬁhs*invthé_DTA curie.aa
“The problem of thermal lag between the specimen and the rurnace

‘één“be,minimizsdﬁand'the?sehaitxvitY”mairmized thvﬂQghFLhe:uaéror
“amall apécimens. .all npecimenq ALrow laﬂtbﬁ respanqe f1Mb and,
therefore, yleld better definnd DTﬁ .peaka: ‘than: do langer gpecimen
which require greater reaction Lime- The standard practlce for

deacribing the tempernture at ¥hith a fedeticn docurs 1S to determing
the onset of the peak, not the temperdture 5t vhich the peak reachea

, ‘ 24
Lty maximun valuea

oo EfPents of Fibper Additions. The introduction 8 Tiders into a

o]

glaas during the fabrication of composites.has an éffect on the

crystallizartion of the glass matriX. ,28,26 The fibers apparently

provide a substrate upon which erystallization can begin. TE.
analyeis at the interface of a Kicalon fither imtndded In an LAS matriz

showed nuoleatign of B~apcduméné;g§f

d. Efree&-ot Hot-~Pressing Temperatuygl jhg erystallization of
the glass-éenamiéﬂmatrix can-be. affected by the Hot~pressing
temperature.  Hot-pressing at 1300°C résults in -well ‘defined surface
X-ray dirfvacﬂiﬁh,(i&D)»paﬁ;epgsafopiﬁéﬁdiﬁéite=27ﬁBa?Qérdtgrige,
matrix:composltes densify as low as 950°€C ang repain amorphous up to

1 ZOin:C:::

3. Effecta of‘Crystalllzatlon.

a. Mechanical Behavior. The-cryqtal;iZarxnn of a gxdqq o, a.

glass-ceramic chreasa« ita strengfh and toughne.~. A« a glasﬂ. the
material :SkQéqqlly single phase and-homogenequs,: After ‘the glass has

crystallized, however, it has a polycrystalline structure which



possesses some fracturc ughness ;nrousn_égaﬁkféhr1;§;15n as&5é‘§§%z;k
bounéaries,q? | o

N Eiipenditx; The den=mity change aasoclated with crystallizarion
denéhﬁﬁ}épﬁﬁl;hé;g&mboﬂltiog @{_thq;eﬁjsﬁél.Rpéqiéa.zz In the case of
‘¢ordierite. the density iocreases with the beginalpg of crystal
growth;;phcﬂ\dgcﬁéaéée:aigé}ygﬁéliﬁigpiéh}cohtinUes and s

completed‘za

c;fThermal.Exp&naianaq;xg§§§3}a§a~ceramicgstqqulghelya
cryétailine it should posaéésgg thermai expanzsion.curve identical to .a -
crystalline. solid, = If there {8 much reaidual ;glass phase, the
material may .show:a curve similal to thanfpr,;he‘glasa,_ﬂ@g;a4§gmgie
cfyeﬁall}zes, thé“C{ﬂ;Ef}i}ike density, -is.dependent upon the
:jCPYstaii&ﬁé‘pnases>évolved;?2.:C{T;8;vfolldws the ROM whic¢h allows the
extengy9g‘crystallizatidnﬁtq”be.caIculdted.ip:pﬁldedfGQT,E;'ls coupled:
with another analyticsl technique, such:a%. XRD, Which can identify
and quantify theworystalline:phases pregent.

¢. High Tempavaturéfﬁeﬁaﬁidniu‘;ﬁtmdst cases the glass-ceramtc

- will: ve dimenéionally'htébrefanﬁtembévatures nighar than ihe;ofiginai
81335;22 Aﬂinotédueéflfégi?g}§§$és-Borten over a.temperature range
and, thercréﬁe,:békfn;tbfderérm~1bng before the glass reaches a
viacoatity ofﬁi Tfﬁﬂgolsé”(derrnpd‘aé‘the Boftening point). -In’certaln'
cases.!ndwever;GQIgss—céyahtésabegrn totgefohm or creep at a lower
temperature than tﬁéir glésa'CQunterparts. This can occur when the
ceram&ﬁg’prgcess dOesﬁﬁdE‘§6ﬁ§ietéiygcrystarlize~thefglass and the
remaining glass has a lower.softening point 5ﬁﬁ§thgbéfcr¢ a different
compési€i6ngthan”tﬁexbrig§§éi glass. - Creep In the glaga~ceramic can

then ocour: the glass phaso-will segregaté co the graln’boundaries of
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the. glasg-ceranmic systew $roviding a lubricant for grain bounddiry.
sl4atng.>

A, Crystailization in Cordierite and YAS Glassen:

a:.CrySEalltZatlcnlpr‘chdjergte. The crystallizatinn dehavior,
polymarphizm and effectiveness .of nucleating agentse, ;n\phe cordterits
system have deen -extensively sﬁudxeﬂ.uslng:UTA.ea-gax‘The
crystallization of ‘cordierite: occurq through heterogeneou«

leation.»a 31

Yaing powden'13by;eahniquns aqdpcreaae in the '¢°
spacings was otserved, suggesting: that solid solution of the stlicon
and. aluminum ions .4n:.the gordierite structure occurs when heat treated
&t temperatures-aboxe AZ00SC.. In this: system, surface cerystallization
occurs-read{ly 5o the DTA"results are very aensiiive’to partielz”
9128.31'32. " roazing the particle size decreases Lne‘bhyatagkiihiign
:empehatp?eg-\Tﬁd exothepns have beeri observed. ;?ﬁertisgf;‘a;'ésaagit
corresponds tc the onys;ait{;@ﬁipﬁﬁ@f;géchdxer!te;;hneApgcohd{_ax
99?9§{j§6n§5€¥crys;a11ization:érfﬁfcbhd!érite.Ag?ne&add¥tsoqur>T§02
p}omdéés phaSé:separatlon and,ehhancga_crystal‘;n;zattén.?‘3 'wnen Zro2
{a added, the nudlea;ion'andfcrystallization peaxs shift to higher
teﬁpafatbﬁé} eheneas.‘Ceozfinhlbite gcyatallization‘;g Sol-gel
dert{ved .cordierite, doped with 2:0% ZrC,, shows exothermic peaks at
~16609Ciand 1200°C.  If the powder Was heateo at 900° Y, y-cordierite

was rormed.33 The optimum temperature for nucleation is 83C¢°C.

D. Crystallization of Yrtrium Aluminonsilizares. Little work nas

been done on the Tormatton and the crvqhdlllzatlon of glasses in the
3 3 SiO (!AS) Qywtem.3 36 Figure 9 shows the phase diagram

ror the yttrlum aluminoslllcate nyq*em 37 icryatallization of YAS
compositions with Ca0 add(tionq {up to 55 moie p)36 and Zn0 additions

(up to 45 moieii)39 have been studied.
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Fig. 9. Yrtrium aluminoailicate phase diagram ('Bef_.‘ 37).
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OF partiigiilar interest in the YAS system are compositions which
would produce polymorphic yttrium diorthoslilicate {2281207). Y231207
naturally aCCuhs’aaQyttrialite.uo a metamict mineral wnlch devitrifies
at 1000°C to fofn y¥Y2-812‘07';‘M'.L_32 Several studleak‘usi»ng synthesized

, 41-45- N e & bt o
ytirtalite: 45’ha7e been condudted to detertiine the Lransformation

temperatures and the orystdllographic structures (Table I).

c. CDM%ERCIRLLY AVAILABLE CERARMIC FIBERS

Table Il lists the commerclally zwallable fibers together with

Lozl propertlies .

1. Nicalon Flber. Nicalon fiber ia produced by the pyrolysis of

& poly-cartsetlane ana s, for all vractical purpoaes, Llafinitdiy
long. Characterization -of this fiber has shown (s pompozitinn <n
vary both throughout it%3 cross sectlon and [rom fiber to
riber.27?a6'§? !ﬁ'adﬁt%inn Lo theae variants, elemental specles suech
as Mg and Al can diffusde into the fiber from certain matricea and
accelerate a -chemical interact.on between the fiber and matrix, in
turn creating:a very strong interfaceJWhich'uaually results in a
brittle composite.

Because of‘cﬁémibalfihheﬁaéﬁiéﬁ;ithé promotion of a weak
interface has~beénﬁof pariicﬁlan“inﬁé;est{;ﬁ%thé development of
Nicalon compositea. The easient ﬁgtﬁOd of producing a weak interface
is»throggbjheat~treatment'Of Qheﬁﬁibéb at. 1300°¢C ur#é?ove. This bqgt
treatment results in the formation' of a carbon layer due:to diffusion
of free carbon from the interior of the fibér to the liber surface.
Unfortunately, however, this migration of carbdon also.rgjults in.a

degradation of the fiber and its mechanical properties. The strength
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TABLE- 11

COMMERCIALLY AVAILABLE CERAMIC FIBERS

23

Name - ... ... . “ASnd HM=-S . Nicalon SCS-6
CoNpos{ 16 quz ¢ c 30,0 ¢ *
{weight %) - 1.8-0" c
54.3 St Sic

Dlameter (jim) 8 8 10-20 1
Croas Section round roun;t round round®
Filaments / Tow 12,000 ML 500 1
Densiey {g/em’) 1.80 1.1 2,56 3.3
C.1.E. (1070 r00) 2.2 o 3.4 B,y

Range {°C) N, - 150~600  NL NL
Elastlic Modulus (GPa) 235 345-41h  180-20C 430
Ultimate Tenstle - ) . .

Strength (GPa) 3.6 AT-2.4 2.5-3.2 4,1
Ultimate Strain to

Failure {%) 1.53 NL- 1.5 NL
Manufactursr Hercules. Hercules Dow Corning  AVCO
Reference - \\ﬁ. 48 M 3
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TABLE II {({ONT.}

COMMERCIALLY AVAILABLE CERAMIC FIBERS

Nexte]l 440 - dexte) 480

fibar PP

Compasnition

{weight £}

Dtameter {im}
Crosa Seef'tén

Filamentd ¥

Denstty £g/883)
5

CLTLE. (107

Range (°CY

Elastic Moculus {OPa) 200250

G

2 B,0; 2
70 AL.Oy 70 A1,0,
28 510y 28

10-12
oval.
1,000
Fay

Sieey s

2551000 ...

Ultimate-Tenatls

StresRt (G

Ut imate- Strainibo..

Kailure

@ ML

Hanufé#fﬁreﬁ 3H a3ﬁf

Reference:

50 50

NL = Not' Listed
M = Mapufacturer's Information-

383G A1,0,

‘round

204
205

5.7
N

380

1.4

Nl

BuPant

190

-.‘z.Sf,

BRI T I A

Sumitomo

g



. of Nicalon fiber ls conslderadbly déSredsdd arger exposure o

temperaturasas >1000°C in aﬁ”exidizinz atmobphéfe§ .

2. Nextel U440 and 480 Fiber. Nextoltfiber haq A mullitic
composlition and ig also‘roréed by 3 polymertprgcursorsmetnon::'Hexté;
fiber is oval {n cross section and, becausevrit.is:dn.oxide; is. |

-ﬁeiééiﬁé{§:stahle in an oxidizing atmosphere. The. aadition of an
oxide"ribgr;Iptpﬁébﬁﬁgiﬂé*méﬁhleﬁfflfalyéyh\result»ln chemical
:ﬁ#ensqﬁxon» Nextel ﬁRO‘andgﬁﬁaaﬁiparsahave.a remperature limit of . . .
-approximately:1000°C. : They: begin to necrfstailize‘ééove #nis_
temperatiize; and lose. atrength.’ LLLTYeiwork has been done with
Néxtel in glass and slasswoeramle gatrices due tu Shelchemical
reaction.problem. -Some work has ‘been done by the magufaptufeﬁ‘g{th'g‘b

fiber coatingq EO reduea fibher/matriy interactions.

3. SCS~6 i\hxicon Carbide ‘llamenr) SCS-G fiber {iw produced by
ne ohemﬁcal vépo} ;epositton (CVvD) of stoichiometrLc Sic on a carbon e
fIbEﬁ aubatrate; thé:neill 1z avldrge - diamever {140um} -Fiber composed.
i‘mainly of B-SLC eryatallitess ASEM- photomicrograph or a typieal
SCs- 6 fiber cross ‘sectidn“4a’shounin; Flgure 10. ?rev1ously. ‘this
fiber has beenfnSéd~ptihéib§liy;1nimetai‘matrixfé&ﬁﬁdéfggs;,-Smallen~"
diameter fibers;:such as Nicdlon, whan incorporated iéiéfvablous glass
';ﬂﬁtﬁiéééi?héve pﬁédubeQECOmppsipes with petter mechanical properties
-thati Ehdﬁé'obtaiﬁéd;using'scs;ﬁ fiiahents.s? For an equal volume of
SCS=h-fiber and Nicalon fiber, the higher surface area of the Nicalon
fiversa would providg ‘a greacer fiber/matrix 1nrerractal area, qtronger
bonding and henee greater compasite strength. SCS-6 ia gvnerally more
qtable 1n air due £o-the purity of the- SLC layerq and thelr oxjidation

3

reaistance‘-»wAt:tgmpehaturea‘gneauer than 1000°c,»the crystallites of

81C-vegin vo grow resusting in a considerable decrease .. strengih.
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D.. FABRICATION AND PROCESSING CF CERAMIZ COMPUSITES

1. Discontinuous Fiber. The major objective realized {a the

‘production-of discontinudus Piber compoaltea is the effective mixing
of the matrix and ribars' to adhisve a uniform gistribution of fibers
in the matrix.. The aspect ratioc.of a fiber, defined as the lengin
divided by the diameter, can’ﬁgéé a considerable effect on the
mixability of the matrix and fiberd. The spaller the aspect ratioy

tné-bétten;che,matrxx;and f}ﬁgngﬂﬁix.ﬁiﬁéﬁger aspect ratiog result (o

2lumpa ‘0f fibers opiented dirgetionally, producing property

eﬁ:antropyi*anfaanﬁoﬁ ratla gr %é?ftﬁﬁﬁ”aOFmay reault in large votds

and breakags-upon orientabion of the fiber durtnh mixing and hat’
pressing. 52' {fowever, 8 um diameter carbon finpers 2 millimeters long
{aspect ratio = 375) uere. eas!ly mixed with matrix powders while
fibers 10>mi;§;meter35103g (é?pébt;raﬁio =~ 125C) would clump toﬁether
into disqﬂegglbuﬁdies.53  If%the»f&hera and;ma;fix are not intimately
and unifoémliimixed the mecﬁanical‘prppertiesrmay be severely
aftécﬁed;ﬁ;The dest composité’propérties are bﬁtéihéd with
.uniﬁin¢¢tiqhél{tconc&nuqus'fibers employing 2 high fiber volume
fractiotic  Optimal strength properties are observed when hesting
composited paraliel-to the I'tber direction.

2. Continueus Fiber.~ Thé:moqt widely accepted methoc for

producing ceramlc matrix compoait:eq lnvolveq using slurries of the
matrix powder and conbinuous flber towa. The use of a continuous
‘rilament winder and- a glaqs s\urry haq rhe advantage« of apeed,
:uniformity and eaze oﬁ,fahrication compared o ‘the production of
composite pre-pregs using hand 1ay—up techniques.’ut The winder

pgoduces unidirectional laminas which can be oriented to give



conposite specimens with any degree of flber orientation. In the
manufacturing process, a atzing 1s applied to the fiber tow %o reduce
fiber damage during handling. Prior to prepreg fabrication, however,
this sizing siat be removed-so that the tndividual fibers in the ftder
tow can-separate and”intimately-mix-with.the.eatrix. In particuler,
the aizing on Nicalon fiber ia a2 vinyl acetate which 19 not soluble

o 6
and therefore muat be burned off.2

3. Densificatfon Us{ng Hot ‘Pressing. With the exveption of.
sol—gel.den;gedlcéramiclﬁééﬁfces, all glaas ang giass-ceramic matrix
compoa;;gs:are dens{fied through the almultansous application of heat
and préééﬁﬁé;in”a:processgknown 30 "hgt: preasing.. - In not pressfng, whe
raterial s denﬂified 1n a gﬁaphite dxe which has beer orotected with

a lining of graphite f011,25 33 molyboenur rqvx.ua or a doron nitride

wash, 54,35 The llterature’u 25 33.48,53- ”>descr1bes many variations
in the hot press:atmosphére.. ' The specimens are pressed either in a
vacudmﬁgé in a¥n0n~reac§ivgiétmosphere such_@s argon or ni£rogen.
Table III;contéihs‘the hétAﬁréséihg‘parameter3aused for the
densification of varioué glaés a;d-glaés#cEramic-matrix composites;
The temperature at which the gpecimen densifies ¢iffers with the

matrix,méhEnial:and inldome‘cases. with tﬁc‘riber volume

“raobion. 53 "~ The ophimum temperature for the hoh pressing of glas

o

matrix compo«iteq occurs when the glaas viscosity reaches =10
polse.61 This is just above the =oftening point of the glass which is
derlned as’- 197 6 polse.-{Excgsaixely high[hot pressling temperatures{
t.e,‘abqyg'1390‘§ In the cassféf Nicalon, result in substanttal |

. Ciber’ degrada*ion and are generally avolded. 25 33

The hot pressing preéssures uséd do not appear to follow any trend

ranging from 3.5 MPa /500 psi) for Pyrex53_to 35 MPa (5000 psai) for



TABLE III

'HOT PRESSING PARAMETERS FROM PREVIOUS WORK -

Fiber Matrix. ) Temperaturé . Présaure Atmosphenes: Time Reference
HY -Carbon  Pyrex (7740): 700«1000°c 6y9MP2 V/&r NL 53
B Carbon  LAS 1230°C 100 VZAr NL - 53
HMes L-as8s 1375°¢C. 6.9 N2 5 min 48~
Nicaion - Pyrex {7740} 120004 g v 60 min 51,56
Nicalon’ Vycor (79340) 1600°C 6.9 v NL 56
Nicalon . S102 ' 1520°C 35 v 30 mln 54
Nigalon + S102 - 1350°¢ 35 v 20 win 54
-Coating v , ' \_
Ri_ca;or_; LAS (9h08B:+2r0, >1300“C}_A 36,9 v Nl &1
Bicalon LAS+Zr0, +Nb Oy 145000 7.0 v =3,mtn L
Hicalon LAS 1,711,111 1000-1350°C - 6.9 NL 15=30 siley - B
Nicalon LAS 1250-1300°C 7 . V S om{n 59
Hicalon MAS 1 1260-1270°C 13:8 s 18 min . 26
Bicaion’ MAS 11 1255-1260°C 13,8 v 15 gin 25
Nicalon Cordierita 1370°C 35" N 1 min 5%
Nicalon Cordierite ~1325°C 12.1 v NL. 59
5C5-6 Pyrex (77407 . 1150°¢C 6,9 HAP- 20 min - 51
Fiber FP ~ S10,+2% 8,0, 1400°C 34.5 A0 30 min 55
Fibar FP Pyrex {77u0) * 2-13.8 NL . 2 min 81
Fiber FP Yycor {7900) 5 2-13,8 NL 2 min 61
*or Pressing Temperature s the temperature where the gldfsinas 4 viscosity of’ﬂ)e.‘ pofse.
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TR

VTR K
cﬂraxer*te. In ene"al the den«if!oanicr pressure {2 5.9 MPs {(toou

p41) and is applie_ ah thﬁ t*mperature eo re«poncing to the acfianing

pOint of the natrix as de«crlbed above. The time roku::ec for
. 61 - ‘
densir 1 cation {s aporox;ma*ely Lwo ninutea ~but densification times

P
ap to 60 minutles haye ben" repOrted. 2

E. "'&aS AND hLﬁSS-CERﬁﬁIC MATRIX COMPOSITES

1. Carbon Fiber Reinforced Glasaes.and Glass-Ceramias. Csrbon

fiber has been USEd extensively for the reinforcement of:polymer. and.
4POXY BALCIX ﬁomposites bevause: oﬁ 1t4 nigﬁ qtrength and wodulus. The.
firat use of carhon fiber. to reinrorce.glasses resultea,tngsigniftéaﬁt
increases in both strength and Voughne\\.ua’ﬁ? Buo_idythe negat ive
X312l expansion of the carbon fibers, it AS‘possibleiié @roduce a
~ompoaite W€ith an exfremely amall C.T.E. \If, as discussed earlier,

the matrix C.T.E. 4s sufficiéntly nign anid producesta-large-C.T.E.
mlsmésch bhetween the fiber ana ;ﬁe matrix, the P0m90ﬂ5i§{Q§11 be
?eaﬁeseq;\ Carbon. is: also ﬁot shemically reactive iv’moéf glass an-
glass-ceramic ‘matrices 80 the fiber/matriX interface will be wesy

resulting in toughening. by:fiver pulieutigRohantsana., ;‘sn:pﬁgnayteii.

however, carbon riber has’ an upper usagthemperature of 450°C due to

rapid chemical and physical degradat!on of the fiber fros

oxidation,s 6J»thererore.ﬁxhisuloaiusage‘temperature%essentiaiiy
eliminates cahhbh»fibér*fﬁbmfﬁdhﬁidéﬁ&t&an;ESxa»neinforcement for nigh
temperature.cqmp051tesx

4. Diacontinucus Larbon Plbpr Comoaqiteq Ideéliy,?diqcontinuouq

BRI

carbon fiber additions should lncreaqe the strength and roughness of a

matrix isgpprigg;}x,_ﬂThig‘;a not usually the case, however, due to



[S8)
e

;prgfqrréd‘otiéﬁhathn resulting fram the hat preaaing of the
eqmpésite.w’sz’(’a The atsength and toughneas may not be faproved
because only a amall percentage of f{ibers are actmai)y‘pa?illel to the
tensile axts.

The uitimate atrenglh of the composite can-be:calculated
following the ROM (T the length-of:the diacont}nuous fibar is greater
than the Critléai”lbngth?éﬁﬁflfftﬁg?discbntinuoua fibers are aligned
parallel to the tensile axi{s. 1If She length of the‘?tber 1& ieas than
a crivical length, the avé.r‘?‘ége fiber strength muat ge.le_\ul?s:“itg‘t.fm !'9:‘_
the ultimpate flben-strennnh.unniscontlnuous;niger;;hﬁtph~arc
mlaalignad wllloprodunaistresavongentration gfifectsisinilar. to-
Griffith flaws, therebyfrgducxng the atrength-of the cémposite:s aa
expected, allgned'r'bcrs érdduce better ?éSults. Iﬂ addition, poor
mix{ng of the “iscontinuous fibers can’ produce -fiber dgglororutloqq
which can resylt in:defecta and 1owerfhtrengths.15 For- example, thne
atrength reduction, from 100 MPa to 4O MPa, obServed in a Pyrex matrix
composite containing 30 volume.percént, discontinuous fiber, was -due to
poor mlxing.s3

b.. Contifuous Carbon Fiber Composites. Con®inuous

unidirectidhéllYLaligned}éarbon fiber compositen pxhibit excellent
strength dnd tougnneqq comgared to the unreinforced matrix. The
C.T.E. mismatch problem is: more pronOunfe& in unidirect{onal lapinas
and can result 1n microeracking perpendicula~ to the f(iver direction.
The calculated strbss due to Che C T.E, mismatch for Pyrex and LAS
reinrorced wlth 50 volume percent carbon riber was less than the
strengbh of the matrix, therefore, no micracragking was observed.6§ In
one study the LAS matrix composite was already a 3laqa~ceramic uhen

the carbon fiber which was addedua seems to nulliry the advantages of



using glass<ceramlc matrices. The composite pre-prag was hoh prosacd
atv 1375°C, a temperature whlch wos nigh enougn for tigutic farmat {om
and subsequent densification of the LAS matriz. In additice, whe
cryutalline phaSes in the glass-ceramic were different after
hot-presaing puggsesting that ‘the fibers affented the

. i
crystallilization.

2. Ceramic Fiber Relnforced.Glassea and.Glass-Ceramica. Ceramic

fibars have -priopertles’similar to carbon fibers I terny of elastic
modulusgand;ultlmate;tenatletstrength. The density and the C.T.E. of
ceramlic fibers arp usually greater than carbon fibsrs.(see Table-II}.
*rodblems 'which are often éncbunténcd&ualng~éanbon/fibers suchas
C.T.Egimismatéﬁ tbetween the fiber and the matrix ﬁnd poor “oxidation
stability are reduced ={(th the use of ceramic {ibera, ' The increased
chgmicaljcompatibillty between ceramic fibers ag@ja;ceramicgmatrlx
results I{n a strong f:ter/matrlix interface and brittle composite
failures This problem Bflriber/matrlx chemical -interaction has been
greatly reduced, however, through the use of fibar ‘coatings and
careful processing to-yield fiber:pullout and significantly toughenec
glass and glass-ceranjc ccmpoditea.

a._Contiﬂuode Ceramic Fiber Composites. The incorporation aof

ceramic fibers into varlous ‘glass and glass cerar e matrlces has

resulted in some useful compoaire syatemﬂ. ‘Thpqp matriceq {nclude

Pyrex, 51.53,56,61,65 Vycov.su 56 61 a barium slalon, bo and various

. ok
pompoaitions in the nagneslum aluminoaillcate (MAS) systu 25'5 59 and

the lithium alumirosillcate (LhS) sysbem.ua +53,54,57, 58, 6% Table 1V

uontalns a summary of the reported duta for ceramlc fiber

‘~:arorc¢q_

glass and glaeq~ceram1c matrix campo«iteQ. Only Nicalon tlber

reinforoed Pyrex and LAS have been studied in detafl.



EXISTING GLASS AND GLASS-CERAMIC MATRIX

TABLE

iv

COMPOSET

" GYSTEM

l/.'t

Matrix Fiber Yolume Fracturs kaforenue
Fraction Behavior

Diacont tnuous , Random ‘Orlentation
Pyrex HH4 Carbon Q.1-0.14 Taugh 53
LAS KM Carbon Q. ? ough 53
Dissontinuous, Al&gngd‘Ocientation‘
Pyrex M Carbon 2.1-0.3% Tough 53
Pyrex Celion Graphite 0.3-0.3% Tough 64
Continuous, Unidinectiyvnal Onlentation
Pyrex: HM Carbon a.% Tough 65
Pyrex Ricalon- 0.35-0.50 Tough 51,36
Pyrex - SCS-6 0.35,0.65 Tough 51
yyoar Nicalon 0.35 Tough 56

. ) 56
LAS HM Carbon .36 Tough 65
LAS Nicalaon 0.50 Tough 5%,5%
LeAs8S. HM-S ; 0.36 Tough 48
Compgias (Xiealon) NL Tough 8,54
Cordlerite Nicalon 0.30 Brittle 54
Ba-Card. Nicalon Q.40 Tough T
Ba~MAS Nicaleon 0.40 Tough 27
Ba-StAl0N: Nicalon 0.50 Tough 66

-
3 LS
-



‘The Igg;ggd'teﬁbérature:sia&ility or‘dhé;ﬁlcalmnfrfber~can de
explolted o produce a toughened composite, Nicalon does not exhibpit
a unifors chemical composition throughoub;theffiber.h7 Ir ﬁhe‘fibér
‘ Lsitcéahéqfin atr, a quz iayer‘will rormidnjthe f1ber; when ﬁeatee
under non-oxidizing condiniohs. a carbon rich laver-is formed.
Composite sﬁééimens:are usually densified in-a‘hot preas using 3 non
axxdizi§8§a§@??pbere, 1f ‘the-hot presalng temperature ls high enough,
the carbon rich layer will form and act as a‘ngrrigr to reduce
riber{matniX’1nteract10n.51‘56‘51 This situaﬁiéa-?ould_be\ideé}
exgept that the development of the carbon layer occura through
degradation of the fibher, which reduces 1ta ﬁtfeﬂg&hju?

AUnrortunately} théIréﬁeaﬁéhfliteﬁaturéfisfgpéomplete regarding
many of the investlgatediéoaﬁdgiggngstems;wagbsrtant information
omiited;iecludea_(4§§§5fb35$£6ﬁ$;67~hotiéégﬁSing parameters.ss‘sy’és
mgchaﬁical‘te&ninggpahamét€§§§25;33?ﬁﬁ@ﬁé&énﬁmggnénical‘tespiqg
resutts.'® “Tne ‘Gitaston of GiLS-InfermAtion mikes At exceedingly
dlfficulp‘gplcohpéne §§§f§§é§ppsfcompéstteisyst;ma.

5b;ACa§iéd Ceramic Fiber-Composites. Coated cerawic fibers are.

uaéii"?ﬁ‘dfiriédugéféthe fiber/matrix -interagtion and ::to provide an
;oxidabihn barrier for elévaked temperature use.  Two coatings:which-
will fulfill this requirenent .are carbon and boron nttride.S?'ﬁa’
Unrgrtunatgiy, carbon ‘and boron nitride ccatings are not

' thernodynamical ly. stable at ‘elevated temperatures in an oxidizing
:aﬁﬁQSDEéﬁefsc they“yould-not provide acceptable Tiber coatlings far use

5,63,69

“inhigh temperature composdites. " If the cgating does not react

‘with thié @atrix or fiber, @ weak fiber/matrix -interface will. result,

allgwing toughen1ng of“the ceramic through fiber'bullout.



" Increases fn both strengi: and Loughness hdve beesn obta

. pa

nog
'thro&gh‘ghe‘cae of coated fivers. - Unfortunstely, the cdahing
material was not disclosed dus to the possibility of patenranility
makingiﬁhe7hesulns Lnaceessitle for comparisons. Coatings dre.also

- sometlaes fé‘}s'x‘edf!m situ-aa:in ntobium penitoxide mbzu‘) :xnpcd Las
giass ceramics contafhlng Nicalbn‘rihers. The n(obiwm.ﬁl}l form a EDC
layer at the flber/matrix 1nterfacefétfﬁ@ieptly~reducing interaction
sfter féactXﬁg“ﬁftﬁ*édﬁﬁﬁ@?ﬁﬁﬁﬁ“hﬁelecaion»fiher. The NbC w1ii

preatpitate at the inteépfmce in the form of sma!l .crystallites which -

Cer

o [ Xy
11} ».‘\’;

are detectable using-transmission electron microscopy (TeMM. "7 The

‘ T ‘ : e e
Compoaltte through-tlbpn«pullout.s -This is significant because-this:
type of reactldn“aﬁd 6ahEier}fobmat1on has fot been observed in other - .

geramin Tiher reinforced mairix composite systwe:s.

*F. MECHANICAL TESTING OF CERAMIC COMPOSITES

]

2
"

the development of ceramic riber‘reinforced ceramic matrix
composipes\cohtinuea. it = becoming increasirz.. important to develop. .
srandavdiféstlng‘cechniques Lo astermine the mechaniazal properties of
atrength aﬁd toughness. Although one testing:procedurs ror~monollthic.
ceramics, Y.e. flexure testing, is commonly used to measure strength

of ceramic compositea; ideally, this procedure shouid not be used
without modif;catidns to test ceramic copposites Boetause scmpo’ites do
not behave‘isotropléally and do not exinibdin linear elaatic

2,4,8,71,72

behavior. Similarly, testlng'ﬁrocedureﬁﬁfor pclymer matrix

composites are not applicable because cerarmic matricea are not



dutile, and.aome dagreefgf‘matfix‘duotix&ry 18 aSaumed in the neating
- N 7y
of polymer qakrtxsccmpomimpm.‘3.=

1, Sample Preparation. Because ceranic materials exhibit a

dependence of atrength on surface flaws, it is (gportant Lo eliminats
surface flaws whenever possibie. Testing in che as-formed 2onditisn
without any aubsequent machining or polishing {a acceptable {n Some
cases. If a speeciwmen.is polished, Lhe acravches produzed hv polishing
must be less than the eritical Tlay 8ize, otherwise, the testing
results mey not reflect the acvual strength offﬁhe~materia£. “The
eritioal fiaw slzelvaries depesnding on the cerawmic material under
4.nvesugatfrdif.~‘iﬁ Diamond abragives ane uNuallvetasdsfor polysking
beceuse they are more effective and result in less damage to the
specimen such as fiber pluékfnglfrom thé‘polia&ééfé@f?ace.

Tesving Technlques,

a. Flexure Testing. Flaxure' testing'amgingds, eommoniy koown 28

e

or f-point bending teats, -are usadito determiné thie modulus of rupture
I{MOR) and say be applic&ble £o short, diacontinuous, rangomly orjented
fiber coapbéigéé provided they gxnrb1£>{§§§r§pic ﬁeﬁaviar.sz MOR
tests are designéd:so Lhat: thi¢ outer fiber tensile stresa developed on
the tehsylsTaide of: the teshing specimen can be €alcuiated. This type -
at teating {s spplicable for mopolithic caramics because monolithis
ceramies ggnerally fail in tenaion rather thsn compressaion. AR a
eeramjc‘pgggﬁsgte specimen is loaded, however, mairix microcracking
hegins cnﬂbhe~tenst1e af{de of iﬁe;spécimen. affestively reducing the
elastic moaulns, carusing an Increase in-the.compreszive stress on the
compression slge. Thls‘@iepog:apking.-an¢j§§eggccompanying elastic
modulus change, cause furthe;fdéviation rrdm téé linear elastic

bcnav1oﬁ~§n§ﬂ&cxed by x1neaggglgstic theories used to develop the



equationa for the calculation of the outer fiber tenstle atress {MOR)
of the spacimen at fallure.

The MOR test {s applizable to untdirestional f(her reinforced
ceramic composites with some mediftcarnfona. Studies show rthat wne
ultimate ‘shedr strength oof:unidirectional fider reinforcad ceraminc
composites 18 10 vo 100 Limes lower than the vltimate Lensiie
atrengtll; resullling i shear/compression fallure in bending rarner

. 8,71
rhan tensiie fallur T

e..
25,74,75

This type of fzilure {8 obaerve:
eyperigensally. In.grder to ellminate shear/omprassion
fallopgy Lhe minimum span‘;qwdephh;l§7a)Téégioidan‘be calculatesd for a
glven composite syatem: -Foriexample, the winlmbm S/d ratio foria
Ntcalon -fiber relnforqé@?LﬁSfII matrix composite ua3.15~!? aps 30-34
rfor 3~pofﬁ£ and S—poiﬁtf?ié;u?é. respecti;ely.e In much of the
research ilrerature regarding testing perforaec on ceramic composites,
the ainimum S/d ravtio for.vhe aystem being investigated is not’
calculated. Table V contdlns S/¢ ratlos-ard the resulting mechanical
data f£or various systems.

Tne ‘advantage oftzle?uré‘testing ts Lhat {7 v eawnily adapted to
nigh vEmperature testing of ceramto uompesitee.;; Loading jigs car be
fabhricated from .refractory saterials auck az 8tC ar A1§O3. Thisﬁ
technigue {8 also condugive te continuaug lozd/deliection measurements

Che

. 6
asing optical methods.’

b. Tensile Testing; Tenaile resting of any verami: materizl

pregents problems with parfectly 8llgntﬁg and grivping the specimen.
The low shear atrength sxnibited by céea&&ss]tan proguce shear failure
Qriginating at the spécimen grips. Impérfect alignmen: can result in
torsion and shear Stfess development. {n the specimen vieiding

unpreliable reauits.



TABLE ¥
ﬁ”CHAHICAL PROPERTY DATA FOR GLASS AND GLASS-TERANIN
MATRIX CCMPOSITE SYSTEMS

Matrix Fiber v Teat®  SA  Strengihk CRef.

Discontlauous, Random Ortentatlion

Pyrex H% Carhon 0.10 F-3 NLO 60 53
Pyrex HM Carbon G.30 F-2 NL k0 53
LAS M Carbon  0.20  F-3 WML 60 _ 53

stconu-naous ‘Aligned Orientation

Pyrex 4™ Carbon 0.10 F-3 NL 90 53
Pyrex M Carbon 0.30 . P23 Nh ik0 53
Pyrex Cellon Gra, 0.35 F=3 5.5 35 64
Pyrex Celign Gra. 0.35 Py 32~ 32¢ &4
Pyrex " f“elton Gra. 0.35 o7 NA 150 6N
Continvous; Unid{rectianal Orfentation

byrex HH4 Carbon 0.40 F-3 30 680 65
Pyrex WNicalon 0.35  F-3 20 370 56
Pyrex Kicalon . 0.40 F-3 HL 290 51
Pyrex Nicalon: ¢.50 F~3 20 806 56
Pyrex SCS-6 .35 F-3 NL 650 51
Pyrex 3C8$-6 0.65 F-3 NL 830 51 -
Vycor Nicalon 0.35 F~3 20 4ug 56
LAS 4 Carbon - 0.36 F-3 30 630 85
LAS Nicalon 0.50 F-3 25 620 57
L-4-88 M-S 0.36 F-3y 30 880 48
Compglast  (Nicalon) ML F-3 i0 860 5%
Ccﬂng‘as - (Ricalon) NL -3 15 TRE 8

Sompglas {(iiicalon) L T NA gh 8

Cordlerite Nicalon - 0.36 F-3 10 110 5k
8a-Cord. Nicalon G.a0 F-3 16 375 27
Ba-MAS Nicalon C.40 F-h 16 55¢ 27
Ba-S{AON  Nicalon 0.50 F NL. 250 66

%F = Flexure Testing; 3 and 4 = 3- and A-point bending
ﬁaopectivply._where designated. and T = Tenaile Testing.
tCompglas 1a a registered trademark of UtRC.

BNLY 3nd *NA" = pot listed and not applicable respectively.



Tﬁ¢ beet spacimen design for tensile testing of ¢eramio
cémpoéi;éﬁ:zs the three-pin configuration 1ilustrated in Figury 1),
The three-pin conflguration minimizes the gripp:pg problem effectively
bﬁt i exéensive and -3t111 requires perfect alignment.'_Aﬁditiﬁﬁal:
problems which arfse from machining the ‘dog-btonsg’ aﬁé@q.lsunh as
fiber damage, surface flaws, and miorogracking of the matrix, can
result in strength degfaﬂaﬁldﬁ.8?71

The gripless ténaile specimean?iéh}e112) may provide An’anewer
to pome tensile. testing phpﬁlé&g;_ﬁévevgr. the machinlng af the
specimens te-z-probleni The act&alé;esgingglsgger{crﬁéd using
Tour-point flexure appargtus and pesults ln a‘uniform ﬁensile streé9
in the lower part of‘ﬁﬁéfbéamigf.rhlsfmake$~hhe*gtip%esa‘tensiie
testing specimen {deal for hfgh temperature teatiﬁg i1f the oxygen

embrittlement prodlem result;ng fr¢m~épecimen~g;ch1n1n8 could be

Elevated temperature teénsils testing is difficult because of
fgripping}paqblems. "In the case of polymer matrix cogposites, the
specimen is bdonded wiitn an epoxy which wouid 1ot be usable as a
‘$0nd1ng}material for high temperature testing specimens because of {ts

limited temperature stabllity.13'77

¢. Toughpess Teating. :Tgst gpectmensAfor:Lougbqgsg aré generally
aingle-edge notched beams {SENB}, .circumferentially notched beams, of
chevron notched beams wherethe notches areiproduced with a thin
(C.05") dlamond saw or with a wire saw and a cutting slurry:, Flavs
are also introduced with shaped diamond {ndentors:such.as Vickers:ar
Knoop indentora. Thia notching, or indenting, of test specimens
introduces a flaw of critical =size which can be propagated .thravgh aae

material in a controlled manner as illustrated in Figure 1. The area



o
<2
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‘ B "_; As Received
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¥ig. 11, Schematic representation of a 3-pir tensaile testing
conflguration for tensile testing continuous fiber
reinforced ceramic matrix compoaite apecimens (Ref. By,
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Load Load
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PN

- configuration t

Cutont {

Support

Schematie reprgsentatiau of a gripless tensile testing
or testing continuous Fiber ‘retnforced
ceramic matrix compoatte. -apecimens iin N~potnt flexure {Ref,

8).
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under the load/deflection curve can be used to determiné the work
required to produce new surface and hence to measure the toughness of

the material.

Flexure testing of notched beams i{a the moat common method of

toughneas testing. Researchers disagree on the effect of noteh

u_. 60,7 ‘

depth on the toughneas of the composite. Thé rate of loading

~ SV ~ 60
does not appear to have any effect on measurad values.

d. Fiver/Matrix Interfacial ‘Bonding. The degree of interfacfal
tonding between~Lne‘matnii[@ndﬂa?nqinforcing;r!ber ts the determining
factaor ré;-toughehing-thkééﬁﬁﬁibgcdbpcsites. : The measurenent of the
bond;alrength lea be obtatned by pushing out indlvidial Fivers with'a
diamond indentor. From the applied load, the diameter of the fiber,
anid the disatance the flben‘moves..lbfls posstb}e’tb-approxtmate the
bend strengrth.  The elastlc.mOGUQUSUand Polasson's ratio of the fiber
must also be,knoun:7"78 The major problem assoclated with this
testing method-is that the fiber must be perfectiy‘perpehdicular with
the polished surface.. If the riber is not perpendicular, shear
stresaes developiat the fiber/matrix interface which cannot ve
acoounted for when determining the interfacial bond strengrh.

Iv ia also posaidle to galculate the interfacial shear:strength
by measuring the distance between matrix microcracks- perpendicuiar tec

the rtber'di‘recnion.71

These cracks-are usually unlfonhly;apaced ang
can be measured using a light microaceope. Equation.2 is used to
calculate.the frictional =stress, T, between the matrix’and the fiber
using the matrix microcrack spactng.,gﬂ.j‘T

2d -,_qég;x‘:»tszvf‘ (Ve B /g B
Where o equals the stress where the oomposite starts to exhibit

nonlinear elastin behavior and R is the fiber diameter. The C.T.E.



for thematrix and the fiber ghouid be ineiuded in whiz equation
badauge residual streadsen restulting from C.T.E, smismatenh conld

contribute to the matrix microcracking.
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X1X, EXPERIVENTAL PROCEUDURE

A, MATRIX PREPARATIOQN

The cofdterite natrix composition, iistad in Tabia Vi, differsa
sl{ghtly from theoretical cordierite (2Hgo~2klacq~581ﬂg). Thig
material.‘SG«266H..received from\Ferrb‘E;rporatlonTaﬂ a feit with
particle éizequis-zoum. was used f¢r~dli ﬁheiimlnary‘processtng
experiments because {t was relatively ‘‘nexpenaive ahd &onsfderably
more plentiful; than the YAS matrix material. The terms SG-2664 and
cordierite) will be usedsinterchangeably in this theslis.

Tva YAS composttiona were {nitially selacted from tem

N

compositions investigated for liver cancer research. Yns47 and
YAS-9 (Table V1) were picked becauze of thelir fefractoriness. their
relatively low. Si0, content, and low C.T.E. These glasazes were
batchec fromireagent_g;ade Y203, A12o3 and SiOé and melted i{n platinum
cruciblea ysing a molybdenum dlsillcxde:haiipln heating element
furnace. The‘glase was quenched in water, crushed, ‘and bal; milled Lo
pasz 230 mesh, .. YAS-9 was too refractory to be efficiently anlted and

waa eventuallvieliminated. YAS-7 was cast and annealed at

approximately-BS0SC . to pnovide. stock for.mechan!cal\*%&t!ng anecimens,

b. COMPOSITE FABRICATION

. wWoven Cloth. The first attempt 'at the fabricarion of compoaite

samples uvtiiized #1 weave Nextel 4%0.¢loth. Slurriea of SG-266M and
methanol were prepared aad 1" squares of cloth-were dipped ini¢ the

slurry. They were then interleaved with excess glassa, and hot



TABLE VI

QLASS~CERAMIC MATRIX COMPOSITIONS AND PROPERTIES

. Cordicrite Ytirium Aluminonilicate
Theoretical = SG-266M . YAS~7 YAS-9 Butect ic

© Composition (wt. )

MgO 138 13:3

150 40 55 32
whiéé;' 3.9 2.0 30 15 27
510,. 51,3 52.7 30 30 a6
BaQ . 2.0

telting o o | |
Temperaturé  1550°C 1450°C =1450°C.  ~1500°C.  1345°C
Denalty 2.63 3.39 3.80

S.T.E .

(x 16 °/°C) 2.69 5.0 5.7

Reference ;7§ fap.“g 20 20 3k
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:p?ﬂa§ed, SEM analysis ahcwcd the matrlx was unable Lo panetrate the
Light waave Of fﬁv’iﬁe’félomii.'

In an effort to impregnate the gloth, a sclution with the
cempoatvion of thecretical'cardieri;e waa‘preparea:uﬁing reagent grads
magnesiom and aluminum nitrete s3lta and *atrae*hyxﬁr?ho tlleats
(TEOS) Qtth”enaugh exeess methanol to eompletely dismaoclve thy
nitrates. ine golution was heated-batween 55 and 6b°c until vne
vclume"ﬁeereasedEby anproxifsately 50%. Hevtel ¢loth aglares werd
Aplacegx{ﬂ~th9£$eiutLoncanﬁéiﬁnéegnated g};ﬁﬁthe aid of a vacuua., Tae
_sgéciweﬁs%wéraiﬁﬁiéﬁ;%phﬁn;fmggggnatedﬁégain.,ufhﬂsxﬂimﬂregnatgd
&qﬁaréﬁt“e?ﬁ*?ﬂﬂﬁﬁnoztsﬁesﬁaﬁéwxﬁn"e (GRNs Sb~?u6“‘" wdeﬁfhéféuéi
observation of the hot.pressed disk fractureﬁgurfaée ahowed the matrix

ti1l nad not éeﬁétrated the'clotn“surfiéiént}y, and efforts to
impregnate woven: cloth were abandoned.

a..Choppéd~?inﬁr CompoSisea,‘

a. “’urry Method Tné?praguction‘6£*éhopped~riber‘compqﬁitea\was

secomplished by uetplng 1447 ghopped Tibér with 3 mintmum amount of
water. Initially, dry glass powder was added to the chopped fibersa

~and mixed»until no agglome"ates uere evident. “Bértﬁé le&ée‘percgﬁt

‘ fxner ;ncrea«ad, thn m;xing of'tre fibver with the métr;x oéwder became
a\pro§1em;i_in‘some cases, clumps of fiper were evident in hot preased
apecimens. It was then aiscbvered that werting -the matrix powder

. before mixing resulted xr easier mixing and better fiber dispersion.
;HA11 prepreg« wera hand mlxad to minimirc riber damags .

D Tape Caﬂtiqgv 1ape casting techniqueq were applied to produce

. prepreg sheets of discontinuouq ribere mixed with, matr;x.?o quql -
amounts of Tam tape casting binder #23210 and SG-2aﬁM were ball milied

for threefnouvs in a poiyethylene Jar containing 200 grams of A1203



37

Qédfﬁ#?‘Thé7?eéﬁlﬁiﬁg‘§1ubry produced untform hapeu‘with‘g00d gheen
‘Btrensth Ten volume peprcent. /4" chopped Hextel 449 riber was added
and’ ball m&lled fOr -30° minutea requltlng in the gr;nding of the fivers
Qtoylang§b§»1e§§;$haQ¢l[16?;;,ﬁnqpher;slurry was produced and the
fibers. were. mlxed manuaaly to. produco a bulky slurry. Tape caating of
thie qlurry was lmpoaslbla due. to the segregation of the fiber
::‘_frax:&.l_on::fr?ozu;~.t-l}e ,mt-mxsaizgtn&;{dognonmadea; as a reauit, trape

casting was abandoned.

¢. Koller Casting. ‘Tébe‘§a§ting mixtures conaiating of binder,
giass: powdersi:and chopped: fibers were placed in a_plaStlc bag é§~é Qe£
ball and réliéd*using*a:metallurgioal'rélllng‘mill~ The bag was o
passed through the rolling mi1l: until a -sheet. approx‘macely 1116"
thick was rormed; the bag waq then. cut and ‘the . prepreg wa« allowed “to
_dry“;IfZEarge amguntg\ot;bindeh»wererused thg}prepreggwould‘haveﬁa;
ﬂnirokm*dtstnibﬁtionidﬁ%hblésfﬂbréh%ﬁas¥ﬁndeq1rable. The prepreg
poqses«ed enough_green strength o' o easily‘handled.

k' Discs‘werﬁ;cut fron hheséheet;;pgqugreated ;oiremo;e‘hhe bindéf;
phaqe. and then hot. pressed.x Binder hhrnout temperatureq ranged from
500°C to 1000°C, . Lower: byriiout temperat¢ra« were more desirable due
to the sugceptibflity of the matrix phase to crystallize while in
powder. forf.:

‘Roller:castling experiments were curtailed when exceilent results
;Qéféfdbtaiﬂéa §¥ﬁ§1f?ﬁy_ﬁf%iﬁkithéifibera and matrix ualng the salurry
‘method. " “Hollercasting iy a’ promising technique for the productieon of

;1ange ‘shgeks and merita rﬁrther 1nveqbightlon.»
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3. Continuous Fiver Composiiux.

a. Fllament Winder Methodn. The most practical method for

producing uni{dqirectional laminas i{s through the use of a rontlnuous
fiver {mpregnator and a filameént winder. The fiber tow {2 paaaed over
3 saries of rollers aid thHricugh-a 3lurry of the-desired matrix; nhe
tow {8 then wounc on to A drum.

Preliminary work with this method was carrtad oUt 4sing SG-~266M,
water.fand an ammonivm aiginaté’Q&IIed*Superiniﬁ rrnmlthé ¥eloms
Themical b§ﬁpany. The water to g;aﬁg ratio uasfﬁiﬁé'ﬁ;Silsup&rlold B
. was sdded Lo suspend-the:glass and .08 PVA wan added to provide green
sﬁééngth:'~Fiber touws of Hiﬁglbn;?eref@}npgdbinto:the~51urry e
iraped over a beaker_aqd:aiiééed:tb §r§. The dried, impragna'ez fider
tow was :henfaxamfheéiusihgvn Jena miéhbsuope?tg_qualita:ivelj
determine the exééh; Qéimatrix powder lﬁftiﬁr;gion‘%§t5 the fiber
bundle,

One «ilogram of thlis suapension was prepared .and unidirectinnal
predrega were produced using a coamercial fllamen£ winder at McDonnell
Qouglangs:ronauticé~Comuanv. St. Louis, Missourf, Preprcgs oomposed
of cér§§n\fib¢n andfé§?ﬁS§fCoated‘HeXtelfﬁBOffibér,were‘dried, cut,

and hot. pressed to provide specimens. for microstructural evaluation.

b. Hand Laf%QQSP Qiﬂgifgérléafibn of unidirectional iay-ung is
tedloua‘and‘resuitélin{ﬁonfﬁnifoﬁm“and_Ineonsistenn laminas. The use
of AVCO SCS-6 fiber necessitates haﬁd lay~up due to the stif?f nature
and large diameter of the:fiber.. .Other unidirectional fiber lay-ups,
nerVen. shoulld be prepared using-a filament ulnder'to produce optimum

resuita.
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C. DERSIPICATION .OF SPECIMENS

1 Hﬁt~?ﬁ2ééinq in an-Argon Atmoseherc.  The densifiﬁ@nian of al;
uclithic and compoqzte samples was acvompl hed'using a Centérr
uniasanl h grass (Figure 13). The pp gpreg or posder. upncimen PEX

' plac&d'ln”a'bﬁrohtﬁitbidé#dbéteﬁ:Tabﬂaﬂfaméter graphits di&.ﬁft%e.

loaded die was inserted into the hot preess and evacuistes to =50
‘mz}iltorr; the nRot . press chamber was Lhen purged with gettered argon.
The argon flowed at a bbﬁtﬂﬁuouq PaLe of approximatelyitwn llvers per
ainute th rcuanﬂuf ‘the bot preag run.t’FiRU*e 13 g??}cts‘the vims/

N

2
As..

Lemperature. wrolile. Lora.gensil ieatlon pressure of (3.5.MPa, {500

.{)

A
appligd st 900SC, Gomp&g&&cpﬁﬁfzth&%hat pressed genaity to the
reported 3l&$$'dén5!£ytror the two matrices ipdicated that higher .
pressure during hot p:esﬁiﬁé}béé-uﬁde&éééaby. Density of the hot
pressed p;lletﬁ was measgredﬂ;n;distglled water ‘using the Arcnimedes
technique’ .

~Densifrcationy of the cordierite and YAS—7;ﬁéﬁéfébs*OCGurred:at‘
915°C ahd-980°C respectively; suggesting that proceaaing temperatures
greater than 1300°C, as reported Tor LAS, are.unneces sary.!u’k8'57'60
For'thes# matrices, the specimens were held at'maximum temperature for
‘1§§§’§1ﬁ&2§ and allouwed toscoel-naturallv.. 1n §$;e cases higher

denaification temperatures up to :13V0°C were useﬁ 5 gdetermine the

| effect of hot pressing tempErature on the grystallization of the
matrlx and to study the behavior of various fibers in rthe azirix.
Table VEl:1i8%s! the hot: nreQQing-parameLerq and the average qnecimeﬁ‘
genajivy of the specimens .prepared Tor this thesia.

-~

2. Vacuun ﬂot.PrcsS£ng§ One sample of YAS-?fwas hot. pre=zed at
Py S g

1100°¢ .at 10" to~10 5 torr vacuum. After the sample densified, the

chamber was purged;with argon to minimize oxidation of the heating
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TARLE VII

" "HOT PRESSING "PARAMETERS FOR YAS~7 AND CORDIERITE SPECIMENS

- Fiber .. - % . Temp. I Temp. II Tims Bensiyy
IR T e o L o fminutes {2/cm™)
- YAS-T ‘
‘None ad 900 1000 5/15 “3LNT
None -- 900 1100 6715 3,46
Yone - 900 1150 5/1% 3.48
Hone -~ 900 1200 9/1% 43"
Nona - 900 1250 ERVARY 3.49
ong, B! 200 1300 8715 - 3339
None* - 900 1100 150/10 3.5Y7
NARO?t i0 900 1010 871
HEET 20 900 a0 2/ 3.34
NGRD « 30 508 1060 Y171 3:36
COHRBOX 1Y 20 e 1300 yo/1. 315
Tyrafino 10 000 1150 1221 3.5
Tyranno 10 9@9 1000 ~873. 53431
306-6 NA 900 1200 (AR
Fioar FP. 10 900 1150 120 ER-

wardlerite
b ANl T

None - 900 950 2.57
Hone. <= Q00 1050 7.33
None -- 300 1150 2.57
Yane -- ago 1259 2.9%
Sarbon UN: 900. 1000
N4 4O 10 900 1000 2.59
ngho 10 906 1150
Nyuo 10 920 1160
Ni-NUUO . NA 855 930
cey #8020 900 915 2.70
Nicaion NA a%0 95U
¥icalon oloth go0C 1100
Piber FP 10 300 1000 2.2
Fiver .FP 10 900 115Q 2.68
Tyranno 10 900 1000 2.54
-Tyranna 10 900 1159 2.53

*Yacoum hot pressed,. all other qpevimenq ‘hot. pressed in argon.
FHUYO = -Nextel WUQ' fiber

T1CCN480 = Carban Codted Nextel 480 fiver.

“Temp I" ia the temperature at- whicﬂ Lhe deQQXFlcatlon pressure
(3.5 MPa} was appllad during hot pressing.™

"xemp. IV is the-maximum. temperature achieved.

“Time" eqqals tha tima after the denﬂificatton pressurs was
applied ¢ T il weadeeme - een calure was reachecsinhe Lime o
maximum temperature.



53

elgmgggaggnd_neagfsnigldé. Some specimens were Kot preased in » thres

{nch diamgter.boron nitride coated graphite die using a larger hot

‘bré&a_IQEﬁtedié;°ﬁﬁe7HcD&bnell~Douglas Reaesarch Laba in St Lauls,

Mismoarly Ttiese, spécimens were hot pressed in a vacuus of 10 ° torr
~nd~«ere'h016‘at maxirnm"temae"atnre Tor 1 minute. The densiftoatinr

presaure aqed at MDHL waa betwnen 3 Sgand 5.2 ¥Pa (506 ann 7SG peis.

As a2 specimen {a heated in a vacuum. volatile specles on the
surfale outgar’ and cause an.ineﬁéﬁéé‘th“ﬁrégéﬁre (decféase?fh”?achm).
if Lhe‘tgmpgratuﬁ§ ¢dh§xnue$f$g>lncreasg at this point,‘a vaéﬁuﬁ
protection cireult t8:tripped, shutting off the powerito the heating
elemenvStrgeu}c}ng:}ngggrépzahAOSSlOf temperature. Therefore, the
Limeitemneraﬁéfé'pr0f11§<fqr'vaquum;noh;pr¢§§eq:gpéc{aénsﬁf§*¢§t*
tdentteal to" the time/temperature profile illustrated {a Figure 1H,
due to the interruption of heating during not:§§933lng;to allow
reécféf§ of the vacuﬁm;‘

3. Temperature ?} eaaurement The tempera»are of the. hob press. -

chamber {8 measured with a Hfﬁi RE/H‘EBI Re thermocounle placed /8%

fror the graphite die. ‘In;ésiiééﬁioﬁﬁéf the die?%éépeféﬁure with &
micro-optical pyrometer «houed that the the"m-coqx.c will at times 153
the graphite dié tempcratare up to 140 }Thg;thermacopp;e readxng.{g
believea Lo be aLCLFBte however. because whern presaure is applted av
300°C, a YAS-?[spectmeh wﬁll\start to densify at 950°C correspondihg

to the reported glass sOftenlng temperature of 91%O°C.20

MFCH&NICAL TbSTTNG

Sample Preparation.“ Mechanical resting speaimens were cut
from‘hot pressed billets and cast glass bars using a dlamond saw.

These specimena were polished progressively uaing 320 and 600 grit SiC
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paper, folldwed by 6 wm and 1 um dlamond paete Lo eliminate any
auhface rLaué wh1¢h.coula affect mechahlcal behavior. Specimens far
toughnesa: uoasu*emente. apeciflcally x‘ , were notched through

approximately 20% of the asvecimen ‘thicknesa using a wire saw end a 300

grit =tl.icon carbide Slurry.

2. Testing. Procedurea. Whenever poaalble flve apecimens wers

tested, Al)l specimens were tested {6 three polnt bending with s span

of v employinv an Instron mechanical test unit) the crosshead speed

433 J-O’J“/mllh.ltﬁ; S QT 8D Qehs aversgnt .37 fthick,

recorded on chart paper and converted topounds.

£. CLASS~CERAMIC cﬁzsrALLzzaridNisfﬁﬁIgs

1. Dopant Agditions and D74 S% udies. To cet&rmine the effect of

dopants on the crystalllzation € 3&7266M*bnﬂlrks-?, 3.51 and 2.0% of

'1‘102;» and - ff-j}.:

of;aikéxiﬁéé;,i?ﬁﬁ\percent‘CaO‘wasnaxsoéevaluaned zn'sas—?. ™The doped
glaaérpowdersiggﬁe repelted and quenched in warer tdﬁabsura
homogeneoua distribution of the dopanqx. rPdwder XD was used to
dntermlne whether qxgniricant cryatalline phaaes were present,
quéd}éﬁdiundoped.glass»Dowdersj#éhe“grdqu*and sized between 270

.and 400.mes

53=38u) for uae 1n DTA experiments,’ eliminating particte
3ize &ffédfﬁ“ﬁﬁ'the position-and size of ‘the dﬁjs;gliizaplon exothers,
and allowing companison between’ specimens. The weights of the

qpeclmenq were also held constant an 200.0 milllgrams. DTA wan
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conduoted 1n alr, over a temperaturs range of 25—1200§C. at’'a heatiag -
rate of 10°C/nlnute; uslng & Mettler DTA-TGA Model AT-1 located in the
Graguate: Conger for Materials Researen (UMR).

‘24 Meat Treatment of Matrices.

a. Heat Treatmant of Cast YAS-7. ‘Several studies were ‘donducted

on the YAS-7 glass matrix in order to determine the optlmum he
vreatment. achndule. required for crystalit zation. Specimens of cast
”gkagskwenedheatﬁhreatedgror»25;haun33§§;§gyv_separ"?e nucinariom
temperatures; . then the spéciééhé;ggbe"ﬁegh treated.fop. 20 hours at a
nigher”gemperatprethfpypmpte‘qry§§allizahioh. “The hsat treatment’
tempavé%&reai(Scbﬁéhéiiiﬁtéﬂs4h Tablal v1«$.1 ‘These gl S‘saéplna, tn
the rofm.o. QliV”Du approximabely Y/1bwiy 3/16“ P wene cqb fron
CQSb-baPSGSurlng che;preparptiOn'gfﬁmecnanieal testing gpecimens. Tne
- specimens were heated in alr on alumiha plates din two small
"Rapid=temp? furnaces; In eachicase, the specimens remained
_.transpareft and showed signs of softening. Theihigﬁéﬁqtempeﬁat0f9~heé€~
treagm?§§§jwere performed rirst*and”resulted {n caonsiderable
ac f?afi;é. A second grcup or ﬂpecimens uaq bhen‘hea tnéahcd‘Jpsx‘:
toelew 9%0°C, the repor»ed qoftenlng point of \Av~a.;% ‘

b. Heat Tﬁédﬁﬁhhtf&f*ﬂbt’Pressed YAS-7. ‘A-specimen of YAS~T was

hot pressed and a sm111 3pectmea dpQFOleatO" 3/16" x 174" x 374" was
cut from the edge of the'diac. This specimex wag then heav treated in
atr at 1000°C for 25 hours; during this ties it changed in color from

dark gray to l‘ght 3ray. There was no evidencs of the softening or

deformation that was seen in fhe caat, glacu speciméns. When the

spe01men‘was bnoken, bhe‘fracture cross qecnion-was,uniformly gray in

coioﬁ. Similar qpecimenq of YAS-7 containing tO% 203 and 30%



TABLE VILI

"HEAT- TREATHENT TEMPERATURES FOR CAST YAS-7 SPECIMENS

Nucleation Crystallization
Tamperature (26) Temperature (°C)

810 910

8u0 935

860 930

860. 935

300 1020

900 1035

925 1020

925 135



15y
-3

‘ungoatedichapped-Nextel 850. fiber. ware hot pressed at Y¥R .ang heat
‘Erfatedhusing the sans: parapeters as for the wonolithic specimena.
‘Twelve .e&all-specimens wore cut from an 1100°C ho' preased

specimen, and hcat‘treat&d?th<thé.follOaingnéanner: The specimens

Qape plated-inia furnacetand-Heated: to ﬁ*6° ‘f‘After two hours twe
ﬂpecimenq were remo"ed and the teﬁperutbrc wdq inoreased 52°C o

1Q00°C. This p.ocess was repeaced_un;ll ‘the last two apecimens «ere

ronoved arter RA%e) hou»s a» f200°Ca

j__Analveiq of Crystallizaron Studtee

3. XRD. Analysis. A General Electric XRILL or XRD7 wag uned with a
sodnniég”sﬁgedﬂdfi?‘/minutevsﬁdfﬁﬁtn,anfinaensxtv fartar af-tieor
2.5%. ‘owder XRD providéd:gualttative’ information and ot imat e
regarding thé exrent of £He arystailiza!nn of-the glass curasl
mazrices.;lélalss provided-imzgdiate infordation as ‘t3 ‘the

effectivenesg of varjous' cpystallizationifoials.

Samplés 6f: the hot presnéd matrikés were ground and passed
through-a’ 270 mesh, packed'1nto‘a%g1ékiglhséespecimen‘holder. and
X- rayed Jslng GUK radiation with a wavelength of 1.SU184. Pbkder.ianf

patterns or mqllite,_cordferite. and yttrium “diorthosilticate (Append*x

A) Here:genaraned aecunéing to nhe expecteu cryatal. phases, as deduced i

frﬁom,phagg;diagrams.ﬂ}?hésg‘patterns were then.used to ald in

the crysta;ngat1on#otﬁpnegg;ass=cenamie matrices.

b. Dilatometer Measuremsnie, Specimens for thermal expanaion

measurements. were cut from hot pressed billets, or-gast.glass rods, to

approximately [1/4%-square cross section and to a length ‘Gf:1

The measurements were performed using an Orton automatic dilatometer

equipped with an alumina specimen holder and push rod. The heating



ﬁ"ate K.s‘““" per "irute te*"ﬂ”a‘"'c was measured wirh a Pui/Pr-101ph

uhermoooupie._

¢. &1crostfuctuﬁe.nnalysle. Microstructural analyses of the

matrix and o' *he fiber ralnrorced nPhriceq were perforaed using twe

,difre"ent scanning elgctron micro&eopeq (Snﬂn. The SEM arv the

Craduate Center For Materials Reaearch (UMR) is a Jeo!l J8M.3% TF
thermionic emiszion microscope with a. ¥ target; the SEM at McDonnell

A

Dauglas {8 an -nte*qa?lonal Svientlflc {nqrrumnﬂ\ A{ 18I} theratonic
amiaaion SEM wit a2 W fllament. Fracture surfaces were examinesd in
e;éhiinstance to obtain the best graphic evidence of riber/matrix
tnteractioN and  fiber:pullout. 7Thy ppecimens were mounted on’elther
uminum or: stdel mounus uslng silver or oarbon paints and coatea with

a tnin-(<.00k) ;ayer of eitler carbon or a gold-palladium mixture to

make the specimen qurrace conductlve.‘



IV, EXPERIMENTAL RESULTS AND DISCUSSION

"l.~THE;DETERHIHATIONaOF?HOT PRESSINC‘PARAMETERS

‘Developing -hot pressing methods and technique« waa, by necessivy,
-~ an. early gnal. so‘that shot: preaseuwapecimenw ‘gould be reprodunibiv
1abricated and eyaluapgq.; Glass. presentq a unique hot pressing
problem‘because the‘vlscﬁsity“or;glaas decreases with Increasing
témﬁéﬁétﬁfé;’_Th£§§ﬁehﬁifbﬁiﬂliiﬁéﬁhae¥Eﬁefglaﬂs“EO'extrude arsunt the

die punches and maxe specimen remcval difficult and sometlimes cause

the die tc.fractursivpon removal jofithe speeisen. Determining “he

sxnimg(n:;iréggeiéiém:e at which the spscimen wiil densify will mintmize.
the extrﬁsloﬁ’tendénéf ang still:iallow- complete densification. The
cordierite :- YAS-7 matrices behave differently in terms of
denqirtcatinn. The cordierite matrix powder will readily consolidate
.and den%ify ‘Lo essentially zero percent. por041ty.. YAS-7 however, -
appeara denag: and .1t8 Ot pressed density compares closely Qith the
cast glasa densivy. giving the .appearance of a ru11y dense aspecimen.
Only SEM analysis of fraccure surfaces reveals thar approximately 10%
closed porosity remains,

Specimens of YAS-7 matrix, hot pﬁessed}lnhanuargon'atméspheée .
shoued 4 large! amount of poroalty in an apparently crystalline matrix-
(F{gurg‘jS); Vacuum hot presaing of YAS-T specimens failed to
eliminéte;the matrix poroaity (Figure 16) and therefore has no
‘advantaze over hof pressing YAS-7 apeclmenq in argon. The dénQity
of the sppcimenthof prensed in a vacuum was 3. 51 g/cm? compared Lo
BINB;BZCmg'fOﬁ tﬁeéspedimen hot presséc ihféné6ﬁ7underifﬁén€1ca1
conditions which suggests that a small regucrion in the poroaity may

hayé;resplted from. the. vacuum hot pressing.
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The porozity dbaerved in the YAS-T matrix could te a resull of
trapped gases, the. evolutith of cisvolved gasaa{preésnt tn the glass.
‘powder, a result of chemical Teactions associates with the
‘erystallizition of-the glass, of a neéﬁlhloffﬁhe&£¢al raaction botwaesn
‘ﬁﬁé hon;pﬁeSétﬁg}énﬁirgnmeaﬁqanﬁ the glass powder during hot presxing.
If the per031t§‘l§ atreadlchr“grappcd;gases,fa‘simiilar problaes
should be observed in the cordiérite matrlx diring hot pressing and -
the prablem~&hou1d‘be eiiminated when the apedimens are hobt presseq in
& vacuumﬂuflr 4$3801veq. gases are Causing the porosity, then the glass
should foan-updis subsequent. heating, 2s duning the fabrication of
giass aphebeﬁjf&&gbahcer}résearbnizg\ﬁgiéh-}aﬁhbigbﬁééfved eithar.
This evélution of:porosity therefore, may be due to chemical
interaction bstweed the YAS-7-glass and the boron nitride die coatings
and/orfﬁne graphite dies, or:from:the proceas of yerystallization in
Lhe g;éég:

A densification pressure of 3.5 MPa was'sufficient to fully
gensify the spscimens. Pressures up to 14 MPz were tried but only

resulted 'in increased glass extrision around the-die punches, Th

not

5t

presping:parameters for specimens used in thiz atudy are listed in

Table VIl

B, COMPOSITE FABRICATION

The fabdrication of fiber composites requiras that the fiber and
the matrix be intimately mixed. Most commercially avatlable fibers
are mahuf;c;uréd;yihhia_&gé;nﬁgﬁnicﬁ"iMproves nandling and reducasx

fiber damage. Nextel fiber has a atarch sizing’C which !s water
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Aoluble while Kicalon and carbon [iber:uaualiy dave an acetate nlzing
¥hich must. de. bunned off prior to fabricapion;?5

1. Hoven Cloth. Attémpts to impregnate woven Nextel H40 cloth

and woven~Nxcalpﬁ;dlbih‘kgihjé cor§1er1te frit alurry- vas unguccessful
-Eecauaegthefpowdéé#haqfaiﬁartgéféfaizewmuch greater than :the ‘spacings
in batwoen the [fibers (n the fiber bundles. _Stoiénio&etric cordlerite
wasfthen proqucecf;nrough”hydﬂbthégmalfﬁvbcessing techniques.e1'e;

from reagent grade'Hg(NO 373 6F Oy A‘(HO ) QHPG,‘and»Sf*(CEHSO)h
(TEOS), and uhiiized tn’ eftorta t°_infiltrate?tﬁélleth'bundle. The
reaulting aoiution was added to the aloth vaing vacwud impregpation

and then‘heat‘treaped_tc~e11m:natevtnd volatiles. The process was
repeanec”anq‘the impregnated cloth wds combined with ‘excess cordierite
glasswpoudér,an&fhoﬁzpbeaséd}“SEM‘éﬁalisis of 3 cut surface shows

that the tnterior of the cloth was devold of matrix glass (Figure 17).
Polymer'batrgxlcomposftes are betfer:suited FdE'UBing woven cloth
because the matriX'18,1hthod§éedj§5ié'1iQuid théh_éﬁred'io”rorh a .
cont!.rmox.‘a's-rr:ar.rig_)t_;phz’zae.~1 Mobépvéf,”hydrothermal ﬁethods brgdﬁce low
yielﬁgithéh*mAke them impractical for large szale composite materials

sjhtﬁé&;ﬁ;

2. Tape and:-Roller C&sp!ng; iﬁbe-oastingIsuspens;ons.ﬁgre
produced by ball:milling th; métnix{bdudeb with 3 vape castihg binder
and then nand mixing the fiber ints the ball milled mixrure. Ball
nilling the fibers. with the matrix powder and binder reduced the fiber
to.-exuremely short lengths, Tape vasting ta commoniy used to prodpce’-
electronic substrates or thin sheets .of deramic,ﬁsteriale such as
élumina and barfum ;1t55ate.8° Producing composite laminas using tape
casting was unsuccessful because the fibers would segregate from the

matrix at the tape casting doctor blade.
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‘Boller casting was ‘thon investigated- becabse rollars wauld not.
oadsé the cnopped rlberftcisegregato from the matrix and mlght result
tn uniform chicknesaea uimilar to tape casting. .The tape carting
mixture was added to plaqtlc ‘bags and repeatedly rolled ualng a
metallurgical roller mliil to achieve a3 2heet approximately 4716
ﬁhicki .The bag was then cut and tne prepreg allowed to dry. Disce
slightly smaller than the hot pressing dle were cut from the prepres.
heat . treated %0 rexove the tape casting binder, and hot pressed.
During heat treatment, the. ~glasa. powder crystaliized-sg the specimen
¢id not densify during hot pressing. No other specimens were sroduced
becavae of. the Succesa of the-alurry method for compoaite fabrication,

3. Slurry Methad. Wetting ohopped fiber with water willi nelp

diéberse the fibers and the‘water uiI};help the matrix powde:r stick tn
thelflbe;éé; Betier‘pééulta anéfébtaihed‘ﬁhen the ‘matrix powder i§‘
added as ‘a_thick sltrry to the wet fibers. :Excess water will promote
segregatiéﬁgor ﬁhg_yatbtﬁiaﬁdﬁfihérs1§hpough£§§d;ﬁehtation and should
be avolded. The fibers tend to form a skelstai network which the>
}matri; paw&eéican settle;iﬁééﬁghlmuch iikeiffhe pabtic1eaf{n a coarse.
fpgﬁﬁiéléinetédrg} The wet prepreg is placed {n an:élygina tube which -
;ﬂaéféﬁiinstdétdiaﬁétérfsilghilyﬁbmallbn’tﬁan the inaide diameter of
the hot preseing die. Th&‘prepreg is dfiéd-ther nlaced in the BN
coated hot presqing d;e with - exceaq gla«u powder. (It is unclear
Hhether-the chemical 1nheractlon batween the BN die coatings and the
31a3§5ﬁatrixipo;déf~§onst1tute a:prOblém;§§hg excess powder was added .-
only as a preegutlonary measure.}
SEM anaiyéia ofxfracture surfacea of hot preaged.specimens showed
good fiber)métrix miiihg an&.rlber bundles. The fibers had an aspeot

ratio of approximately 656 {1/4" long and:iOum diameter) and would be



. 2.8 .
éxpected to. foﬂm dlsarete bund:e« auring m'x*ng.g 'Bf Same
~orlentacion uill alwaya occur during hot prassing, dut amaller auvpect
ratios’ should minimlze the effecta of the hot presaing and mixing ans

ftheﬁébyAreﬁhcé‘the-aniéotrcpy:éaused by fider allgnment.“"53'°"

h.,UniaIrechionai Fabwication Methods.« The beat strengthening

and toughening of cemposltes is obtained using aligned continuous
flbers.53’65 A fllament winder was destigned and construcrted {Figures
18}, DUt -was not couwpleted in ttﬁe‘té produces - orridirectional laminas.
Pweliminary exgevimentq were condurted on a2 commerclial f{lament winder
(Mcconnellrbouglas hetrepautica Company i to test the feasibility of
uroddcthggunidzrectlonal laminar. The natelx powder was. suspended in
water containiﬁgAO.S% Superloid and 1.0%:polyvinyl alconol. ‘Spe¢§men§
of carbbn fiver (Herddlde AS<U) atid the dordierite matrix ware
produced and hgt pressedy: Figure 19.11lustrates’ the extensive fiber
pullout the: specimen experienced during fracture which would normally
be_aésoéfééea with ‘excellent. toughness, However,”BSEM examination of
the hot pfésﬁédisuffaCe showed: reégularly spaced matrix microcracks

- perpengicular to tne riper airecvion (Figure 20} which exténd Through
;thaﬁﬁibéﬁ,layeral1ﬁt0¥bhef§ﬁeﬂimanﬂ(Fléufe'21}."It’i# li{kely thax
‘this: type of matrix micrécracking resultec from the large Z.T.E.

- mismatoh between tne:earbbh'fibebs ahd?tﬁé-éérdierite marrix

, effecti%eiy eliminating carbon riber reinforces cordierite as a

candidaﬁe for ceramtc compoqiteq This type of matrix cracking due tro

CLUTIEY mismateh. has Ueen>reported for.other glass and glags-ceramic

matrix compaqites. u8, 53‘65

The axial qtreqe, o v dcveloped upon cooling (AT) 1n hhe matrix
due to the rhermal expansion miqmarch (a - af) between unidirectionazl?

aligned fibers can be approximated using the following formula:
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whefeﬁar-aﬁdﬁﬁm-abéwﬁﬁe.élaatic modulit of the fiber and the matrix,
bespcétifélj;'bfor a composite of 50 volume percent (V. = 9.50)
Qnid@ﬁé@&igggiiy élignéﬂ_kﬂ}ﬁ;§a§§6n_fiber (TébLe'IZ) reinforced
eordierxteamébnix:co&posite,zﬁyé;gﬁﬁeésgﬁevéiobﬂd upon cooling o
the glasa softéning ﬁéininof}§ﬁ0°ﬁmis Boblmpp, which la approximately
2.2 times the average bending Strengih-or-13ﬁ MPa. Table IX lista the
oropers fep of vaﬁinu? giaS3’aﬁ&aglasa*terém§c¥§gtrtx compogites and
the esﬁim&ted'axialjstresﬁes.dévelopedfuycn-coollng. The resulting
axiélxstress.is,fudutLOn~q£;¢;§;§{mmiamatch. plaatic moduloa and
Lvemperatupd ranre and Af khe otress exceedo the strengin of the
'matrix;ymienddﬁécking?or~ph@;mannfx w1l occur. Additional treatment

of this subject appears in Appendix B.

"C.. CHOPPED FIBER CCMPOSITES

T, Studifes with YAS-7 Matrix Compqs&tes. 'The addition of
unooated'xéxtel'ﬁhﬁAfibér aﬁb¢$yrahhbfrtﬁerﬁtd_fAS¥7 greatly reduces
the hot presaéd bdrc5ﬁtyﬁ9rj£hégmatﬁix: thééé;hﬁdition3 aisc apopesar o
retard the crystallization -of 'YAS~7, As seen 1n Figures 22 and 23;
the porosity of‘the ?AS47”matrigfls'éréatlyireduced Wi Tyranno fiber
was added to YAS~7,and n§t*gpés§§6_at 1000°C . (compars Figure 22 to
Figure 15); brittle fracture has ocowrred and no fiber pulloutrts
obgerng; Si@ilar behayioriis observed in Figure 24 w;;hvnexpéiykho
f;ber‘adthiohs ln{hheifﬁéﬁ7fmatrix."The'fyranno;fibers appear a2
éd}k éﬁﬁﬁd aﬁdibVﬂl dots;ﬁhére?ghegOVals'aéézé}feéqlt of transverse
fiber fractures. The Nextél 440 fiber also appears as dark dots but

in this case, the fibers are oval and i{n Figure 24, the fibers are
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MISM&TCH FOR VRRIO\H GLASS ‘AHD GLASS‘QI‘,R;\HTC (*‘ﬁTR;“FS CONTAINING
‘C. 50 VOLUME FRACTION U"@IDIR_,CTIO*MLL! ALIGHED CARBON FISER

Mateix €.7-E. AT CES . Axtal Matelx
(m Srecy  (2C) (cPay  Spress Strens

(°a’ MP5) icm. MPa

Soda-Limes 7

Stlick Glash# 9.0, 489 60 220 100
Pyrex®. 3.3 520 60 - 88 100
LAst | 1.5 £000 100. 117 150
SG-268H8e:
{‘cordjieﬁﬁﬁéa T gt ST.4 ROT 135
YAS-7 - 6.3 R0 AN 788 200

*fleference 45, Tadble IIE
x*Experimental Dita
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parpendi cular t;o‘:thé f\‘r'éﬁf,ur‘s piane. The fiher surface arcs may
provide:a sink for porosity, allowing increassed densiftcation of the
épadtmén.' ThiS‘implies that low poroalty composites ©ould be
fabricated using YAS~7 improving ;hq mechanical propertiss of the
‘composite. When Tyhannd}ﬁiberﬁtafhot~pres§ed~at 1150°C the [isers
exhibit pullout, the matrix~fraCCUré‘is no longer amooth anrd contalnsg
a large amount of porosity simflar to the ot preased monolithic
iaatrix* {Pi{gure 25). |

~St}-ong _x‘ibeblﬁlatrix~’~ bonding resulted when Fiver FP was added to
ﬁhé‘Y&S-T mapiix;{&ﬂbiheﬁnbikdn;iéﬁgganxty was observed compared Lo
monolithic YAS-7s; the specimen with Piber FP exhibited brittle
fraéi&}éi(Figufe 26). The fibers are aaﬁﬁgapOts,=hhgzgray‘éréa is the
YAS-7 matrix and the white and black~areaafare pdrosity, ‘Exaﬁ{ha€Ion
of the. flber/ratrix interface showed a poorly def&ned boundary at the
1nterface‘ﬂugzeﬁting a bigh degree: of- fiber/matrix chemical
1nteraction (Figure 27). “The® ‘Fitier ia. the gralay Btruoture in.the
1ower 1ert hand corner and the YAS~7 matrix 13 the relatxvely smooth
area in the upper right‘ A fiber coating ‘would be requhred to reduce
f&tﬁ:snrong‘ffbéb/mai?fxiinterraclal bonding to;produce a tougher
conpositg.:

. 8C¢8-6 fiber in YAS~T ‘resulted in severe matrix microcracking
{Figures 28 and 29). gh;eXample of a.single SCS-6 fiber iz
ill#sthated~in Figure 10 and SCS-6 appears in the upper right hand
‘corper: surrounded by .the ¥AS-7.matrix:ln Figure 2B. . These cracks are
Dtbﬁ@bl#*déuﬁpﬂ\byjc;T;B;;hlamatch.ueﬁThis assumption ts further
supportad by the charatteriatic crack networkingiwhich developed In
‘rggfgnsﬁbeﬁwegﬁ?thé*fibété ds shown {n Figure 29. The magnifica£10n~

used‘tpéproduce the SEM~ph6tmlcrographs in Figures 22 and 28 is 1000x;
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this provides a comparison &f the.size of a typical $CS-6 fiber
A{14um) to the typlesl fiber size of Tyranno {(10um). |

Fiber débonding and pullsut resulted when carbon coated Naxte]
480 Tiber was tncorpordted Lnta the YAS-T matriz. Matrix porosity
appears to be reducsd by the coated:fiber additions {Figures 36 and
). Flgureijof{;1dﬁtrgtes‘hhg‘ﬁggh‘degfec of mixing achieved baetween
the [ibar ahc>;he matrix. Also evidsnt fa the comparatively low YAS-?
matrix porosity. - Notlceabldain: Figire BTTIEthHe ¢lumping associated
with large aspect ratlos. Limited fiber pullout was observed when Sif
‘coahgd He#t&}ih&eifibers were ugsed as well as a reducktion in the
matrix poroaity {Figurg“Eﬁia In sone easeg,;bbrcﬂ?nitr}de~coaéed
Nexve! HBUQ fibers bOndéd‘ﬁofthe matrixkfin 6nﬁer‘033es; rheae finers
exhibited pullout from the .matrix (Figure 33). SE%wadaljsls of BN
coated. flbers showed‘the;coatingjto be>nbh—unirorm:whicn could account
for the variable behavior af £hé fiber when Incorporated into the
matrix (Figure 3%}.

&. Studias with.cérdxerité Marrix Composaites. >As;expected, wnen

uneosted fibvers such as Nextel H4D; Nicalon, and Fiber FP are
Aincorporated. inte’ the cordierite matrix, atrong bondiug results
produeing bribtle: fracture behaviors: The use of -fiber coatings is
rquiqed]t@?mrnimiZe'fidé?/matﬁik?fnhérachson. ‘Hextel and Fiber P
are oxides and would be expected. Lo chemically react and bond in an
oxide mat.rix.3 Nicalon fiber, although .not a pure oxide fiber,
'-developﬁfa_stlicaTSUrfaée,cbéﬁiﬁgﬁﬂhlchSﬂ&ll;ﬁfédﬁéé=riber/matrix
bonding. stmilar to that exhib{ted witnioxide Fibera.?>+27+"7

The Nicalon fibers, preseat iniNicalon. fiber rFeinforced
cordierite, could not be detected using SEM even though the fibers

Wwere visidle under an optical microscope. The fibers were so tightly
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bondad td the matrix shat tney»frac&ured;transveréeiwaresulting in an
obiong fiber fracture .surface ocubliine {(white dots) a3 shuwﬁ‘in Flgure
"35; ‘the:.small black:spacks are small pores in the matrix.

L Fiaééth haé'é.hiéﬁer ¢,T}$; phdnAcne,matrix, thus placing “he
matrixiln éo#pregsioﬁ-én;éooiiné‘wntch'dduld mroduce the hemiapgherical
fractures sﬁown fhéF&gufé:35 (a136ié§e F1éure 5). Matrix. microeracking
ran beétween the"fiSer'(raihé?:thén into the fibers}, asfantlcipaied
from the C.T.E. mismatch Eheory {(Figure 37).“ Figure 38 shows that The
fiber/métrix interface {a clearly défined (the fiber is on the rignt}
suggesttng1thac<theifinér/uéhrix!intéfacc£nr may . -be. lexg. than, that
onnerved=)n-thé;ykﬁrqvmatrix,(Figuﬁé~2%}&’ Figg;es,36¢éhdﬁ38!are SEM
photomicrographs depleting fractuhe5surfabes§8f apecimens which were
hob~preesedvag,1150°Cf“Fﬁguﬁéf3T'iﬁ,an SEM photomicrograpr deploting
the fracture surface of“a-“apecimen; which was hot pressed at 100Q0°C,
Hot preasing temperature apparently has no effect on the fiber/matrix
bonding. -

?1oen pullout occurred (Figures J%-and SU) wnhen Nextel ana
Nxcélon r1bers'coated;wita.carbon {(Figure 41) and nickel {Figure 42)
respéctively were incorporated into the cordierite matpix. ?he?e
_coatings effeotiveiy.reduced or eliminated [Liber/matrix interaction,.
allowing pullout to accur. The.carbon coatings were appiled by the
Hextel fiber manufacturer. Nickel coatings were applxeﬁ using an
electrolesas plating technique_aprcDanell-Douglas Research Labs and
were primarily investigated Lo-galn’aiberter understanasing of the
‘efféqtfvenéss>éf?flber.coa;ings on;tedhéing rinPKmatrix fnteractions.
~ Coating application times ranged from five to forty minutes; longer
plating times produced thioker coatings. Figure 42 reprexents:the

effects of a plating time of five minutes.
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Tynanne Ciber doss ot require any coatings bacauge: it exhivits
~ﬁhllbut2whénsihcoraoraned:ﬁncoaned 1n£o the cordlerite ﬁétrix. Unli&ﬁ
‘the:. behavior Tyfanno fiber exnlibita 1n the YAS-7 matrix, malnl/ that
*phegftber;bqnds:whenshet;pressad‘anzlow;nemperature (i000°C) and
ﬂeban65$anaﬁﬁ&ITSﬁouE?aﬁﬁni%héﬁmtempe?atUﬁe {1150°C), when Tyran=s
f!ber ts- ineorporated into the oordierlte matrlx fiber debonding ana

pullout ocours at bOuh or the hot pressxng temperatures {Figures &%

r\A
and 443,

Sk

Table X liste the composite systems investigated, their hot

pressing temperatures and the [iber/matrix interackion odserved.

N, MECHANICAL TESTING RESULTS

The =oecimens vsed for mechanica:l tesping,wern composed of
randomly cispérseﬁ choppéd-fivers, no¥ Lmidirectionally aligned
continuous fibers, so- thHa ginimm S/d ratio PeQJ‘"Pﬂ to produce In
addition, no observations weére made as o the fallure mechanism of the
tested speclipens, tensile féiiure waﬁ,assumed, ror p;rposea of
analysis; and the standard Modulus of Ripture (H;O:R.)‘équation for
three*point rlexure or rectangalar priqmu waa used o calculat» the
épr«;ggh~values_.iateq‘Ln‘Table XI. 83 86

The’bbé&rVad»deCPQaée tn strength i tested composite specimens’
can be att;isated tO‘misélignment of the chopped fihers used. Oniy‘a
small uercentage of ribere are parallel to the testing direction and
the mi%aligned fiberq uouLd act 33 stress rlsera causing 2 decreaqe tn:i
strength.  The loa toughneqﬂ values can alsc-be attributed to a smallM 

perdentage of Qracgfb idging fivers. Toughnessﬁyalues repOrted'fn~the’f

1itérature rob'cﬁbﬁbéaféarbon fibeb‘reinforcedfﬁyréfiéompoaites dre 10

53

times lower than these values. This may be-dde to differencesa in






TABLE ¥

COMPOSITE SPECIMENS WITH YAS~-7 OR CORDIERITE MATRIX

87

Fiver Fiber Hot Presging Fracture Flgure
Coating. Temperature Behavior
(ec)
YAS-T
N44o none 1000 Brittle 2k
Tyranno none 1000 Erittle 22
Tyranno none 1150 Fiber Pulicus 25
Fiber FP none 1600 Brittlie
Fiber FP none 1150 Brittle 26,27
SCS-6 non¢ 1200 Matrix Cracking 28,29
Na50 Carbon 1100% Fiber Pullourt 30,31
HY40. Sic 11.00 Limi{ted Pullour 32
NE40 BN 1100 Limired Pullout 33
Cordigrite

AS-4 {Uni) none 1000 Fiber Puilout 19

“atrix Crackine 20,21
HY4Q none 1000 Brittle
Nicalon nene 950 Brittle 35
Nicalon clath none 950 Brittle 7
Fiber FP none 1000 Brittle 37
Fiber FP none 1150 Brittie 36,38
NUBO carsan 915* Fiber Pullout 39
¥icalon Nickel 930 Fiber Pullout o
Tyranno none 1000 Filber Pullout 43
Tyranno none 1150 Fiber Puilout 44

*Vaccum hot gressed, all other specicens hot pressed in argon.



" TABLE 1I

- MECHANICAL TESTING RESULTS

Average Standgard

Matérfal ‘ - Value Deviation
M.0.R. Testing: (Strength). {MPa)
Cast YAS-7 198 42
YAS-T Matrix 161 30
YAS-T Heat Treated-at 1100°C 186 26
YAS-T + 10% Nextel 14y 19
YAS-7 + 20% Nextel 165 31
YAS-7 + 30% Nextel 108 26
YAS~7 + 20% CCN u480* 123 23
Cordierite Matrix 135 23
Cordierite # 20% GGN 4BOX% 133 19
SENB TARSlAg  Toughness)yaKyg e e
YAS-T + 20% CCn uB0* 1.2 2.3
Cordleri{te + 20% CCN u80% 33 0.8
Elaatic Modulus (Prom Bending-Data) iGPay
YAS~7 Matrix 171. 5G.5
Cordierite Matrix _ 97.4 14,8

*CCN 880 = Carbon Coated Nextel 480
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the matrix materials and the toughness of thé mahrix‘withouﬁ‘fiﬁer
additions.: .The-fibersa, -although intimately mixed with the matrix,
?formed clumps which aligﬁed perpendlcular to the pressing direction to
prodace a two*dlmenqional lamlna rather than a fhree‘dimen“;ondx
randomsdistribublon- This clumping would cause, two problems: :ﬁhé}sfx
’fqut problem is the non-unlformity of the dispersaion; the second -
problem ia‘the~anisotropyjthChfréagits\rrdm that ‘non-uniform
dispersion: Thé toughness valuts Ifsted-{h’Table XI were valfulated
based on S/d ratios ofi ‘approximately 4 using single edgledinotched."
beams S_ENB,)-;‘Bﬁ :
tne average elastic modulii for —ast:momolithic YAS-7 and ik
pressed ﬂonolithié‘;;;d*eﬁite are 71 GPa and 97 h GPa, reqpectxvely
These val ues wereg calculated using ASTM Standard Merho: ' C6TE-81p from
rhe load/deflection curves generated durxng Tlexure testing. 8z Raw

- o

testing data and qample calculations are prezented in- Appendix C

E. CRVSTALLIZA716N STODiés‘

This study focuﬁes ‘primarily ‘on the utlllty of YAS-T as
candidate glaas:ceramic matrix for:ceramic composi bgpausgfltf&és\i
not been previously lnvestigated.. Experiments. uith the cordxevite
matrix were prlmarily conducted:'to help develop the fabrication j~f
croceqses and to- provide comparative reeults when -applicable. The
soope of thiq qtudy ‘expanded’ conqiderably when experimental reaults
‘ uQ1ng tﬁe YAS-? matrix material lndicated the poqnib‘}itﬂ‘of

polymorphlc phase ‘transgfomation “1n the rns 7 glasa- ceram\c matrix.

Efrect of ‘Dopants.on-the . CryszaLszation or YAS 7. In order

to determing the crystalliiz=tion pirimeie. s.of ‘the YAS-7 glass, the

glass -powder was initially doped separately with 2.0% of,TiOz; 2r02,
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and Ca0 which are Kaown to be good nucleation agents in other glass
systems. DTA was performed on the doped grass powders, but, a2
11lustrated in*Flgure 45, no effect was observed in thé“position or
size;or~;hefcrystaliization exotherm. The dopant additions did not
éppear to eftectmbhe crystallization. of the glass, andgho fupther. work-
was attemted to enhance crystallization of the YAS-?}wj:h nucieatldﬁ

agents.

2. Effecta of Heat:Treatmenta on Caat and Hot ‘Pressed YAS-T.

Heat treatments of cast giass glivers (Table VIII) revealed no
visual evidence aof crystallization. -The.specimens softened at these
Beat vreatment temperatures and deformed. Hot pressed specimens,
daterniined ts be amorphovs using powder AR, were héat treated, but no
Sortening was detécted by visusl odbservation up to 1200°C.

The wat prexsing of YASsf-apparcnily eavs.s an increase dn’
refracioriness .of the .glass: Hotpresaed specimens are Iight~g§ay 15_;
color, probably a resuit*df carbon and/or boron ﬁftride (én) diffusion
into the hot presased billet during hot pre551~u Carbon or BN could
act as nuecleation qi*es -promoting nucleation and crystallization in
the‘glass. 1nereasing ite refractorinessa. 1If only five percent
1231207 (densitv = n 6 g/cmzﬁx)h0 crvstééliied from the glasa during hot
preqaing the denQ1ty of the resulting hot pressed specimen would be |
approximately 3,5 g[cm’. ‘This density corresponds to the measured
density of hot bréssed specimens. In\addition, this amall amount of
crystalline‘ma#er¥él would not be deteétaﬁie with standard powder XRDj
techniques. Transamission electron microscopy (TEM) would be effective
in determining whether the crystallites are actua*ly present and theiriﬁ

approximate slze.23
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3, .C.T.E: Studies and the: Polymorphic Tranaformation. A specimen

of cast YAS-T and a YAS-7 specimen hot presaed at 1000°C for Lwo
minutes'webe eéch cut into specimens for C.T,E. measurement. Both
these spec1mgns¢gen§rgted C.T.é.:curves {Figure 46) whioh show the
glass softénihg‘point to be apbhgxrméce1y.9ooac.w The slightly-concave
C.T.E. curve for the hot pressed biliet suggests thatithe. specimen
contained some residual stress typlcal of incompletely ‘annealed glasa.
The ‘df latometric softening;tempgrahures for these two speéfﬁéhs”'
corhespohds aﬂﬁh?hhé?dbéérved?ﬁbt pressing behavior of YAS-T.

» ¢:In'keeping with the purpose of this project, to-develop .ceramic
'CQMpnéite§,rYAS*7vgiaésfpnvdnr‘wag'mixed»wirn 204 and<3G% vneoated
Nextel 440 fiber to form specimens for mechanical “testing Two
specimens were cut from each hot preased billet to be nsed for C.TUE.
measurement . Typically, when..d 'glass softonc, the dbiébometer
specimen will Pirst expand as melting beg!ns, then, as melting
progresseé, soften and deform causing a decreaae-in length.. At
approximately 300°cC, the‘speciméns appeared to exhibit behavior
typical of a:glass specimen-but. instead of deferwming, the specimens
stopped expanding and exhiblted essentially zero thermal é*pansidn
bepween*&ﬁﬂ&C’Shd 3200°C§evéh*thoﬂéh heattug-éontinued at a constant
rate_(FiguEéﬁﬁf);::Atxaﬁpﬁdiiméﬁély 1200°C both specimené atarted to
deform so the dilatometer run was halted av 12755C for the specimen .
containing_édﬁ fiber and 1260°C for the specimen Conbaining 30% fiber.
.fh1§,halt,ingexpaneiqﬁ:ac'90096[1s.presumab1v-age to the fibera
Vsﬁpporting_;ne.dildtometgr load whep the glass began to soften.

.ﬁpe»hot,presséd;speciméh=cddtainlng IOS;Nextelfﬁuo fiber was
allowsd to continue heating EESYET1275°C, The 10% dpzoimen traon

underwent a abrupt‘expansion of 0.6% over the temperature range of
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1300%¢ to 1359°C. Identical behavior ocgﬁrred‘hgaié 1h.aﬁbthéé
‘specimen cut from the 2ame. hot: pressed billet. Both specimens
‘underwent‘a=permangnt'ex$ansian of approiimately 0.5%. A second vest
‘Qf ;hg:phgviousiy}mgasured_specimen}indicéted éorténing beg;nning =
‘approx iﬁ;étfély“ Y1509C; "a :behavior: simi1aF" 5o 'a viscous solid {(Figurs
48). The C.T.E. #étwgen_iﬁe~f1rst and the_éecond nﬂermal expanstion

6

cest decreased from 6.3 x 10 C7°C (400°C to 850°C) to 5.0 x 19 °sog

{400°¢ £6°1000°C) "

a. Discyssion of ihe Abrupt Expansion.  Previous work by others
on thg‘thermal expanaion of composites showed no evidence of such an
37-30

abruptexsansion: Thermal expansions of ‘compoxitea and

17,87-90

multlphage‘systeﬁs qualry follow the ROM. Liguid formation
dus to pértgal melting of the specimen couid reasulr in-a volumei
increase: -the ligquld formed, however, wq&ld probably ndt he able to
subport‘the diYatometer load, "and -the specimen would*deform‘rather

than expand.91

Because the C.T.E. is expected to follow the ROM in a multiphase
system, ir~one~pha$e reiakéd*tné~bvéhali ekpanslon offthe'maﬁerial
would assume the CIT:E. of the remaining phase. If‘i'he l&ier(;.'l';é.
material softened, the thermal expansion ofiﬁéég@;terial;could
suddenly increase.’ This is not likely to?§é¢0r 1ﬁ‘th1s particuiéf“
case, houever} unless.the Eé@gihlﬂg phaae‘had as‘extremely high C.T.E.
which éould then ca&#e tneifééid expansion at 1280°C as observed. The
only-other- phenomena whlchpbduldacédsé‘;uch an aﬁfupt expansion in a .

88,91

material would be .a polymorphic. phase tranaformation. Large,

sudden. expansions -are qfted‘obggtjed‘dprtngwpolymorphicftrénQQ

formations such as the a- to B-quartz inverston which is accompanied

12
by a sudden volume expansion of approximately 4.5% at 573°C.
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'73A‘specimeh‘9f:YA§57, hot pressed at 1000°C for 15 minutes,
préducéd ainormal1exﬁansion'curve when teated in the dilatometer up Lo
1285°C expanded 0.86% between 1285°C and 1345°C, defarmad 0.56%
between.13“5°C'agd 1375°C, expanded another 0. 4% between 137597 an
1360°C, and.then&begéhatbwméibf(Figure.39}.' Visual observat {2
revealed that this specimen had begun to foam on the top surface
(Filgure 50); aince this bloating effect was mainly confine:d tn the
surface, it could have been causcd by volatlitzation of carhon or BN
inclusions from hot pressing., SEM examination cf the exterior ol the
hloated surface showed needle-like ¢ryatals in a smooth pornus manrix
Figure 51). Apalysis of the crystals and the surrcunding matrix
using EDAY showed the crystals to be composed mainly of an yturium
silicate; the mafrxx wau compoqed priwarily of an aluminum ni’icatﬁ
SEM analysin of the unb10dted aa hot pressvd qurfave (Figure 52),
showed a much different microatructure than ‘that of ﬁﬁe'foamEd qurfaéeﬁw

' ﬁrother apecimen of YAS~?, hot. preqqed at 1000°P for 15 mxnuteq

was teqted in the dilatomecer this qpecimen abruptlv evpanded at

1270°C the dliatomeher was qhut off at. 2300°C, and the cooling curver
was rnccrded (Figure 53) The C.T.E. of this specime" on cooling was

=6

5.8 x. 10 /26 (350°C to 1350°C) comparsd Lo fnp_u.? BE. of 7.2 x

5/°C (400%¢C. to 1000°C) on heatlng Hher re ested, this spacimen

exhibited behavior srmilar to‘the retested specimen of YAS-7
containing 16% Nextel U440 fiber: the C.T.E. curve was linear and has

 a&c;r5E;'df_5;3gx§1of5}9c_qp to 1200°C, §t whi¢hAp0tntALt uegaﬁ £o
sdften (Figure 53).  Powder XED of the hbﬁ}#régsed'uillet and the

: sz;?:‘specimen'after this second test‘revealed thaﬁ'hhé crystalline

phases u-YZ' 207 and mullite origina‘ly presenf in the hot preqaed

specimen had changed to B-Y_ Si_0, and mullite.

2°t2%7
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';7“55;5b§é££ed;Bkrﬁgsei,.hoc pressed at 1300°C for 15 minutes,
vielded a*C;T;E.-curvejaihilar to the retested specimen’in Figure 537
A‘sééond teét.of,this'epecimen showed-é‘o.u8$ expanqion'bgginning at
13u590; 11;ustna;ediinMFigure}sgp This apecimen appeared.similar to
"thé»specimeﬁidépfé&é&”lﬁ’Fxguersd;“ Examination of"thé dilatometer
apparatus ghowed the alumina Spécimen nolder waa bf?écénter in the
furnace which could have resulted in a thermal gradient, héating‘the
"toﬁ”bf fhe épeélmen;mOPe'rgﬁidly“than~the*5étibh. '?hls*ébuldieﬁbgaih
the‘p;oab;ggioﬁéehQQE%id tﬁé;h§p§tm$urrace_of the specimen., Powder
_xaq;or?tAS¢14 net-pressed ak 1300°C.for. .15 minutes, indicated i
§ca?§fhéﬂ%mullifé*aﬂd 8?!231261...The“CfoEES5forvthe ab0ve apecimens
and the:identified crystal pﬁééés‘éref}i§§ed»1n\Table‘XII,_

b. DTA Analygis;f_Toigéﬁefmfne,kﬁéﬁheﬁ‘a polymorohic phaz:

transformacion. was occunring-ln,théxYAS?T glass a% ohfanéunq”1300°c;
DTA was performed on & Smalliblock'-of hot pressed §ﬁ§§1fb1§éi{0$.
Nextel and on a crdéhéd“Spé61mén~frpm the same hof*pré§$é655ilief.
Comparison of the‘DTA,cthes'of hot pressed YAS-Yiplug'}Q; Nextef__
fiber and YAS-7 glass show that fiber additions?@@ﬁséeﬁfsﬁéii'
decrease in the. crystallization temperarure {Figur: 25}. ‘Tﬁe position
of the crystallization pealk for the specimen é@gpgznzﬁg fiher wasinot. -

affected‘by*crdsning the specimen, indicatingf;hét the YAS—7~gla§§f§§»'
not senﬁitiyé.to-suﬁfécé.éhyStallization effecrs. A change of siésé{tﬁ
which occurred at~apﬁrox1ﬁate;y_1280°c could.cobﬁeqund to the
polqurph;c Shgég:tQEQSQOPmaéion) pérticular1y 1f theitransfgrmapibnf“f
dqgs_hqg require,or;prdd§ce_héat.zy Melting of the DTA sﬁéélmen

beginsrat;ﬁ360°c énd‘é§fdgﬁéted by‘aisharp‘endothermic d;a.  A secohq‘f

DTA measurement of the crushed specimen showed no exothermil v

endothermic reactions up to 1350°C, the temperature at whiasnh Yhe test
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TABLE XTI

YAS-7 C.T.E VALUES AND CRYSTALLIZATION PRODUCTS

Specimen C.T.E. Temperature Maximum Crystalline Phases Figure
(10 "/°C} Range {°C} Temp. {°C) Before After
‘Cast 6 31 350~800 915 AmOrphous ng
HP 6,47 400~700 915 Amorphous L6
+20% N44O 6,33 400=700 1275 =128 a7
+30% NULO 7.2 550-900 1265 S uy
+10% . N4L0 . .
(Test 1) 6.33 400~850. 1385 a=-Y+2S ug
(Test 2) 5.03 §00-1000 1300 8
-ﬁp-at 1000°C 7.3 50C-1000 1395 a-¥+28i3A+2S B-Y$2S,3A-25 49
HP at 1000°C , .
(Teat 1 Heat) 7.15 400~-1000 1300 a-Y+25;3A°28 53
(Test 1 Cool) :5.83 350-1150 . 2o 8-1+25,38-2S 53
(Test 2 Heat) .5.35 700-1000 1320 8-Y+25,34-25 8-Y+2S,34+2S 53
HP at 1300°C  .4.56 400-900 1370 8-Y+28,3A:2S 54
Yh28 = ¥ 81,0,
A28 = fuifile

104
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— . Second Test

=:C:uéhe6§%55§§j4&102
Rextel 440 Fiber

Block of YAS~7 + 10%
-Rex;¢1*4§05?;betf"’

Exothern e B ﬁ.wbu i'

}:23 u¥

"-ﬁxéw,«w.. e
7

-

&
s

-

YAS~-7 Undoped Glass Powder '

yoot
X)
il
fied
fon
()
o
4]

i 1
1000 1100

" Temperature {°C:

Fig. 55. DTA curves for undoped YAS-7 powder and hor sressed YAS=7
containing 10% Nextel 440 -fiber, bulk and crushed specimens.
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was-terminated. DOTA.Was -also performed on a specimen of Nextel BUQ.
fiber to-determine if ‘the fiber {s thermodynamically stable tn air wp

to 1300°C." No reactions were observed.

C The~Polymorphic Phase Transformation. A previous study on the-

crystallization: of YAS-T showed thefﬁﬁyéb&lﬁization products of YAS~7
to be B*Y Siz 7. =y Si 07. and Slﬂaﬁoq, pr qillimaWL,e 22 However,
the crystallization temperatureS‘used in that study were below the
reported trannrormafion temperatureg Tor a~ to' B-= Y 91 7iﬁﬁd’8? £e T
81297 of ‘225°C and 1““5°C reqpectivelv 11-43 :The«foématiép of
2{llimanite only: occurs under very rigid temperature and presszars
conditions, &n? it is doubrnful that tnoeseconditions could have
occufﬁedfduring»tne heat treatment of YAS T RE Therelare, the
formation of;sllllmaﬁiié{iéAﬁighlj»unlikely and the a}um;hosilicare{
phase is mbrg probab;y mullite‘f$i2§;60?3); the XRD gatlerns for

sillimabtté and mellite are very similar, ana cas can edéilv‘be~

mistaken far the other. Previous work by others with ¥ bl

» 2772 7
describes the u- to B-¥251207 polymorphic phasa transformation ra

. ) ~45
occur at. 122%°C {Table I); 145 there {8 no mantiar . however, whetner

this transformation 13 8 dlsplacive tranaformation and as such could

account for. the large expanqion which begins at 1280°2. Tha

transformation is also described as reversibie In previous t«*or'y:,u"‘m5
but is not observed aq réverQXbie in this stucy. 1If the observed
expansion is due to. the polymorphic phaqe traanormat1on of ~Y231207
to. s -Y. 551,00, it is: possiblethat.-nhe Al 03 in the YAS-7 glass i~
acting as. a dopant Ln the structure of the Y 81 0 thareby zhifting
the traﬂaformation temperature upwardﬂ from 1225°C to 1280°C.

The qompopnd'Y 51207 was fabricated~using hydrothermal processing

techniques from reagent grade yttrlum nitrate and TEQCS. The raw
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chemicals were put into solution using ethanol and gently heated until
gelling occurred. The'material was then dried at 110°C for three. days -
then' heat. treated at 500°C for 24 hours to remove the organics and
nitrates. .The resulting powder was determined to be amorphous using
powder XRD technigues., DTA showed an extthermic peak assoc!ated::with
crystallization to begin‘a;<960°6‘w1th the maximum occurring at
1050°C, At 12C0°C an endothérmic'disconttnuity began whiah ended at
T243°¢C, arother exothermid reaction bégdn ‘at 1%¥20°C and the last
reaction, an exothermic discontinuity, oceurred at 1535°C (Figure 56).
These 138t three reactions correspond to the polymorphic
zransforuation tesiperatures of 1225°C, 1445°C, and 153%°C-as.reportéd
in the 1iterature.ha;u2 A specimen for thermal expansion testing
measuring 1/8% x 1/4" x 1-1/4" waa compacied and placed in a small
furnace to sinter. The specimen was heated at 200°C for 5 hours,; the
temperature increased to 1000°C and held rer $ hours, then was
increased vo 1100°C and held for 12 hours. It was hoped that rhe
material, which was amorphous, would sinter to sufficient strengrn to
8e’ agha thermal.eXpansion specimen. ¥When the specimen was =xamined
after holding for-12 hours at 1100°C ghe apecimen had dlsintegrated
into-a finé powder. Powder: XAD showed the specimen to be pure
a-YZSi.ZO?. Iy appears thatithe érystallization causes a change in
volume Which {s. suffleient todestroy the specimen.

Using the upit -cell volumes'' for a- and B-Y,51,0, a volume
expansion of 5.66% was calqulated.for the pha#é éransformat;on. The
linear -expansion resulting from the phase tranzaformation for a
- rectangular prism 6f -Y,Si,0, was calculated assuming 100% conversion
of a- to_8—123120?. From this value, data from the YAS phase diagram

and the percentage of the abrupt expansion from the C.T.E. of the



EXOTHERMIC =}

3 s 1 A (N 3 K} e

IOHV‘

1000 1100 1200 1330
TEMPERATURE (°C)
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YAS~7 specimen (Figure 43), hot preased at 1000°C.'nhéiheig5§a
percentages of-¢rystalline phases were calculated to be “T.f welght &
8- !281207, 28,1 ‘weight. % 3A1203 2510 {mullite), and 5.7 weight %

‘Al 03 with the rematnder-(23.1 weight %)’to‘pe a glass of compesition
YAS—?. This.cornelates,well;with,thp;érystalline phases .identified

with powder XRD and ‘the observed peak intensitiea. These calculattons

are preqented in Appendix D,

4. Effect of Hot Pressing:on the Matrix Crystallizatiocn. Powder

XRD analysis of hot pressed YAS-7 matrices ravealed that if the
specimens were held.at a maximum temberatﬁrekbelow 115Q°C for a short
tiﬁé,ft;é. less -thdn three:minutes, the spéciméns‘would pemain X~Ray.
amorphops. SEM analysis of thess specimens showed & bi-phase material
which appeared to have glassay inclusions in a crystalline matrix
{Figure 57;. Holding the YAS-?-gléés bnder preasure at the maximun hot
pressing temperature for approximately 15 minutes will cause YAS-7 to
crystallize. -Ideally, the YAS-7 should be hot-pressec at 1390°C to
allow the «u- to a~V2 O polymorphic phase transformaticn to occur
while 1n Lhe»confihg$ of the hot press, thereby stabilizing the matrlx
and alloWing YAS-7 matrix composites £d be utilized up to 1200°C.

Hot 1reqsing3SG~266H for !5 minuteq at rewxzﬁatures rrom 950°C e

1230°C cauqeq SG

»66% to cry%talltze to u-eordierite. SEM analysis
indicateq that fhc fraﬂthre arfaee of monoiithic SG-266M contains
multiple fractures rollowing the blocky grain qtructure, the material

appears well densified with very little poroqi y~(Flgureq 58 and 59;.

2

DTA anklyqiq ahowed hhat doping SG~266H qeparatelvalth 2 0% T10, and

Zr“z requlted inf

asaocxated withvcrystallization (Figure 60) -With=the"diacovery that
the cordierite matrix would readily crystallize through the use of

longer hot press;pg;;imes.gagd@;ipna+ Wwork wl;h aopants(ugs{suspended,L
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The effect of dopants on the DTA exotherms aasoclated w*rh
the cryqtallization of cordierite glass,

11

>



113

V. SUMMARY OF RESULTS AND CONCLUSIOHKS

A. PROCESSING

Techniques were developed for the production of discontinuaun
fiber reinforced composites .using a.slurry method and a roller casting
method. These tééhni§ués provided gpecimens for determining 42
extent of fiber/matbix interactldﬁ aé'é function of hot preasing
temperature, and for cetermining the effectiveness of using various
fiber coatlhgsfto reduce fiber/matrix interaction. Roller casting
me;hngsprpaueeafpromising»resultsffor’thegtabrlcation of large two
dimenéiohally;orientated»chopped fider laminsa. A fllament winder was
designed and ﬁﬂiltétoﬁfééiirﬁéte?;ﬁeﬁfabﬁication of unidirectional
laminz prepregs.

The opcimum hot pressing parameters were determined for the YAS-7
and cordierite matrices. Dense specimens were produced at hot
pressing Lemperatures as. low as 980°C and -915°C for the YAS-7 and the
cordierite matrix, respectively. The optimum‘densifléaiion pressure
vas determined ta be 3.5 MPa (500 psi) and higher denaification
pressures uere.deeméd\Undeccéssary. Hot ﬁﬁeésing‘specimens in an
argén atmospheretproducedSSatisfagtory‘nesults and vacuum hot pressing

did not show anyfstgnlficant‘advantages.

B. COMPOSITE SPECIMENS

Specimens tébgiéétédfnith uncoated Nextel, Nicalon, Fiber FP, and
SCS-6 exhibited brrttle fracture due to fiber/matrix Interactions and
chemical bbhdlhgi*‘CQétihQS‘of*carbon, BN, nickel.~épd silicon cardbide

reduced fiber/matrix interaction to allow fiber debonding and pullout.
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Uncoated Tyranno ftber exhibited fiber debonding and pullout when
incorporated into the cordierite matrix at both hot pressing
temperatures’ (1000°C and 1150°C). Tyranno fiber.bonded Lo the YAS-7
hatrix atylou\temperaiurg~(3000?0)fpcpducinéﬂbrittle'fracturé but
debonded and pulled out at" 2 Higher bonding temperature. (1150°C).

Discontinuous fiber reinforced composite specimens exhibited
lower‘strehgths than thé ﬁoho#;ﬁhlc‘ma£rix specimens, when tested in
flexure, presumably due to misalignment of the reinforcing fibers in
the composite specimens. It 13 expected that optimum composite
mechanical properties will only:be realized through the uae of .
unidirectionally aligned continuous fibers., The elastic modulii,
calculated. from: fleéxure data, of monolithic YAS-7 and cordierite Were.

171 GPa and 97.4 GPa, respsctively,

. CRYSTALLIZATION' OF THE .GLASS=CERAMIC MATRICES

Differential thermal. analysis showed that dopant additians do not
affect the crystallization of the YAS-7 glass, but greatly affect the
crysﬁéllizapionﬁdfftne‘cordierite glass. Fiber additions did affect
the crystallization of YAS=7 and.also appear t0 act as porosity sinks
causing a dramati¢ decrease in the YAS-T7 matrix porosity during hot
préssihg. *Hpt pressing-also .appears to increase the high temperature
dimeﬁsional stabil;@y}df_thé‘YAS-T glass provided the glass is not
under an applied load. The glass reméins X-ray amorphous when hot
pressed balow 1050°C for short times, i.e. 2 minutes or less.

Hot pressing greatly enhances crystallization in both the
cordierite and the YAS-7'matrices when the specimens are held in the
hot press at the maximum hot pressing temperature for 15 minutes.

Powder XRD was used'tolidentify the crystalline phases formed in the



gglaSSﬁcenamlﬁa;s‘Cordier1L35qry$béllizes tO«&fCCPdié%ite.:xAS“T

crystalli"eq to mullite and Q YZSXZO7 when hot preazed at or below 1250°C

and crystallizeq ho mullite and 8-Y 51207 when hot pressed at fébbbc‘

An abrupt expanQ1on of’ approximately 0.8% begins at 1280°C,

*detected during thermallexpansion maasuremenbs of -hot presaed ¢aS-~T.

Thiﬁ expansxon lq due bo the GIQplacive polymorphi; phaae

'trénsformatioﬁ'df”d>fg§iéo ROV Y251207 which, although listed as

reversible in the Iitérature; uas not observed Norba-reversible in
this study. The shift of -vransformationitempérature from 1225°C to =
1280%C may be dug . to, alumina, present {nr tne»YASﬂ? glass, acting as.a. ..

RERRELEVE b ﬁhe‘iﬁ”Y“Siﬁt%¢Qtruc?uro“~«The L.A.¢5'decrea&cr‘fﬁémyYazgx

’6 , ; 3 VAN o e s . AR
10 fo.t9w5ﬁ3n,§‘ FeSRltiof the transformation. Attempts
to fabricate a specimen ana measure ‘the. thermal -expanstar bEnaviOF of..
the .285.207 vhaqe dlone vere unsucceqqfal. 1f. YAS-T 1s hot pressed at

1300°C -Y 31207 and mullite result and the matrix is dtmenqionally '

~stableup g 1200°C.

D. ADDITIONAL DISCUSSION 0“ TFE YQS PHASE DIAGRAM

Figure 61 illustrate;ithe componit*nn triangleﬂ determined JQing

the lnvariant Dointa and their reqp e equilibrium phases cn @he- >

YAS phaqe diagr*am.',')7

‘Tne’ compOSLtlon YAS~7 1les in the Y-2S, 3A-2S,
2Y-38 composibionttriangle and therefore, under equilibrium conditions
would contain those three compoundQ It is also evident that there
would . be approximately eqaal amounts of Y 25 and 2Y-3S judglng from .
the position of YAS I anIde the comp041tion triangle. The binary
pnasg d;ggraglﬁfiggggﬁ§2)f;howsfthat 2¥-3S decomposes;to Y~S and ¥-2§
at 1650§C‘and wouid ﬁot be stable at room remperature. In the YASA |

phase diagram, alumina must somehow stabilize the 3Y-2S structure to
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Fig. 61,

. YAS PHASE DIAGRAM

Composition triangles in Ehe

TAS. aystam.
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‘allou the compound to be stable. below 1u00°c. fAS¥? under théééi
circumstancos should cryqtalxize to 3A-2S, Y-2S, and Y-S howéver. no
Y-8 1% obqerved in any of the crystallized specime A recent study
of the-yttrium silicatesu!iﬁuggéats that. there is ant suffictent
evidenge” to supporb ﬁhe exiqtence of the. 3A-RS ennpound wiil le another
3

atudy qtmpiy ignoreq the JY-ZS compcund. Similar discrepancies in

the crystallizatlion products in the YAS phase diagram héve been
osbserved by another 1nveqt‘gabor 94 ‘Tablefklrx 1iste the experimental
ah@;theaﬂepical_drygpallizétiop produétsrfbr compositions in the YAS
ph&se.éiagham{“;Théée.Eésulns suggeat that-the Y-2S regfon is
aonsiderably;Igcganltﬁan.Ihvgppears'ongtﬁéléﬁhkéntths phase -Giagra.
assuming t@éﬁcrystallized Specimens are iniequilibrium.

if fhg 3A-2S, compound does not exist, the YAS phase dtagram*énd
the accompanying. composition triangles could be altered as illustrated
in Figure 63.: This proposed phase diagram wou1d3corr33pond'r0'the
experirental »eqults with the exception of compositicn 13 (Table XIII)‘
This proposed phase diagram could also be feasible if the 2Y-35
compouhd: 18’ not. stable-below "1%00°C and was .ﬂpd “to ca1¢u1fat;<e_ -_»th_g';,

percent erystallizatlion of.:the YAS-7 composition:presented earlfer and.:

further dizcvsssd infppendly D,
In‘order to verify the existemw I the 2¥-3S compound, high

temperatuﬁe xﬁn shoula be‘performed 2 powders, prepared by
hydrc*hermal methods, ln both the yttria-zilica binary and the YAS
ternary. diagram at temperatures above which: the 2Y-33 compound is
stable. If high tgmpgratune XRD i3 lmpracr:icai. rapldly quenching the

coapound ‘may retain the structure for analysis at .roc. temperaturea.'
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EXPERIMENTAL AND THEORETICAL CRYSTALLIZATION PRODUCTS FOR
‘COMPOSITIONS IN THE YTTRIA ALUMINA SILICA SYSTEM

Designation

120

Y = Y203

A = A1203 |

S = SiOél

Composition Theoretical Experimental
{weight %). Crystallization Crystallization
Y-=A<S Productsa Products
YAS-7 10-30-30 38-28 3A-28
Y-2S Y-2S
2Y-3S
9 (Ref. 98} 41-37-28 3A-28 Glass
Y-2S B-Y¥-25
2Y-3s
12 (kef.-94)  &7-13-20 LAY ~5A 3Y=5A.
A Y25
2¥-2s NET
13 (Ref..94)  69-20-20 3¥-54 3Y-54
A Y-28.
2Y-38 Y-8
14 (Ref. 98)  12-38-20 3A-2S 3Y-5A
A A
2Y-38 Y-28
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VI. DIRECTIONS FCR FUTUHE WORK

The primary goe1 of future work should befthe\develqpmeht of
proceasing paraméters for the’fabricatioﬁAof ueidtrectlnnai'ﬁﬁbef
reinforced glaés¥ceraM1c“combe§1tes; “The'temperature ‘stability of the ..
Tyeeﬁﬁe?fiber needs to be determined and unidirectional Tyrannc fiver
reinforced .composite epecimens éhould be fabricated. Tnis fiber is
tre most promising’ candidate for uqe”iﬁ‘glasq—cerami matrix
composites:because‘it‘does_not;require”aecoatlng,‘ New. righ‘
‘temperatire fiber.coatings need to be developed and evaluated for use
‘ uitﬁ-Tyrannoiﬁﬁﬂ'czher available fiber ceramlic fibéEfi

The effedt offﬁoﬁﬁpféssing timefdn_the'eryspallieaﬁioﬁ?ofﬂthe
matrices needs to be investiga»ed further.: The [Gpgimum holding time
and temperatﬁre should be determined for beth matrices to maximize the
cryetalline.contentf Transmisstqn;electron_mxcr soop nould be . uqed
to QuanhitatiféLyQanalyze*fibéﬁ{ﬁﬁtr!x interactions and .thé effects of
fiver additions on the c:ystali;ge};Op'of the glass-ceramic matrices

Cordierite 18 an excellent matirix candidate for:high tempe"atu
glass~ceﬁam&c metr;ggeqmpeeices;_ Cordierite, when complete]y

chvstallizﬁﬁ. should ‘be uqab1”~‘”

;}100°C The law C T.E. of
condierite makes it compatinle wltn the existing ceramic fiber
systemasy

In order for the YAS—? composition to bhe uzed as a high
r.emperature glass—~ceramic matrix, certain problems mnust be avercowme.
The source of the matrix porosity, developed during hol. pressing, must
ve identified and the effect dfithis porosity on mechnical behavior of
the matrix should be evaluated. The a- to 8-Y 551,60, phase

transformation, the accompanying 6.6% volume expansion, and the 1300°C
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‘processing temperature needed:to trigger this transformatlon, must be
investigated to determine their effecta on the mechanical and

chemlical properties on both the matrix_and the reinforecing fibvers.
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APPENDIX A
POWDER XRD PATTERNS

Figures 64-67 illustrate the powder XRD patterns obtained from
typical specimens. The peaks in Figurea 66 and 67 are designatad in
the following manner:

m = 3A1203-28102 or mullite

A ='a~Y231207

B = 8-Y,S1,

The cordierite §tandard pattern was obtained from s crunhed specimen

0,

of 5‘00rdiénité body.-used-in-the fabrication of catalytic doqver;er
parts% This pattern~wﬁsf¢hosen because {t was cleaner, in terﬁs.of
contamination from muiliﬁe‘imﬁﬁriﬁies.:ﬁhan’a ng6% pure" specimén
obﬁéineﬁ from Baikowski*Cbmgany. “Information négarding the
preparapibniog the mullité.XﬁD\standard will be available i{n the

_forthcoming master's. thesis by A.J. Skoog.
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Fig. 65. Powder XRD patterns from a commercial c¢ordierite {standard)
and hot pressed SG266M. ’
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Fig. 66, Powder XRD patterns of hot pressed YAS~7 before and after
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APPENDIX 2
ADDITIONAL DISCUSSION OF AXIAL STRESS DUE TO C.T.E. MISMATCH

Te determine- the ‘effect of C.T.E. mismatch, in teérms of matrix
microcracking, of vartious fiber additions into either the cordierite
or YAS-T matrix, the resulting axial streanes sﬁould be calculated
before composite fabrication. If the axial stress is greater than the
matrix failurs strength, thenfmatrix.miqnognaéking gi11 oceur and the
éesuitﬁﬁg‘compbsite syaten -will b; u#elesa. Téblc:X}ﬁ-QQntaing,thﬁl,
calculated axial stresses (Equation-5) for hypothetical composita:
ayatems t.Asing 50 volume % unidirectionally aligned commercially
availadle <eramic fiber and .either the cordierite matrix or the YAS-7
matrix. In the:case of YAS-T7, which has beer found to exhibit a
ccnsiderablg change in C.T.E. during crystallization, values for the
axial stress have been qalculatéd using the experimentally cetermined
C.T.E. valpes.. It has also been assumed that the elastic moduiii for
cas£.YA$¥7:glass and crystallized, hot pressed YAS-7 are the same.
The change in temperature (AT) used }or tﬁese caleculations. was picked
as the'glas$:softeniné’te@bé%aﬁd&e»t?r“dﬁ;diaritc QGQLX;Sf?'gliﬁﬁ
because: the matrix would: not  be able to deform and relieve stresses
below that temperaturef~ The AT for:crystallized YAS-7 wa= picked,
based on~exper1menta1 results, as the minimum temperature required to
aildy_bhe §54ﬁ9;8=¥ésgé97;phése'transrpﬁmation and hence, théflbkgr
C.T.E.

Negative axial .stress means the matrix will be placed in
compression and no matEix microcracking will oécur. A perfect C.T.E.

LYY

match between the fiber and the matrix is optimum. ‘Some t.oughening of



TABLE XIV

AXIAL STRESSES RESULTING FROM C.T.E. MISMATCH FOR
HYPOTHETICAL GLASS-CERAMIC MATRIX COMPOSITE SYSTEMS

Axial Stress, g, (MPa)

TAS~T
Fiber Cordierite. . Glaas Cryatalline
VE=0.5 AT=850°C - AT=900°C AT=128G°C
AS-4 287* 757* Giz*
NICALON = -21.9 255% 219%
‘MEXTEL 440 -97.6 164 73.9
FIBER FP =191 39.3 -65.2
TYRANNO -21.9 259* Z19%

*Expected Matrix Microcracking
-Denctee Compressive Axial Strers

143
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the composite may result from significant compressive stresses In the
matrix -as ‘discussed earlier.

?ased on the calculsted axial sbresé values 1i$ted in Tabie X1V,
YAS-T will dhfyiséLUaéfﬁl'as.é é1§ss—ceramlc matrix Qhen reinforced
with Fidver ¥p or Nextel t40. -Cordierite, howsver, s a candidate for
all of the 1isteh ceramié'flbeﬁs.' Carboﬁ AS-H fiber reinforéed
cordierite matrix compoéigéstéégld exhib{ttalérdcracking which has

teen observed experimentally. .
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APPENDIX C
MECHANICAL . TESTING DATA AND SAMPLE CALCULATIONS

A. M.O.R. RESULTS AND CALCULATIONS

Table XV contains the-mééhéhibal testing data used to calculate
the 3-point flexure strength (M.0.R.) values liszed {n Table XI using
the following equation:

M.0.R. > (3 P L)A2 b d?)

where L =2guals. the testing span whlch was one,;ﬁeh‘fonfall tested
specimens. in this thesis: For the first specimen listed in Tabie Xfy

2R, = (3)(265}(i}/2(0.?23)(0.32&}3 = 17,400 pai

(17,400 ps1)(6:9-HPay1000 ps1) = 120 MPa |
the aveﬂagggland standard deviations.aene calculated using %he
atandard. equations. 0n1§~spé§1mens;1h}wh1chifnacturé fnitlated
approximatély midway;betwgeq;tgg;ﬁesting Supports were used in the
qalculati¢h.or the averaggggand:étandard deviations. Valuea obtained
from spgqimenskwhiehvdid-n6ﬁ¥eXhibit ldealkgfégﬁure were aiscarded and

are markéﬁ withian.asterigk:in Table XV.

B. TOUGHNESS MEASUREMENT DATA AND CALCULATIONS

The values fof~;oughha§s (ch);‘iisted in Tabie XI, were
calcuiﬁ;ed rrpm;phe;QQEQ‘;;gped in gég;ngVIjgsing the following
eqﬁa£1éﬁggﬁf

Ky = ACEIPLE )/ (20d°)] (7
whéfgsgjéqdélsfgﬁeﬁﬁ§b¢naqeg§n.; The<6aiibfahigh coefficient, Y, is a
fghcp}oﬁfof (c?é) andAihe.gésgiﬁg‘configﬁrétion, i.e. 3- or 4-point

bending;mand gah be“calculaQéd using this fourth-degree polynomial:



146

TABLE xv

3-POINT FLEXURE TESTING DATA

HOT-PRESSED CORDIERITE

g S b p MO8,
{in.) {in.} {1he.) {MPa)
0.320 0.223 26% 1120
0.320 0.233 260 113
0.320 0.205 255 145

-0:318 05235 195 55
0.312 6.226 347 183

HOT-PRESSED CORGIERITE v 20% CARBON COATED. NEXTEL 430

a - b P M.OUR.
(in.) . {in.) (1bs.?} {MPa)
0.268: 0.33% 260 112
0.260 0.347 205 30
0.254 0.366 319 HESE
¢.228" 0.339 252 148
0.253 0.365 193 . 85

CAST YAS-7-

d b P M:0.R..

(in.) ~(in.) {1bs.) (MPa)
0.169 0. 366 125 8g*
0.239 0.354 362 185
0.231 0.346 158 200
0.265 0.330 135 60*
0.238 0.365 510 25K

HOT-PRESSED. YAS-7

d b P M.0.R

(in.) {in.) (1bs.) (MPa)
0.239 0.277 273 178
0.242 0.270 97 65*
0.241 0.260 283 194
0.240 0:.274 198 127

0.278 6. 170 184 s,
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TABLE XV (Cont.)

HOT-PRESSED YAS~T HEAT TREATED AT 1100C

d b p M.0.R.
(in.) (in.) {(1bs.) (MPa)
6.225 0.258 183 155
0.207 0.257 230 216
0.252 0.255 304 194
0.253 0.213 248 188
0.268 0.243 212 185

HOT-PRESSED YAS-T + 10% UNCOATED NEXTEL %a¢

d b P M.O.R.
(in.) (in.) {1bs.) {MPa)
0.216 0.161 151 160
0.248 0.164 145 149
0.256 0.147 15 123

. HOT-PRESSED YAS-7 + 20% UNCOATED NEXTEL 420

a b P M.0.R.
(4n.) (in.) (1bs.) (uPa)
0.238 C.1862 177 199
0.236 0.159 134 156
0.2t5 0.158 128 180

HOT-PRESSED YAS-7 + 30% UNCOATED NEXTEL 440

a - b P M.0.R.
(in.) (in.) {1bs.) (MPa)
0.263 0.161 87 1%
0.261 0.159 Th0 134
0.262 - 0.153 113 i
HOT-PRESSED YAS-7 + 20% CARBON COATED NEXTEL 480
d b P M.0.R.
{in.} (in.) (1ba.) -{MPa)
0.249 0.198 75 63*
0.264 0.259 228 RS
G.259 0.266 184 107
0.275 0.262 20y 153
0]

28 0.261 204 102



TABLE. XVI

SENB TOUGHNESS TESTING DATA

JORDIERITE # 20% CARBON COATED:NEXTEL 480

CERe Kie -, .
1b8.7 (MPasm%Y

-
PN
IO

A

ol

"l
-
(VS QUL
)

. K »
FelESINe o (¥4

N\
L.‘—,
N
<

YAS-7 + 20% CARRON COATED NEXTEL 80

A IR P Kie |
{in.? (1n.) (in.) 11rx.; (MPa-m™)

ot
l

81275  0.259
RN - 0 . 262
0,264
0.268
0.262

127 ST
237 8.0

g1 20
&5 B &

“_A“.,
PR
R i

Sy NN WV
[ R IR oy
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Tab1é7KY£I:containS‘coe{fééientsvfor A depghding on the testing

method employed. The tthing specimen used in this study had & span

to depbh ratio of approrimately 3 50 the values listed in Table XVIE
for S/d = U were used to caleul abe‘&.

The toughness yglues‘cglculanéd‘rrOm the data in Table XVi

~initially had the units kéifin%. These values wereAéénverted to MPa-m’

using the following egquality:

Kat»1n’t = (£6.,9/(0.0254) Jwpa-mt.

(%]

ELASTIC MODULUS CALCUL#TION&

Tne elastic modulus, T, of a material can be calcduiated from

flexurs te 1ng data’ using: “the equat*on

'U o oo 19) -

"Mﬁéﬁé; iéfthé deflection:OY'éach‘apeotmenfdgéérmined‘frdmgéﬁé?
Ioad/déf ectior curve generateu during testing. For the fipat

‘speciman in Table XVIII,.

E = (285)(1)-/ 4 1 09x10 )(0.223jjp;320>3} = 12,790 kst

(12.7”' (6.9 GPa/1000 ksi) =88 GPa.



TABLE XVII
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COEFFICIENTS FOR DETERMINING ‘THE CALIBRATION FACTOR FOR
TOUGHNESS MEASUREMENTS USIMG FLEXURE TESTING (REF. 86)

4-Point Bending

3-Point Bending
S/p = 8
S/D =4

R

*1.99

+1.96

+1.93

-2.47

-2.75
-3.07

A,

+12.97

+13.60
+14.53

+2L .80

+25.22
+25.80



HOT~-PRESSED CORDIERITE

CAST YAS~7

3-POINT FLEXURE DATA USED TO CALCULATE ELASTIC MODULIY

P
(1ba.)

265
260
295
195
347

P
{1ba.)

125
362
359
135
343
s10

TABLE XVIII

A
(10-¥ in.)

~N:~ O
0 = WO \O WO

7.
6.
6.
5.
7.

w

A

5.61
6.69
6.99
3.4
6.69
9.25

{(in.)

0.320
0.320
0.320
0.318
0.312

(in.)

0.199

0.239
0.231

-0.265%

0.261
0.238

b
{(in.)

0.223
0.233
205

0.235

“al

0.226

(MPa)

88.3
85.5

112.

86.3

115,

(MPa)

133
193
208
152
147
193

s
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APPENDIX D

CALCULATIONS OF THE PERCENT CRYSTALLINITY OF

A HOT~PRESSED YAS-T SPECIMEN .

Theoretically. the_volume.chénge-aSsociated with nﬁe a- to
B-Y231207 polymorphic phase transformation can be calculated using the
unit cell dimensions or"133.6a3 and 142,583 for - and B=Y_S1.0:

2727
respectively (Table I).

7 VYolume Change = £(V1 - vf)/yr3 £ 100 {10)
'V; and V. equal. the in{rial and final volumes, respectively. In this
case, When a specimen of Y28i207 i2 heated tﬁrough the transformation
r.emperature of 1225°C, V1 n ?33.6&3 and Vr - 1&2.5&3 and the volume
change equals‘-6.66i. The negative sign denotes expansion.
This expaneion can be cdoﬁdinaped!ﬁp the linear expansion of a
rectangular prism; such as séa féfitﬁér;al:expénstOn\tést'Spéciﬁens,

provided the dimensions of the~te4t qpeCimen are known. The specimen

used‘tofgénérat¢~tﬁei6urfé:illnstrated in- Flgure 39 had the initial

dimenqlon« b1 :ib:éi9§;lsg o
of 0. 06?7 3ﬁtgl} o :
complete cbnver$}6ﬁ€£§38~31267(ihe specimen:ﬁoﬁid‘undergo a volume
increase Qf>0.0035‘1q§:assuﬁing isotropic behavior. Based on thia
assumption, the final Aimensions of the C.T.E. test specimen, having
the initlal dimension$ ifstedfabove, are b, = D‘22§“. de = 0.245" and
1? e 1, 02&* Therefore, the percent linear" axpan«lon due to the

polymorphlc pha%e traanormation of a pure qpecimen of Y2812 7 equala:

[(1 1 )/(1 ] ¥ 100 = -2.20% (11)



153

The percentage of 1251207 present in- rhe YAS~7 soecimen, whinh
‘éenerabed the C.T.E. curve in Figure 49, {s calculated based on rhp
percent sxpaﬁsion due to the phase transrormaiién dividéd‘by the
theoretical ekpénSibn:due to the phase tranaformation:

(0.864/2.20) ¥ 100 = 39.3 Volume % Y,Si, 20q (12)

T
The rélative amount.s of Al; 03, mullite,  and Y281?07 preaent in a

fully crystallized specimen of YAS~7 can be calculaved using the lever
. . .

rule.g’ Figure 68 illustrates the YAS phase diagram, the composition

triangle ABC, and the YAS~7 composition. The theoretical weignt

nercentage of A, B, and C- (Al2 30 2u1207 and mullite,irespéctiveiy),

X 95
using the following equations:’

A = %:%‘x 100 = 7.4 weight. ¥ A1,0

LG

3
¥ 100 = 1. weight 2 Y 31? , {

-e

LAY
-

B-A
E-G , - < v
1C « §_K * 100 = 31.5 ueight { muilirve
The. voiume tercentages, ba‘md on the reportod deneitles for each
species, are listed in Table XIX. The “retimated VYolume I was
calcula;ed:by multiplying each volume percent by’ the ratio of
experimental volume § 1281,0,. from eqan*‘un \2, tO*the caleulated
velume Y281207. from equaficn 13. The totai of the eatimated volume

percentagés. sudbtracted from i00F gives the wvolume pereeny

glzses of
camposition YAS-7. Weight. percentages of each speciew, A}, 0.,

- 2
Y2812 74 muilite, and YAS-7 were calculated using the reported

denaities of each and are listed in the last column of Table XIX.
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810,

YAS FHASE DIAGRAM

3A-28=C

-

- \

WN"‘“-«\L %,
‘A\““'«.‘ \ A
o

Y03 A Al

Fig. 68. YAS phase diagram for calculating crystalline phase
percentages.
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TABLE XIX

PERCENTAGES OF CRYSTALLINE SPECIES IN A YAS-7 SPECIMEN

Weight Dgnsggy_i Vplgme - Yolume Eatimated Estimated

3 g/cm* 3 Voi % W %
.. S ’ T a - - . % 'S
A0, 1.5 3.9 1.9 7.6 5.6 5.7
Y,81,0, 61.1 4.6 13.3 53.2 39.3 471
Mullite . 31.5: 3.2 9.8 39.2 28.6 24.1.
Totals 100.0 © 25.6 100.0 73.8 76.9

‘YAS-T Glass 3.39 26.2 3 23‘
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