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with a sonic device, ut11i2':ing rectangular bars 1/2-inch by 1/2-inohin 
cross-section and 4-1noh68 in length. A device for accomplishing these 
measurements of dynamic modulus is presently under construction, and 
should be completed ea.rly next month. 

I:, is presently planned that fairly large, approximately 75 to 150 
cubic inches, specimens of slip-cast fused silica will be prepared both 
with and without reinforcement, and ·that samples for the various property 
tests will be cut from these specimens. This procedure should aid in 
reducing the v:&riationa due to inhomogeneity and produce an average value 
for a. series of test se.mples that will be statistic&1ly more significant. 
Initially, measurements will be made on slip-cast fused silica. conte.~ 
no rein.forcement. This will establish values for the :mechanical properties 
of the slip-cast fused silica for use in evaluating the effectiveness of 
a particular reinforcement. Also, it will provide an opportunity for 
establishing and evaluating the particular procedures selected for sample 
preparation and testing of mechanical properties without the added 
oomplications of incorporated fibers. 

The first fiberous reinforcement to be evaluated '\lrill be Kaowool, 
a fiberoua mixture of aluminum and silicon oxides produced by the Babcock 
and W1lcox Company. This is the most ree.d11.y available and inexpensive 
material with a significant potentia.l for reinforcing slip-cast fused 
silica. The exact techniques for incorporating the fiberoUB reinforcement 
will be developed with this material. One small sample of slip-cast fused 
silica containing dispersed Kaowool fibers has been prepared for developing 
optical and electron microscopic techniques of evaluating microstructure. 
The examination of this ~le 1s in proGress, 

The po1.ycrystalline fibers of zirconium oxide and aluminum oxides of 
several commercial aources are being evaluated with respect to their 
physical propertie$ and potential for reinforeement. 

During the coming month) determinations of the mechanical properties 
of the unreini"orced, slip-east fused silica will be undertakala, and studies 
of the best techniques for incorporatin{j the f'iberous reinforcement will 
bec~in. 

Respectfully submitted, 

i/ J. D Wa.lton 
Project Director and Head, 
High Temperature Materials :Branch 

JDWjm 
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August 31, 1964 

Sandia Corporation 
P. O. Box 5800 
Albuquerque, New Mexico 87115 

Attention: Mr. E. B. Berquist 
Senior Buyer 

~, 

.. ,:,/' to 
,//fthcU1" 
"~'""J.) tf;i~~ 

I" ....... ' -1'1 

Subject: Monthly Progress Letter 2, Project A-793 
"Improving the Mechanical Properties of Slip-Cast 
Fused Silica by Fibrous Reinforcements" 
Contract No. 16-2092 
Covering the Period from August 1 to August 31, 1964. 

Gentlemen: 

During the past month the principal effort on this project has been 
devoted to studies of incorporating various quantities of fiber into silica­
fiber composites. 

Slurries of Kaowool fiber and silica slip have been successfully produced 
with fiber concentrations of up to 60 per cent by volume. This has been 
accomplished by chopping the felted Kaowool, in water, with a high-speed 
mixer such as a Waring Blendor followed by addition of the necessary quantity 
of silica slip. By maintaining the total solids concentration at a fairly 
low concentration (i.e., approximately 6 per cent by weight) no apparent 
difficulties with balling or clumping of the fibers has been encountered. 
The solids were subsequently consolidated by felting with a modified paper­
making technique, pressing, and firing. It has been found necessary to 
flocculate the silica-fiber slurry in an effort to promote uniform felting 
of the fibers and the silica particles. However, the investigations are 
still underway to determine the optimum flocculation conditions, as 
significant segregation of the fibers and the silica particles is still 
being encountered at low volume percentages of fiber. 

The fired Kaowool-silica composites have exhibited bulk densities of 
from approximately 50 to approximately 30 per cent of the theoretical 
density, and have exhibited signs of a highly stratified or laminar structure 
at the higher concentrations of Kaowool. This high porosity is not commen­
surate with h~~~f~' The bulk density of slip-cast fused silica, 
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fired under similar conditions, is about 90 per cent of theoretical. There 
are indications that the high porosity of the composites is a lamination 
problem induced by the pressing of the green composites. Therefore, 
investigations of the bulk density of the fired composites as a function 
of the pressure used for pressing the green composites will be made. 

Experimental firings of large, 12 inches by 4 inches by l-inch, silica 
plates has shown that firing can be accomplished without a significant amount 
of warpage, provided that the furnace cavity is sufficiently large with 
respect to the size of the block. This is because of the temperature distri­
bution that occurs through the block when the furnace cavity is too small. 
Due to the extreme hardness of the slip-cast fused silica after complete 
firing, it has been decided to shape the blocks for producing tensile-test 
coupons after bisque firing to 1900° F. The shaped blocks will then be 
hard-fired to 2200° F for the required time. 

The prototype, sonic device for determining the dynamic, Young's modulus, 
constructed for this project, has been checked out and found to perform 
satisfactorily with test samples of known modulus. It is now undergoing 
modifications to obtain greater isolation from external vibrations. 

An unexpected degree of difficulty is being encountered in locating 
commercial sources of polycrystalline alumina and zirconia fiber of suitable 
strengths and moduli. Some of the sources which once supplied such fiber 
are no longer doing so, and the fiber from others does not possess outstand­
ing strength. Inquiries and investigatiDns are still being made. 

Negotiations are underway to obtain a micro-tensile, testing machine 
for determining fiber strengths as an item of permanent equipment for the 
High Tempeature Materials Branch. This device will be of great benefit 
to this project for determining, and checking, strengths of fibers from 
suppliers. 

The development of techniques for examlnlng the microstructure of the 
fiber reinforced composites appear to be proceeding satisfactorily. 

During the coming month the principal emphasis will be on producing 
silica-fiber composites with low porosities and uniform fiber distribution. 

Respectfully submitted, 

J. D. Walton 
Project Director and Head 
High Temperature Materials Branch 

JDW:sb 



GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 
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Se,ndla, c~tion 
P.O. .Box 5600 
Al.buquerque. 1fw Mtxlco 87115 

Attn: Mr" E. 19 .. :&!rqu1at 
senior ~l" 

MoDtllly Progr'GU lAtter 3, Projeet A-193 
"~3$ the Madmn1cal Pr~rtte. of Slip-Cut PulMd S~).ea;-­
by Fibrous ReWoraeMUt." 
Ccmtl"act 10. 1.64092 
C0V9r1ng the Per1cdtrca Sept"'r 1 to Segtember 30, 1 I 

Dur1ng the paa'month aigD1tlCBnt progre •• bu Nen ade LA the are'" of 
~t1ng t'thl'oua reWGl"eeatnt lttto the .llp.-eaat tuIed &illea matrix. 
The Nault, .tros .t~ to iDearpo'tato tbe tiber. by Ii teltlq -teehni-· .... ---­
fU :reponed in MtmtblJ' Progea. tAtter 2, :iDI11cated tnat to develop tb 
teeM1q~ to the .point WheN oClJl)Oalte bodt88 vl'tb adequate 4eult:1 •• 
(apprax:1atel,y tbat ob'ta1ned tor .11p-c&at f'uaed .111ca) could be pr 
would be a fona1dabl.e taft. fberefcmt, an 1nw.t1ptlon 1nto the 
of lnearporatlns tl:\O ttbera directly into tb8 8Up, betON canlng, 
UIldertaten. 

The tecWdque deVfltloped involve. cboppina the ~l flber in _tel-
"Ubi a tmr1na lUeD40r ~ drying tile tiM!', add1na tbe f1her to the .1llejll;-.... "I'-_ 
nth .uttlclent _tel" to _1ntaln t11& total .01141 concentration at .tim"ftr.br--...... 
ately 82 per oent, e.n.d D'dXUg tbe reaultillS ali» 1n • ball mll.. 81 
~n mixed U8~ both poreel4in C)"lbden and rubber atopper. 1n the 
Since t however,. tbe tiber lenatha obta.1rled trera eb0PPizll with tbe Wsr'llafl~-­
Blendor apli*U" to be aatl.tlletory, iJd.:X1Ds with ~b8 I'\l'b'bv Itoppera 
pel"1od11 up to a hourI .... to be t.be moat aatiatact.ory beeau.. "the 
Wldet'GO leu aubtUv1elon dur1ns a1xtDg. !he rutdtlns allp appMrl 
well mixed rmd os'-.. vttb no flp))IU:"lint dl£t1culty. 

Snall teat p12.wa (a.pproxtatel¥ 2-1/2 x. 1/2 x 1-1/2 lUObe8) na 
east e.nd fired u81Ds a .up eOD'klning about 10 per ceDt b¥ VOl.UIIle ot .. ~ ......... , ... 
~ \)la, attctr tUUlg tor 3 hour. and. 20 minute. e:t 2200° F wre ~. 
oraclt-tree and poueued a denalt,- about 8; per cent of tbeoi"otlcal. Tb18 
il ... rmi.a.lJ.7 ~ __ dell'" at tlwOHtlcal denatty obtatned tqr .11p-
caat f"u.Md 8111ce alone, :t1red under tbe same conditiOI'll. 
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Tbl. tecMlq'lJt! for lneorpor'stll'l&J fiber Ill~' JOOSt prasd.!ns MCfHl.M 
tt doe. not ... ~ ~ be l1td.ted to tb.e at~ of'tbe fiber fuld it ~o. tbta 
l.1mltatil!m ot caupoai" aAape tbat ••. ~ by the felting tecbn1que. It 
now 4~8 that the c~tW' ~ be pr~ed in eyUntlrleal _pel. and 
HriO'U.l eona.1dent.tlon !.8 'belug siftn to utll1Blng tbe d_t1"al-a~ •• loti 
teat v1th cy~tcal IlIUI,plea to detend.ne wnaUe Itrengtb :ratMr t.n~u''). 
tb.e ~ eoaplu teMUe ... pull tec1'mlque .. 

It 18 not lm<Ml 10t Wiletbci.r or not @'If:I fiheJ' aegreptl00 OCc\U"1 on 
c~atiDg. '!hill 18 unr;ler iav •• U.entlon. 

Dur:t.na tbe eadl13 month Sl!t~. will be ade to p:rod~ sltpa VitI' tl~ 
.concentl"..p,tlons of' \.'J) to ;0 per cent by volUllVt of aollda. Cyllndrlal .. aplos 
rill be pro:2.w»d., Irr.d ~le. traa botn plato and c:rUndrlcal bal" 11111 00 
~~ tor f1ber OI'Hn""'tlon. Tbe chopplUG ot limon" tl't:1cH> in the Wflt'1n8 
8lBn(b~a· vUl be ilJ'Wlatipted. and it 18 boped that ... :pbya1c4l watlng of 
t1le r.tOWQOl..s111ca e~lte. e&f:l be done o:ur1ns tbe IZQlil13 aontb. 

A {>OtQutSal aourCQ of bO'tJl ~lurd.na aDd z1l"ooo1& tlbttr has)een. coQtf!ctted .. 
~&11. f1J:'1:l U lt1ld~ tor t1ber tenaile .v.~ tbtt ~r of lrP pal. ~le. 
for evaluation ha"lfe been prard..Hd tor aol1~ in about 30 days. 

fbaapeettully 8U.bm1t~ jI 

J. D .. WaltoA t Jr:. 
ProJect Director 



GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA, GEORGIA 30332 

f>and1a Corponp.tioo 
P. O. :Box 5800 
Albu4,uerque, New Mexioo 87115 

Attn: Mr. E. :e. Berquist 
Senior :8u.y'er 

Subject; Mont.llJ.¥ Progress Letter 4, ProJect A-793 
.Ins.pr~ tbe Meehan1cal Properties of Slip.Cast Fused SUi 
by Fibrous Re1nto:r<!EIlIII!mts" 
Contract :10. 16-2092 
Covering the Period from October 1 to October 31, 1$64 

Gentlemen: 

During the· p&3t month considerable de¥elopJJ.Emt baa ~n B'I&ds in techniques 
for preparing sUps contalD1ng K'aowool. fibers and sillca pa:rt1cl.es.. sat 
faotory tJUps containing fibers in concentra-tlons up to 50 volume per sve 
been pre:pared. 

It ll&s been found that control of tbe pH of the sllp is easentiA 
obta1ni.ng ~ete d.isperaion of the ltaOtlool tiber. and. for obtaln1ng 
satisfactory casting behavior of the tiber-silica sUp. A pH of 7 to 8 ~S'-&n.,._ 
pu-entl;y neO@$8a17 to s:11lt&1n the fl.u141ty of the alip duril2g 1ncorpon.ti,.,.,.....----­
ot the fiber. pe.rtielll..at'~ tor bJ.gb tlber concentrations. Howe"Nl", to obtain 
the low settli. rate of the sollds •• saial fC'lJ:' casting, once d1.rlNrli~iHi-_ 
the fiber 1s aoeampllsbed, it is neeest!lU".r to ad,just the pH to 3 or 4. 

Test bare have been east from fiber ... sUica sUp. with fiber eonoe 
of 10, 30, and ;0 volume per cent. All the sUps 'Were PE'~ed with B(J.;1.Y:8--­
concentrations of ~ per cent by volume. WhUe the aUp conta1ning 10 ~Uiir­
per certt of tiber appears to caet satlat&e'toril.y at a aoUds comentra; 
B2 weight pt.l1" cent. the slips containing 30 and 50 l'011llllG per cent of r 
east too rapldl;y. '!'his resultod in e&ft1.np of low density and, in tne ease of 
the 8lip containing 5>' volume per cent of fiber, poor integrity. 

samples of the slip cont&1n.1.ng 50 'VOlume per oent of fiber were d~ # 
to 75, 10, 60 a.nd 50 weight per cent of solids. 'lest bar. were cast ~~~/ 
samples. Th$ dUuttoo of the slip served to extend tile oeating time suf'fi- u( 
c1ent4' to produce castings with good integrity. HcMeve, the sllp that _s 
c1Uuted to ;0 we1gbt pe:r cent solids produced an seea.lve amount of ot.sting 
shrinkage. The sUps with solids concentrations of 60 to 70 ,,'eight per cent 
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pro<itJcoo the 1!I\.'lt'imum (1.enslt1sB -ror tlle fibC'!' conctJntl"1ttion of 50 volume 1m!' 

cent. On the _sis of tho 1n.font'lD.t!on obtained. ~Jith theoe ol1ps, an optimum. 
SOli01; concentration fo!' the alip (toIltaining 30 vol1.mlf.l per C{;nt Cf'/ fibere 
~-!ould appear to be about 15 ,,~e1&l:1t pel' cO'nt. 

!"Ae dellSit!es of teat bars, llt'epEtl"t;"Cl maa the olipn 1"ith ~ol:'uras fiber 
concantratiC)l't8 ~ and tired at 220(-(5 II' f<Yr 3 hours ~nd 211 minute!!. are pr@8~nterl 
in 1able I. 

F1ber 
Concatltl4~t1ou 

r •• 'f 

3') 

- ., Ie r' ,$ 

DENSn'Y DAm F(E FlllEO SILICA BA1W COI'f.AINING 
VA..1UC4.iS ~fIOIfS OF XACIVOOL P:mER 

8U:l,) 
Co:rloe~:x~oo 

(,{eight $ solidD) 

50 

'(0 

ill_. : 

Cl~lte 

Dens1t: 
(lbs/ft3) 

125 

103 

I ! 

Par Cent Of 
tl~oretlca.l ~$1tl 

53 :> 

M1Cl'OS'Copic c:xa,,"!1P Mt10n of the east 'bars :rev~ a ve::'7 unifOl'!l. d1sper­
oion of fibers 'With l'andau. orientation. Microscopic eumi.nat100 of bal'S after 
fLd.l:'.I[r. at 22orf' F rOt:' 3 h.our$ and 20 tdnutes revealed no "F~ent G.egr&d&t1on 
of the f1bEU', A .ll);l{.FC extensive e~tion of t~le microstructure of tllt'!: tired 
CQ~)o51tOtl is p:reaentl:! OOil"le oonductQ{!-

Size maaSlJ;:i."~tt. hav~ beell ado on th4 iao1l.oo1 fibel:' aftel' ch.oj,ipir~ in 
the UnX"ulG Ble::.nOl" anti G.ft$I' b;;:i.'lS illCOl"POl'atecl into the silica 8l.11' by ball 
millblg 'Idth a 11~ht e}m.'1.~a of porcelain balls, !'lw ana..lya.is of these data 
if:! ll{)'t yet cOt1,pl.et8, 
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TeJl8ile strength 00Asw.~, -1n6 the d,1ar.retl'8.1 OQnlPl"lUalon technique, 
have ceen ade on al1p-eaat t"uIe4 s:1lica tired. at 2200· P f'ol" 3 houn and 20 
m1!:utefl,. Theae 4ata, -.. 'h1eb are beitlg 8~, 1,.1111 l;.e used to eaulb11flh the 
degree or .~n1na O'bte.:1ned v1th t.be fibl"OUS :re1nf~te. ,..t ape ... 
e1_ coat&~ 10 \'01 .. pett ceDt of' tibel" 'have been pre,PLr'114 and _naUe 
atreng'tha will be d~tWJd for tbeea durll1g the ~l.l.'D1th. J\lfJo, during 
tl're ~ m(JDt.h _pari_art. vUl be eon4w:ted to ~ the opt1m1.1m method 
of' chal"a1lt6 the ball Jrlll with tfber (1 .. e. tbe 6nt.1re quantity at once or tn 
•• 11 increaenta) fot' ob1la1n1:ng a .'t1etactory d1a-ptnU.Ol'l 1ft the miJt.1.mum 
fulling time. 

One poun4 86.Il.Ple • ...n of &l".-:tm au4 f.1rcon1a !1berhave t)ftft obtained 
t'l"'OIIl i;be lBbcook W11ecut ~Y' ... rch Center. '1'hese a&mplea are tor fr\I'alua­
tian ~., and ~ee baa '1:leeD received tbat lare,9%' q-.at1t1ea can be 
~ by u from the.ir p1l.ot plant oP8mtion it' needed "telore their full 
scale opamaUon god on ... trt~. 

-Wul~ J. cUbett 
Project Director 



GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 30332 

December 7, 1964 

Sandia Corporation 
P. O. Box 5800 
Albuquerque, New Mexico 87115 

Attn: 

Subject: 

Mr. E. B. Berquist 
Senior Buyer 

Monthly Progress Letter 5, Project A-793 
"Improving the Mechanical Properties of Slip-cast Fused Silica 
by Fibrous Reinforcements" 
Contract No. 16-2092 
Covering the furiod from November 1 to November 30, 1964 

Gentlenen: 

Progress has been :rm.de during the p:!.st month in several phases of the 
effort to improve the mechanical properties of slip-cast fused silica by 
fibrous reinforcements. However, the principal emphasis has been toward 
refinement and standardization of the technique for producing the fiber­
silica slips from which the composites are made. It is essential that a 
standardized technique for producing these slips be established before 
large quantities of composite material are produced for the collection of 
physical properties data. 

A study of the distribution of fiber sizes in the fiber-silica slips 
has been conducted. These data, which were analyzed on the basis of fiber 
length-to-diameter ratiOS, indicated that the fiber produced by chopping 
in the Waring Blendor had a distribution of length-to-diameter ratios 
ranging from less than 5 to greater than 100 with a median of approximately 
55. The diameters of the Kaowool fiber lie principally in the range 0.1 
to 0.5 micron. There was no significant difference in the distributions 
for fibers chopped for 1-1/2 minutes at high speed and 1/2 minute at low 
speed and fibers chopped 1 minute at high speed and 1 minute at low speed. 
After being incorporated into a fiber-silica slip, by rolling in a ball 
mill for 12 hours with a light charge of balls, the fiber had a distribu­
tion of length-to-diameter ratios ranging from less than 5 to about 50 with 
a median of approxi:rm.tely 20. The final fiber concentration of this slip 
was ~O per cent by volume. 

A fiber length-to-diameter ratio of approximately 20 is generally 
accepted as being a minimum for obtaining satisfactory reinforcement. There­
fore, it would be desirable to keep the reduction in fiber length-to-diameter 
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ratio to an absolute minimum during preparation of the slip. Recognizing 
that this reduction is a function of the rolling time required to obtain 
dispersion of the fiber, methods are being sought to reduce this time. 
One such effort has been to drain and dry the chopped fiber on a screen 
rather than squeezing the fiber to remove excess water before drying, as 
had been done previOUSly. This draining and drying of the fiber resulted 
in a dry fiber with no lumps and balls of material such as are present when 
the fiber is squeezed before drying. The reasoning was that this might 
result in a more rapid dispersion of the fiber into the silica slip. How­
ever, no significant improvement in dispersion time was observed. Tests 
were also conducted to determine whether or not an optimum method of 
charging the ball mill with fiber existed. These tests consisted of pre-

'paring identical fiber-silica slips with final fiber concentrations of 
30 per cent by volume of fiber. For one slip one-half the final total 
weight of fiber was added initially with the other half being added as soon 
as a smooth dispersion was obtained from the first fiber charge. For the 
other slip, the fiber was added in increments of one-tenth of the final 
total weight, each increment being added as a smooth dispersion was 
obtained from the previous increment. No significant difference in the 
total times to produce a final, smooth dispersion was noted between 
these two techniques. 

The results of the attempts to determine a minimum rolling time for 
obtaining dispersion of the fiber may be an indication that the development 
of a satisfactory dispersion is actually dependent on the attainment of a 
certain fiber 1ength-to-diameter ratio. The problem is still under investi­
gation. 

The results of the tensile strength measurements reported in Progress 
Letter 4 have indicated a statistically significant increase of about 25 
per cent in the tensile strength of a composite containing 10 per cent by 
volume fiber over the tensile strength of unreinforced slip-cast fused 
silica. This increase in tensile strength is not outstanding. However, 
determinations of the crystoba1ite content of the two materials has re­
vealed that the composite material contained approximately 2-1/2 times 
as much crystoba1ite as the unreinforced material. Since it is known that 
the strength of slip-cast fused silica is Significantly reduced in proportion' 
to the crystoba1ite content, the determination of a 25 per cent increase in 
the tensile strength is much more encouraging. The prospect is very strong 
for a much more significant increase in the tensile strength of the composite 
if the crystoba1ite content is brought to the level normally obtained in the 
slip-cast fused silica. In regard to this, it is felt that the abnormal 
crystoba1ite content of the composite can be traced to the use of sodium 
hydroxide for pH adjustment during slip preparation. Sodium is a strong 
promoter of devitrification. The use of ammonium hydroxide will be adopted 
for pH adjustment in all future slip preparations, and f'urther determinations 
will be made of crystobalite content of the fiber reinforced material. 
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A four-point loading app:l.ratus, using roller supports, has been 
constructed and tested for modulus of rupture measurements. It has 
performed satisfaotorily. With the assembly of the final design of the 
app:l.ratus for determining elastic modulus by the resonance technique all 
the required equipment for determining the physical properties of the 
com:posites 'Will be available. A precision saw for cutting specimens for 
impact strength, elastic modulus and modulus of rupture is still needed. 
However, the High Temperature Materials Branch is in the process of 
acquiring such a saw, and deli very is expected around the end of 
December. 

During the coming month every effort will be made to optimize the 
technique for producing the fiber-silica slips. It is also anticipated 
that work will begin on preparation of composites using zirconia fiber 
as a reinforcement. 

Respectfully submitted, 

William J. Corbett 
Project Director 



GEORGIA INSTITUTE OF TECHNOLOGY 

Sandia Corporation 
P.O. Box 5800 

ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 30332. 

January 7, 1965 

Albuquerque, New Mexico 87115 

Attn: Mr. E. B. Berquist· 
Senior Buyer 

Subject: MOnthly Progress Letter 6, Project A-793 
"Improving the Mechanical Properties of Slip-Cast Fused Silica 
by Fibrous Reinforcements," 
Contract No. 16-2092 
Covering the Period from December 1 to December 31, 1964 

Gentlemen: 

As reported in Letter Report no. 5, the Kaowool-silica slips prepared 
with NaOH produced composites with excessive cristobalite contents. During 
this report period, the technique for preparing the Kaowool-silica slips was 
modified to substitute the use of NR40H for NaOH. Determinations of the 
cristobalite content of composites prepared from slips made with NH40H 
revealed that the percentage of cristobalite formed during a 3 hour and 
20 minute firing at 2200 0 C was approximately 5 per cent. This is no more 
than is found for slip-cast fused silica alone, fired under similar condi­
tions. 

The following procedure has been developed and adopted for preparing 
Kaowool-silica slips to be used for the production of composites. The 
Kaowool fiber, which is initially in the form of bats, is placed in a Waring 
Blendor jar with sufficient water to form a 5 weight per cent slurry. The 
fiber is then chopped by the action of the Waring Blendor for one minute 
at high speed and one minute at low speed. The fiber is then drained on a 
screen, squeezed to remove excess water, and dried for at least 48 hours at 
1200 F. A one gallon ball mill is then charged with 3 kilograms of 3/4-
inch diameter porcelain balls and 1 to 2 liters (depending on the desired 
final fiber concentration) of fused silica slip that contains 82 weight 
per cent solids. Sufficient water is added to the mill such that the final 
Kaowool-silica slip will have a solids concentration of 82 weight per cent. 
The diluted slip, which has a pH of 3 to 4 initially, is adjusted to a pH 
of 7 to 8by the addition of NH40H. The dried Kaowool-fiber is then added 
to the mill in 100 gram increments • Additions are made as soon as the fiber 
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from the previous charge has dispersed to the pqint that the mill will 
accept the bulk represented by a 100 gram fiber charge. At this point 
the slip usually is not smooth, but contains numerous small lumps of 
fiber from the preceeding charge. The average elapsed time between 
additions is approximately 30 minutes for slips with relatively high 
fiber concentrations. The pH of the slip is measured at the time of 
each fiber addition, and when necessary, the pH is brought back into 
the range of 7 to 8 by the addition of NH40H. After the total amount of 
fiber necessary to obtain the desired volume concentration has been added, 
the slip is allowed to continue rolling until all lumps of fiber have 
disappeared and a smooth slip is obtained. Periodic checks are made on 
the pH during this final rolling period and adjustments are made when 
necessary to keep the pH of the slip in the range 7 to 8. The total 
milling times for slips with fiber concentrations of 30 volume per cent 
or higher are in the range 10 to 15 hours. 

After the fiber has been dispersed, the slip is transferred to a 
plastic bottle and the pH is adjusted with HCl until the viscosity is 
suitable for casting (in the neighborhood of 175 cps). Measurements of 
the slip viscosity as a function of pH are being determined for slips 
with various fiber concentrations. It has already been determined from 
such a series of measurements that a slip containing 30 volume per cent 
fiber exhibits a suitable casting viscosity at a pH of 6.5. This is a 
higher pH than was found to produce a suitable casting viscosity when NaOH 
was used in the preparation of Kaowool-silica slips. However, this is not 
unusual in view of the gelling effects normally associated with solid-liquid 
slurries prepared with the ammonium ion. 

While the above technique may not be the optimum for preparing the 
fiber-silica slips, it appears to be satisfactory, and it will be used to 
prepare all futUre Kaowool-silica composites for physical properties tests. 
It appears that this technique, with only minor modifications, should be 
suitable for preparing fiber-silica slips using most any fiber. 

Microstructural examinations of the fracture surfaces of Kaowool­
silica composites broken in tension have produced information concerning 
the fracture mode. The fibers normal to the fracture surface were found 
to have broken in the plane of the fracture. No evidence of the fibers 
pulling out of the matrix has been found. This is very encouraging, since 
it indicates that the maximum strength of the fibers is being utilized. 
Such is not the case when failure occurs by interfacial shear and the 
fibers are pulled from the matrix. 
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The prec~s~on saw for cutting samples for measurements of elastic 
modulus, impact strength and modulus of rupture has been received and 
is being installed. During the coming month .. Kaowool-silica composites 
containing 10, 20, 30, and 40 volume per cent fiber will be prepared, 
and the physical properties of these composites will be determined. 

WJC!jw 

Respectfully submitted, 

William J. C-orbett 
Project Director 



GEORGIA INSTITUTE OF TECHNOLOGY. 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 30332 

February 11, 1965 

Sandia Corporation 
P.O. Box 5800 
.AJ.buquerque, New Mexico 87115 

Attn: Mr. E. D. Herrity 
Senior Buyer 

Subject: . M:onthly Progress letter 7, Project A-793 
"Improving the Mechanical Properties of Slip-Cast Fused Silica 
by Fibrous Reinforcements" 
Contract No. 16-2092 
Covering the Period from January 1 to January 31, 1965 

Gentlemen: 

The effort on this project during the past month has been concerned with 
the production of slip-cast composites of Kaowool fiber and fused Silica, and 
the determination of the physical properties of these composites. 

, To date, only the data for slip-cast fused silica and a composite 
containing 30 volume per cent Kaowool fiber have been completely collected 
and analyzed. Samples of these materials were cast in the form of 3/4~ 
inch diameter bars approximately 7 inches long, and in the form of l/2~ 
inch thick plates approximately 3-1/2 inches wide and 7 inches in length. 
These castings were fired for 3 hours and 20 minutes in a furnace maintained 
at 2200 0 F. The samples were surrounded by an Inconel shield during firiDg, 
to reduce any temperature variations due to direct radiation from the furnace .' 
heating elements. The samples were supported on fire-bricks and were located, ' 
approximately 2 inches up from the surface of the furnace pedestal. 

After firing, the cylindrical bars were cut into 3/4-inch lengths for 
tensile strength determinations using the diametral compression technique. 
The flat plates were sawn, using a precision saw, into samples 1/2 x 1/2 x 
3-1/4 inches for elastic modulus, modulus of rupture, and impact strength 
determinations. Twenty to twenty-five of these latter samples were obtained 
for each material. These samples were employed initially for determinations 
of the elastic modulus using a resonance technique. The samples were then 
broken in four-point loading to determine the modulus of rupture. The 
longest piece, from each sample, that remained after the modulus of rupture 
determination, was used for determining the impact strength of the sample. 
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The unnotched piece was clamped in the vise of an Izod impact device with 
the required 1.25 inches of sample projecting above the top of the vise. 
The samples were broken using a hammer designed to deliver up to 2 ft-lbs. 
The impact values were not corrected for the Htoss-factor ll because this 
correction was within the limits of error of the readings obtained from the 
tester. 

The arithmetic mean of the values of the elastic moduli were found to be: 

slip-cast fused silica: 

30 vlo Kaowool-silica composite: 

2.5 x 106 psi 

2.4 x 1,0
6 psi. 

The data for the tensile strength, modulus of rupture, and impact strength 
were analyzed statistically and found to be fitted by a Weibull failure 
distribution. The mean values and Weibull slopes, m, were found to be, 

Tensile Strength 

slip-cast fused silica: 

30 vlo Kaowool~silica composite: 

Modulus of Rupture 

slip-cast fused silica: 

30 vlo Kaowool-silica composite: 

Impact Strength 

slip-cast fused silica: 

30 vlo Kaowool-silica composite: 

1425 psi, m = 10.8 

1550 pSi, m = 10.4 

1750 pSi, m = 7 

1600 pSi, m = 1.6 

0.157 ft-lb* 

0.236, m = 1.7 

These data do not indicate a Significant, if any, reinforcement of the . 
slip-cast fused silica by the Kaowool fiber. However, it was immediately 
obvious that, at least, the flat-plate samples were underfired. That is, the 
properties of the slip-cast fused silica were not equal to those normally 
found for this material when it has been fired for 3 hours and 20 minutes. 
A subsequent check of the furnace conditions used for firing.the samples 
showed the temperature of the Inconel shield was indeed 2200~ F as expected. 

* These data could not be fitted to a Weibull failure distribution due to 
an insufficient number of data points, and this value is an arithmetic mean. 
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Therefore, the firing difficulties could only be attributed to a thermal 
gradient in the neighborhood of the furnace pedestal. Another series of 
physical property measurements, performed on samples that were fired under 
the same conditions, but supported at least 6 inches above the furnace. 
pedestal, produced the following data for slip-cast fUsed silica: 

modulus of rupture: 

impact· strength: 

modulus of elasticity: 

3200 pSi, m = 6 

0.230 ft-lb, m = 3.2 

3 .7 x 10
6 

psi. 

These data are in excellent agreement with previous data for slip-cast fUsed 
silica fired at 2200° F for 3 hours and 20 minutes. 

As a result of the above investigations the 10 and 20 volume per cent 
Kaowool-silica composites are being fired at least 6 inches from the fUrnace 
pedestal and the 30 volume per cent Kaowool-silica composites will be re­
cast and fired under the same conditions. 

During the coming month the testing of the Kaowool-silica composites 
will be completed, and effort will be directed toward producing slip-cast 

. fused silica composites reinforced with zirconia fiber. A zirconia-fused 
silica slip containing 10 volume per cent of zirconia fiber has already 
been prepared successfully. It should be noted that the final solids 
concentration given in the procedure for preparing slips, reported in 
Monthly Progress Letter No.6, should have read 75 weight per cent, not 
82 weight per cent. 

WJC/jw 

Respectfully submitted, 

William J. Corbett 
Project Director 



GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 30332 

March 11, 1965 

Sandia Corporation 
P. O. Box 5800 
Albuquerque, New Mexico 87115 

Attention: Mr. E. D. Herrity 
Senior Buyer 

Subject: Monthly Progress Letter 8, Project A-793 
"Improving the Mechanical Properties of Slip-Cast 
Fused Silica by Fibrous Reinforcements II 
Contract No. 16-2092 
Covering the Period from February 1 to February 28, 1965 

Gentlemen: 

The results obtained during the past month for Kaowool-silica composites 
indicate that no reinforcement is obtained with this alumina-silica fiber. 
These composites, which have densities about 80 per cent of theoretical, are 
exhibiting moduli of rupture and elastic moduli comparable to those found 
for unreinforced slip-cast fused silica at this level of theoretical 
density. The Kaowool fiber does not appear to be weakening the structure 
(i.e. the fiber is not acting as a void); it just is not providing any 
significant reinforcement. This may be because the fiber does not possess 
very high strength; or the length to diameter ratio may be too small to 
provide reinforcement. There are no known strength values for this fiber. 
It was chosen originally because it provided an economical system for 
studying the variables of composite preparation. 

Zirconia-silica composites have been prepared during this report period. 
However, difficulties in firing these composites have been encountered, and . 
no data are available on their physical properties. Investigations have shown 
that the length to diameter ratios of the zirconia in these composites are 
very similar to those found for the Kaowool fiber in the Kaowool-silica 
composites. Therefore, if reinforcement is found with the zirconia fiber . 
(tensile strength: 35 x 103 to 150 x 103 psi) it will be reasonable to assume 
that the failure of the Kaowool fiber to provide reinforcement was not becaUSe 
of its length to diameter ratio being too small. 

During the coming month physical property measurements will be made on 
the zirconia-silica composites. 
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. GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 30332. 

April 15, 1965 

Sandia Corporation 
P. O. Box 5800 
Albuquerque, New Mexico 87115 

Attention: 

Subject: 

. Gentlemen: 

Mr. E. B. Berquist 
Senior Buyer 

Monthly Progress Letter 9, Project A-793 
"Improving the Mechanical Properties of Slip-Cast 
Fused Silica by Fibrous Reinforcements" 
Contract No. 16~2092 
Covering the Period from March 1 to March 31, 1965 

As reported in Monthly Progress Letter No.8, difficulties have been 
encountered in the firing of slip-cast, zirconia fiber-fused silica 
composites. The fired composites were badly distorted and exhibited severe 
cracks following a normal firing at 2200 0 F for 3 hours and 20 minutes. 
The indications were that the expected prestress of the composite was 
greater than anticipated. It was known that the zirconia fiber undergoes 
at least a 10 per cent increase in density when heated to around 20000 F. -
The conclusion was that this shrinkage coupled with the difference in 
coefficient of thermal expansion between the zirconia and the silica 
placed too much stress on the fused silica matrix, causing it to fail. 
Therefore, a sample of the zirconia fiber was pre-shrunk by heating to 
22000 F for 2 hours. A fiber-silica slip was prepared using this fiber 
and composites were cast. These composites did not fail on firing. 
However, upon sectioning, the composites exhibited extreme fibersegrega­
tion. Apparently pre-shrinking the fiber changed the surface properties 
sufficiently that a satisfactory casting slip was not obtained. 

During the period covered by this report, a quantity of high-strength 
alumina fiber was purchased from the Babcock and Wilcox Company. Two types 
of fiber were obtained. One type had been fired to 18000 F after production. 
The other type had not received such a firing. Composites containing 10 and 
20 volume per cent of· fiber were prepared using the high-fired alumina fiber. 
Upon firing these composites cracked severely as the composites prepared 
with the zirconia fiber had done. Consultation with the Babcock and Wilcox 
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Company revealed that shrinkage would be expected at 22000 F even for 
the alumina fiber that had been fired to 18000 F. Therefore, a quantity 
of the alumina fiber has been pre-shrunk by firing at 22000 F for 15 
minutes. 

During the coming month efforts will be made to obtain composites 
using the pre-shrunk alumina fiber, and further efforts will be made 
to obtain a slip with the pre-shrunk zirconia fiber, that will cast 
satisfactorily. 

WJC/jw 

Respectfully submitted, 

.. " William J. 'Corbett 
Project Director 



GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 3033.2 

May 13, 1965 
, 

Sandia Corporation 
P. O. Box 5800 
Albuquerque, New Mexico 87115 

Attention: 

Subject: 

Gentlemen: 

Mr. E. D. Herrity 
Senior Buyer 

Monthly Progress Letter 10, Project A-793 
"Improving the Mechanical Properties of Slip .... Cast 
Fused Silica by Fibrous Reinforcements" 
Contract No. 16-2092 
Covering the Period from April 1 to April 30,1965 

During this report period composites have been prepared using both 
zirconia fiber and alumina fiber that had been pre-shrunk by firing to 
2200 0 F. Density determinations were made using fiber that had been held 
at temperature for times ranging from 15 minutes to 2-1/2 hours. From 
these density measurements it could be determined when the fiber had been 
fired sufficiently that it would undergo no further shrinkage on re­
exposure to 2200 0 F. Composites prepared from these fibers were prepared 
and fired for 3 hours and 20 minutes at 2200 0 F. The fiber content of 
these composites were 10 and 20 volume per cent. Contrary to expectations, 
these composites cracked severely on cooling to room temperature. 

After determining, by x-ray diffraction, that the crystobalite contents 
of the composites were no higher than anticipated, a simple stress analysis 
was performed for these composites. This analysis utilized the difference 
in the coefficients of thermal expansion of the fiber and the fused silica 
to determine the tensile strain developed in the fiber on cooling from 22000 F. 
From a knowledge of the tensile strain developed in the fiber and the concen­
tration of the fiber in the composite, the compressive matrix stress could be 
calculated. The predicted fiber tensile stress developed by the zirconia 
and alumina fibers after cooling from 2200° F in a silica matrix were 
estimated to be: 

zirconia: 

alumina: 

2.8 x 105 psi 

3.6 x 105 psi. 

Using these values ,the compressive stresses in the silica matrix were esti­
mated for various fiber concentrations. These data are presented in Table I. 
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Fiber 

Zirconia 

Zirconia 

Zirconia 

Zirconia 

Alumina 

Alumina 

Alumina 

Alumina 

TABLE I 
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ESTIMA.TED MATRIX COMPRESSIVE STRESSES 
FOR VARIOUS CONCENTRATIONS OF ZIRCONIA OR AWMINA FIBER 

Concentration Matrix Co~ressive 

(v/o) (psi) 

20 7.0 x 104 

10 3.1 x 104 

5 
4 1.5 x 10 

2.5 4 0.7 x 10 

20 8.9 x 104 

10 4 4.0 x 10 

5 1.9 x 104 

2.5 0.9 x 104 

Stress 

The tensile stresses predicted for the fibers are of the same order of 
magnitude of the measured tensile strengths of these fibers. Therefore, it 
is well within reason that these fibers will develop and maintain these 
stresses in a silica matrix. However, it can be seen from Table I that 
both the alumina and the zirconia fiber in concentrations of 10 volume per 
cent, and greater, will produce compressive stresses in tfe matrix that 
exceed the compressive strength of fused silica, 2.3 x 10 psi. These 
predictions indicate that the buckling and cracking of the 10 and 20 volume 
per cent composites prepared with the alumina and zirconia fiber, even after 
shrinking, can be attributed to the development of compressive stresses that 
exceeded the compressive strength of the matrix. 

In view of these results, composites were prepared using 5 and 2.5 
volume per cent alumina fiber. These composites did not exhibit visibIe 
cracks after firing. However, these composites had rather low densities 

. due to the slips from which they were prepared being too Clilute. 

During the coming month 5 and 2., volume per cent composites will be 
prepared using the alu:m:l.na fiber and the zirconia fiber. The solids 
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concentration of the slips will be adjusted in an effort to obtain higher 
theoretical densities. It is also planned to produce some composites 
using an oxidation-resistant carbon fiber and silicon carbide whiskers. 

WJC/jw 

Respectfully submitted, 

William J. Co'rbett 
Project Director 



GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 30332 

June 18, 1965 

Sandia Corporation 
P. O. Box 5800 
Albuquerque, New Mexico 87115 

Attention: 

Subject: 

Gentlemen: 

Mr. E. D. Herrity 
Senior Buyer 

Monthly Progress Letter 11, Project A-793 
"Improving the Mechanical Properties of SUp-Cast 
Fused Silica by Fibrous Reinforcements" 
Contract No. 16-2092 . 
Covering the Period from May 1 to May 31, 1965 

During the period covered by this report the effort on this project has 
produced information on the optimum conditions for sintering slip-cast fused 
silica containing zirconia fibers or synthetic mullite fibers. Also, it has 
been demonstrated that 5 volume per cent additions of zirconia fibers or 
silicon carbide whiskers can produce increases of 25 to 50 per cent in the 
elastic modulus of slip-cast fused silica. 

During the sintering of slip-cast fused silica, in the presence of air, 
a portion of the vitreous silica recrystalizes to form cristobalite. When 
the samples are subsequently removed from the furnace and allowed to cool 
in still air, stresses are produced in the sintered body due to the significant 
volume change that the cristobalite undergoes. If too much cristobalite has 
been formed the magnitude of the total stress will be sufficient to degrade 
the mechanical properties of the body. If the amount of cristobalite formed 
is kept relatively low by a reduction in sintering temperature or time, it 
is found, usually, that the mechanical properties of the sintered body are 
also low. Since it was recognized.that this phenomena could well affect the 
properties of fibrous reinforced fused silica, a study was performed to 
determine what percentage of cristobalite could be developed in such a 
composite before degradation occurred. The dynamic elastic modulus, which 
can be determined with precision by a sonic resonance technique, was chosen 
as the phYsical property index for this study. 

Large (1/2 x 3-1/2 x 7 inches) composite plates were cast using silica 
slips containing zirconia fibers and s,ynthetic mullite fibers. Composites 
were produced with each of these fibers, in concentrations of 5 and 2-1/2 
volume per cent. The large plates were bisque fired to a cristobali te 
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. * content of approx~mately 2 per cent. The plates were then cut into many 
.small samples approximately 1/2 x 1/2 x 3-1/2 inches. The elastic modulus 
was measured for these samples and the samples were subsequently fired for 
various total times to develop varying amounts of cristobali te. The 
elastic modulus of each of these samples was then redetermined. From the 
data thus obtained, plots of the variation in elastic modulus with cristo­
balite content were prepared. These are presented as Figures 1 and 2. 

It can be seen from an examination of Figures 1 and 2 that the elastic 
moduli of the composites increased with increasing cristobalite content 
until a concentration of about 13 or 14 per cent was obtained. For 
concentrations greater than this the elastic moduli decrease progressively 
with increasing cristobalite content. This latter phenomena is almost 
certainly due to micro-cracking of the composites as a result of the 
internal stresses that are developed. The percentages of theoretical 
density for the composites ranged from approximately 78 per cent for the 
samples containing 2 per cent cristobalite to 88 per cent for the samples 
containing over 40 per cent cristobalite. The percentages of theoretical 
density at the maximum values of elastic modulus were about 84 per cent 
for the samples containing 5 vlo fibers and 86 per cent for the samples 
containing 2-1/2 vlo fibers. 

It can also be seen from Figure 2 that the elastic modulus of the 
composite containing 5 vlo zirconia fiber is significantly greater than 
the elastic modulus normally obtained from the slip-cast fused silica 
alone. Experience has shown that the slip-cast fused silica alone will 
sinter to about 89 per cent of thegretical density and have an elastic 
modulus of not more than 3.75 x 10 psi. The elastic modulus of a slip­
cast fused silic~ body having a density 84 per cent of theoretical would 
be only 3.2 x 10 psi. Therefore, the elastic modulus of the 5 vlo zirconia 
composite was 25 per cent greater than the best that can be obtained from 
the slip-cast fused silica, and about 50 per cent above the elastic modulus 
of a slip-cast fused silica body of a similar theoretical density. While 
the elastic modulus of the 2-1/2 vlo zirconia composite did not exceed 
3.75 x 106 psi, it still exhibited a 10 per cent gain over a slip-cast 
fused body with a density 86 per cent of theoretical. 

The results obtained with synthetic mullite fiber, shown in Figure 2, 
do not exhibit the dramatic improvement found for the zirconia fiber. At 
the present time no explanation exists for this. 

Four small samples of slip-cast fused silica reinforced with 5 vlo 
silicon carbide whiskers have been produced. The resulting composite 
densities were only 65 per cent of theoretical. However, the elastic 

*The percentages of cristobalite reported are based on the total silica 
content of the composite and are referred to an arbitrary standard used by 
this organization. 
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modulus of these composites, fired to about 13 per cent cristobalite content, 
was 2.2 x 106 psi. This is approximately 50 per cent greater than slip­
cast fused silica at the same percentage of theoretical density. The 
relatively low density obtained for this composite was a result of the 
small quantity of slip involved and unfamiliarity with the particular 
system. It is felt that this low density can be overcome with further 
experimentation. 

The modulus of rupture of the 5 vlo zirconia composite has been 
determined using specimens with a span-to-depth ratio of ·12:1, and found 
to be about 3750 psi. Unfortunately, at the present time no value for 
slip-cast fused silica is available on specimens of a similar span-to­
depth ratio. These data are presently being determined~ 

During the coming report period composites containing 10 vlo ~irconia 
fiber will be prepared and tested. Also, attempts will be made to produce 
some zirconia fiber composites having fiber length-to-diameter ratios 
considerable greater than has been used previously. 

WJc/jw 

Re~pectfully sub}ftted, 

William J. CoJ(;ett 
Project Director 
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SUMMARY 

The principal objective of this study was to determine if the mechanical 

properties of slip-cast fused silica could be improved by the incorporation of 

discontinuous, randomly-oriented, ceramic fibers. 

The potential reinforcements investigated were an amorphous alumino­

silicate fiber, a zirconia fiber, a synthetic mullite fiber and silicon 

carbide whiskers. Three techniques were developed for producing slips 

containing fiber and finely-divided silica. These were: (1) ball milling 

of fiber and fused silica slip, (2) blending of dried and reground fused 

silica slip with chopped fiber and water, and (3) direct incorporation of 

whiskers into fused silica slip. Casting slips with fiber concentrations as 

high as 50 volume per cent were obtained using the ball milling technique. 

The per cent solids content of the fiber slips was dependent on the volume 

per cent fiber and Was in the 70 to 82 per cent range. 

The slips were cast, using plaster molds, as flat plates, cylinders and 

a small radome shape. Good fiber dispersion was obtained with a random 

orientation of the fiber. The sintering parameter which most influenced the 

mechanical properties of these composites Was the cristobalite content. This 

parameter Was established for a firing temperature of 2200° F. Sintering 

time Was varied to control the cristobalite formation for a particular 

volume per cent fiber in the slip. 

The variation of elastic modulus with per cent cristobalite and per cent 

of theore~ical density, modulus of rupture, tensile strength, and impact 

strength for fused silica were used as standards to determine any degree of 

fiber reinforcement. Although no reinforcement WaS detected, volumes of 

2-1/2 per cent and 5 per cent synthetic mullite and 2-1/2 per cent zirconia 

fibers were not detrimental to the mechanical properties of fused 

silica when evaluated on the basis of per cent of theoretical density for 

fused silica. The elastic moduli of 5 p~r cent zirconia fiber ~d 7-1/2 

per cent silicon carbide whiskers were respectively 50 and 25 per cent greater 

than fused silica at the same porosity. 

When used to determine the strength of composites which are dependent on 

short fibers for reinforcement, the value of the modulus of rupture test was 

challenged since the geometric computations are based on the strength of the 
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outer surfaces. Since the surfaces of these composites did not contain 

appreciable amounts of fiber, this critique seemed confirmed by the test 

results. Similarly the significance of the Izod impact strangth and tensile 

strength, using the diametral compression test, were critically analyzed. 

The value of Weibull statistics in the analysis of these data for brittle 

materials demonstrated the value of the tensile strength test. 

It was demonstrated that the incorporation of discontinuous, randomly­

oriented, ceramic fibers into slip-cast fused silica is possible, without 

sacrificing the fabrication advantages of the slip-casting process. The 

feasibility of obtaining significant improvements in the physical properties 

of slip-cast fused silica by the incorporation of discontinuous, randomly­

oriented, ceramic fibers was not conclusively demonstrated, but a foundation 

for further study was established with every indication this is possible. 

An outline of an advanced research program of further investigation is 

presented. 
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I. INTRODUCTION 

A number of investigations in recent years have established slip-cast 

fused silica as an excellent candidate material for aerospace thermal protec­

tion systems, EM window applications and high intensity nuclear radiation 

environments. The combined properties of low thermal conductivity, low 

coefficient of thermal expansion, low density, low and stable dielectric 

properties, and excellent thermal shock resistance are unknown in any other 

single material. However, for large structures or for applications requiring 

a material to withstand very· high acceleration rates, the mechanical properties 

of slip-cast fused silica are often deficient. 

The objective of this study was to determine if the mechanical properties 

of slip-cast fused silica could be improved by the incorporation of ceramic 

fibers. It is well known that improvements can be obtained in the tensile 

strength, impact strength, modulus of rupture and modulus of elasticity of 

metals and plastics through the incorporation of fibrous reinforcement. How­

ever, unlike such composite materials as glass fiber reinforced plastics and 

whisker or fiber reinforced metals, where the matrix is more ductile than the 

reinforcement, simply incorporating a high-strength fiber into a ceramic matrix, 

even with good fiber-to-matrix bonding, does no~ insure reinforcement. To 

take full advantage of a high-strength, high-modulus fiber in a fiber rein­

forced composite, a significant proportion of the load mUS0 be carried by 

the fibers. Accomplishing this in a composite where the elongation of the 

matrix at its ultimate strength is greater than the maximum elongation of 

the fiber at failure is no particular problem, provided there is good matrix­

to-fiber bonding. However, in the case where a ceramic matrix is reinforced 

with high-strength, high-modulus fibers, the fiber may not be able to assume 

a significant portion of the load before the matrix has reached its maximum 

elongation. Therefore, to reinforce a ceramic matrix successfully, particu'­

larly with the aim of improving the tensile strength, prestressing of the 

fiber in the fabrication of the composite is required. Such prestressing is 

most readily accomplished, of course, by selecting a matrix-fiber system where 

the fiber has a greater coefficient of thermal expansion •. Slip-cast fused 

silica, as a ceramic matrix, has a singular advantage from this standpoint 

because of its very low coefficient of thermal expansion. 



With the aim of preserving the fabrication advantages of the slip-casting 

process and avoiding anisotropic mechanical properties, this study was concerned 

only with the use of discontinuous fibers, randomly oriented within the matrix. 
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II. FABRICATION OF COMPOSITES 

A. Materials 

The refractory, fibrous reinforcements investigated Were on amorphous 

alumino-silicate fiber, a synthetic mullite fiber, a crystalline zirconia 

fiber and silicon carbide whiskers. The amorphous alumino-silicate fiber was 

of the type normally produced for insulation purposes and sold under various 

trade names, such as Kaowool, Fiberfax, etc. This material was used principally 

for developing fabrication techniques, since it was relatively inexpensive 

compared to the high-strength, high-modulus fibers and whiskers. The strength 

and elastic modulus of this material were unknown. The average fiber diameter 

was about 3 microns, but the range of diameters was quite wide. The synthetic 

mullite fiber was an experimental product of the Babcock and Wilcox Company, 

Refractories Division, Augusta, Georgia. This material, as produced, exhibited 

tensile strengths of up to several hundred thousand pounds per square inch. The 

fiber diameters were in the range 2 to 10 microns. The crystalline zirconia 

fiber was obtained from the H. I. Thompson Fiber Glass Company, Gardena, 

California. This Was a stabilized zirconia fiber containing 10 to 15 per cent 

neodymia. The tensile strength of this fiber was reported by the manufacturer 

to range from 35,000 to 150,000 psi, and the elastic modulus from 30 x 106 to 

50 x 106 psi. The fiber diameters of the zirconia were in the range of 2 to 8 

microns. The silicon carbide whiskers were obtained from the Carborundum 

Company, Niagara Falls, New York. The dimensions of these single crystal 

fibers were 0.5 to 3.0 microns diameter, and 10 to 300 microns length. The 

strengths of these whiskers are of the order of 106 psi. 

The finely-divided fused silica used as the matrix material was a product 

of Glasrock Products, Inc., Atlanta, Georgia. This material was obtained both 

as an aqueous slip containing approximately 82 weight per cent solids and as a 

dry material that had been wet-ground, dried and reground. The particle size of 

the fused silica ranged from less than one micron to 50 microns with a median 

of about 8 microns. The cristobalite content of this material was less than 

0.5 per cent. 
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B. Slip Preparation 

Three different techniques were developed for producing slips of the 

fiber and fused silica particles. The first of these consisted of ball-milling 

the fiber into a preprepared slip of fused silica. The fiber was added as the 

dry staple in the case of the synthetic mullite and the zirconia, since the 

staple was fairly short to begin with and the fibers were quite brittle. In 

the case of the amorphous alumino-silicate fiber, where the material was 

initially in batte form, the material received a prior chop in a Waring Blendor 

for one or two minutes. The fiber was chopped in water with the fiber concen­

tration less than 10 weight per cent. The fiber was then dried and added to 

the slip. The milling technique was not used with the silicon carbide whiskers. 

It was found in using the milling technique that the fiber charge had to 

be introduced incrementally. Otherwise, the entire mixture would become so 

stiff as to prevent any grinding action. The usual procedure for preparing 

slips with the milling technique was to charge a 10-inch diameter porcelain ball 

mill with approximately two liters of slip containing 82 weight per cent finely­

divided fused silica, sufficient water to produce the desired final solids 

concentration, and three kilograms of high-density, 13/16-inch grinding 

cylinders. The fiber was then added in 50 or 100 gram increments until the 

desired quantity of fiber had been incorporated into the slip. An increment 

of fiber was not added until the previous charge had been dispersed. The 

milling times for preparing slips by this method varied from about one hour 

to 15 hours, depending on the fiber content of the slip. 

The distribution of length to diameter ratios of the individual fibers 

after incorporation into the slip by milling are presented in Figures 1 and 

2 for the amorphous alumino-silicate fibers and the zirconia fiber. These 

were typical results and were also representative of the fiber sizes obtained 

when slips were prepared with synthetic mullite fibers. It appeared, as a 

matter of fact, that a smooth slip, free from fiber lumps, could not be 

obtained until the fiber lengths had been reduced to several hundred microns 

or less. Attempts to produce slips with a total solids concentration of 70 to 

82 weight per cent in a similar manner with a Waring Blendor were totally 

unsuccessful. The fibers, whose lengths were greater than those obtained by 

ball milling, would matte and lump, and a smooth, fluid slip could not be 

obtained. 
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As the fiber was added to the ball mill, in that technique for producing 

slips, the viscosity of the slip would rise sharply after the addition of more 

* than about 5 volume per cent fiber • This could be overcome by the addition 

** of water in excess of that normally contained in the silica slip However, 

this could be overdone. A slip that was too thin would not cast properly. 

The solids would settle too fast and a true cast could not be achieved. It 

was found, in general, that satisfactory slips containing up to 5 volume per 

cent fiber could be prepared by adjusting the total solids concentration to 

about 80 to 82 weight per cent. Satisfactory slips containing 10 to 30 

volume per cent fiber required adjustment to about 75 weight per cent solids. 

Slips with fiber concentrations as high as 50 volume per cent were obtained, 

but the total solids concentration had to be held to only about 70 weight per 

cent. It should be mentioned, that it was equally important that slip not be. 

too viscous as for it not to be too thin. A very viscous slip would not cast 

either. Rather, it would gell after the mold had absorbed very little of the 

water, and a true cast could not be obtained. The best casting viscosity was 

found to be in the neighborhood of 150 centipoise, as measured by a Brookfield 

Viscometer using a number 3 spindel at 30 rpm. 

The second technique developed for preparing slips from fiber and finely­

divided fused silica involved the use of silica that had been wet-ground, dried, 

and reground. In this technique, the fiber was chopped in a large excess of 

water (e.g., 100 grams of fiber in 750 ml of water) with a Waring Blendor. The 

fiber could be reasonably well-dispersed in a very few minutes. The dried 

reground silica was then added, with further mixing, to obtain the desired 

fiber-fused silica ratio. The slurry was then allowed to stand for about 

24 hours to settle the solids. The necessary quantity of water was then 

decanted from the slurry until the solids concentration was in the neighborhood 

* The fiber concentrations in this work are stated as the volume percentage of 
the total solids content. This eliminates any confusion or conversion in going 
from a discussion of slips to a discussion of the composite body. 

** Considerable effort was devoted to investigating the feasibility of reducing 
the slip viscosity while maintaining a solids concentration of 82 weight per cent 
by pH adjustments. However, the deleterious side effects of the cations added 
were too great, and adjustment of the solids concentration was determined to be 
the most satisfactory method of reducing the slip viscosity. 
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of 80 weight per cent. The slip was then resuspended by rolling, without 

grinding media, on a rolling mill. Some additional adjustment of the water 

content was often necessary to obtain the proper slip viscosity_ In general, 

the relationship between fiber content, solids concentration and slip viscosity 

was similar to that found for the milling technique. Slips with fiber contents 

greater than 10 volume per cent were not prepared with this technique. The 

desirable aspect of this technique was that the dispersed fiber had greater 

length-to-diameter ratios than could be obtained in the milling technique-

The data for alumino-silicate fibers, presented in Figure 3, are representative 

of the distribution of length-to-diameter ratios produced with this technique. 

The third, and simplest technique developed, lent itself only to the 

production of slips containing whiskers. In this technique, the pre-prepared 

silica slip and enough excess water to reduce the total solids concentration 

to approximately 80 weight per cent, were placed in a blender jar. The 

whiskers were then added incrementally with continuous mixing- A very satis­

factory slip, containing 7-1/2 volume per cent silicon carbide whiskers, was 

prepared in this manner. 

C. Casting 

The composite bodies were cast using gypsum plaster molds. The composites 

were cast both as flat plates 1/2 x 3-1/2 x 7-1/2 inches, and as cylinders 

3/4-inch in diameter and approximately 7 inches in length. These shapes were 

chosen with a view to the techniques to be used in measuring the physical 

properties of the composites, and their dimensions were chosen so that multiple 

specimens could be obtained from each composite. For example, from each flat 

plate, about twelve 1/2 x 1/2 x 3-1/2 inches, specimens for elastic modulus 

and modulus of rupture or impact testing could be obtained, or six modulus of 

rupture specimens could be obtained having dimensions of 1/2 x 1/2 inches by 

about 7-1/2 inches. The cylindrical bars were suitable for sectioning into 

approximately twelve 3/4-inch diameter cylinders 3/4 inches in length. The 

cylinders were used for obtaining a measure of the tensile strength. 

The body shape appeared to have no influence on the fiber orientation 

within the cast composite. Microscopic investigations of composites, cast 

from slips with the proper viscosity, revealed the fiber to be well-dispersed 

with a completely random orientation. Segregation of the fiber Was encountered 
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only when the slip was too thin. Then the fiber would be concentrated in the 

center of the cylindrical bars, and on one side of the plates. The plate mold 

used a glass plate on one of the large, flat sides and Was filled from one end. 

It was at the surface next to the glass plate that the fiber would be concen­

trated when the slip was too thin. If the slip was too thick, it would gell 

in the mold rather than cast, and the resulting body would be extremely weak 

and porous. 

One complex shape, a small radome 6 inches high and 5-1/2 inches at the 

base, Was cast using a slip with a fiber content of 10 volume per cent. The 

wall thickness of the cast radome was purposely held to about O.l-inch. The 

fiber dispersion in this body appeared to be extremely good and the body had 

very good green strength. 

D. Sintering 

The normal procedure for sintering slip-cast fused silica is to fire in 

an electric furnace in the range 2100° to 2300° F for an appropriate time. In 

most sintering operations, of course, the firing time is dictated by the maximum 

density that can be reasonably obtained since, usually, the greater the density 

the better the phySical properties of the sintered body. Unfortunately, how­

ever, fused silica transforms to cristobalite at an appreciable rate in this 

temperature range, and the firing time is controlled by the amount of devitrifi­

cation that occurs, rather than by the amount of densification that is obtained. 

Cristobalite undergoes a sharp decrease in specific volume in the neigh­

borhood of 400 0 F. This leads to the formation of internal stresses on cooling 

from the sintering temperature unless elaborate precautions are taken to anneal 

these stresses •. Even then the resistance of the sintered body to subsequent, 

sudden, extreme changes in temperature is drastically reduced if an appreciable 

amount of cristobalite is present. 

Therefore, an optimum sintering time is established by determining the 

point at which the deleterious effects of the cristobalite overcome the 

improvement in physical properties due to densification. Unfortunately, the 

exact rate of devitrification is dependent on such factors as the furnace 

atmosphere, moisture content, cross section of the casting, etc., and this 

point must be determined experimentally. Such was also found to be the case 

with the fiber-fused silica composites. 
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III. TESTmG OF COMPOSITES 

A. Techniques 

The specific physical properties for which improvement was sought by 

incorporation of refractory, fibrous reinforcements were modulus of elasticity, 

modulus of rupture, tensile strength and impact strength. Measurement of the 

elastic modulus of the specimens prepared in this study were made using a sonic 

resonance technique. In this nondestructive technique, the specimen was 

vibrated, in flexure, with sound waves. The fundamental resonance frequency 

was established, and from this the dynamic elastic modulus was computed 1/. 
Originally, the modulus of rupture measurements were made with the same 

size specimens used for the elastic modulus and impact strength measurements. 

The samples were loaded on a 2-inch span in quarter-point loading. However, 

the results from these measurements were not consistent with previously 

obtained data for slip-cast fused silica using greater span-to-depth ratios g/. 
Also, the location of the failure in the 4:1 span-to-depth specimens did not 

appear to be randomly distributed. Rather, there appeared to be a bias toward 

failure under one of the upper loading points. Therefore, a span-to-depth 

ratio of 12:1 was adopted with the specimens being loaded over a 6-inch span 

in third-point loading. All values for the modulus of rupture reported in this 

work were made under these conditions unless otherwise noted. 

As is generally recognized, measurements of the tensile strength of 

brittle materials are accomplished only with the greatest difficulty. This 

is particularly true if the classical tensile test, using dogbone, or similar 

reduced cross section specimens, is employed. A critical survey of various 

techniques for ,determining the tensile strength of brittle materials revealed 

a very promising technique, known as the diametral-compression test 1/. This 

1/S. Spinner and W. E. Tefft, I~ Method for Determining Mechanical Resonance 
Frequencies and for Calculating Elastic Moduli From These Frequencies," A.S.T.M. 
Proe. §l, 1221-1238 (1961). 

?J J. D. Fleming, ''Fused Silica Manual, " Final Report, U. S. Atomic Energy 
Commission Contract No. AT-(40-1)-2483, Engineering Experiment Station, Georgia 
Institute of Technology, Atlanta, Georgia, September 1, 1964. 

'jjA. Rudnick, A. R. Hunter, and F. C. Holden, "An Analysis of the Diametral­
Compression Test," l~terials Research & Standards, 283-289 (April 1963). 
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test is also sometimes referred to as the Brazilian test or indirect tension 

test. In its simplest form, a right circular cylindrical specimen is compressed 

di~~etrically between two flat platens. The maximum tensile stresses are 

developed normal to the loading direction across the loaded diameter and are 

proportional to the applied load. Under proper conditions, these tensile 

stresses cause the cylinder to fracture along the diametral plane joining the 

lines of contact of the specimen and the platens. The tensile strength can 

then be computed from the load at fracture. 

The diametral-compression test does produce values which are dependent on 

the specimen size, as do many other "tensile test If techniques for brittle 

materials; and, therefore, it cannot be stated that the results represent the 

"true tensile strength." However , it is an experimentally simple technique for 

obtaining the characteristic strength of a specimen of brittle material, having 

a particular size and in a state of tensile stress. Therefore, it was extremely 

well-suited to this research program because any improvement in this character­

istic strength was evaluated by reference to the value obtained for unreinforced 

slip-cast fused silica. 

The impact strengths were determined with a Testing ~1achines, Inc., Model 

TM 52004, impact tester using the Izod test. An unnotched specimen, 1/2 x 

1/2-inch in cross section, was employed. The specimen protruded 1-1/4 inches 

above the upper edge of the Izod vise. The tests were conducted in the 0-2 ft­

lb range of the tester, where the scale is calibrated in 0.01 ft-lb increments. 

The porosity, or per cent of theoretical density, of the composites was 

determined by weighing and measuring the dimensions of precision sawn specimens. 

The cristobalite content of the composites was determined by quantitative x-ray 

diffraction referred to an arbitrary standard used by this organization. In 

comparing the area under the cristobalite diffraction peak for a powdered 

sample of a composite to the area for the cristobalite standard, a correction 

was made for the volume of the composite sample that was occupied by the 

fibrous reinforcement. 

B. Data Reduction 

Since, as is usually the case for brittle materials, measurements of such 

properties as modulus of rupture, tensile strength and impact strength on a 
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number of similar specimens produced a statistical distribution of values 

for the property under test, every effort was made to assign an indication of 

the stat: :,ical significance to the mean obtained from these values. For the 

modulus of rupture and tensile strength data Weibull statistics ~ were used. 

To establish a good fit of empirical data to any failure distribution (including 

the Weibull) requires hundreds of data points. However, this does not imply 

that statistical tools developed for numerically large tests do not have 

applicability to smaller tests. vfuere as few as 10 specimens are involved, 

it is possible to develop an estimate of the true failure distribution with a 

graphical technique. In the case of the Weibull distribution, ranking tables 

have been developed for small tests (numerically less than 50) for estimating 

the most likely distribution curve as a function of the number of specimens 

tested and for generating a 90 per cent confidence interval about this 

estimate 2/. This technique of "median ranks" was used to obtain estimates 

of the Weibull distribution curves of the data for modulus of rupture, and 

tensile strength, obtained from the composites tested in this study. The 

number of specimens tested was usually between 10 and 50. When the property 

under test (e.g., dynamic elastic modulus) was not described by the Weibull 

function (i.e., weakest link hypothesis), an arithmetic mean was computed. 

In the presentation of data, when the mean was obtained from an estimate of 

the Weibull distribution, tte value, of the slope of the Weibull curve, m, 

* is given to provide an indication of the degree of variation in the data • 

wnen the mean value of a particular property Was obtained arithmetically, 

a conventional confidence interval is presented at the 95 per cent level. 

JjJw. Wei bull , "A Statistical Distribution Function of Wide Applicability, " 
J. Appl. Mech. 11, 293-297 (1951). 

2/L. G. Johnson, The Statistical Treatment of Fatigue Experiments, New York: 
Elsevier Publishir~ Company, 1964. 

* A rather low value of m, 1 to 3 or 4, indicates ~ large variation in"the 
data from which the mean was obtained. Larger values, 10 or greater, indicate 
a very small variation in the data from which the mean was obtained. 
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A supplementary benefit was derived from the use of the estimates of 

Weibull curves in the data reduction. A straight line fit of the median rank 

pOints on vleibull paper is a good indication that the failure distribution 

can be represented by a Weibull function. Occasionally, however, the data can 

be best fitted only by two or more straight line segments. This generally 

implies that two or more failure modes are active, and often multi-segmented 

distribution curves can be correlated with particular characteristics of the 

specimen failures so that the cause of the different modes of failure can be 

identified. Such was the case in this investigation. In the analysis of the 

data on tensile strength from the diametral-compression test, it was noted 

that the data could usually be fitted only by the use of two straight lines. 

The low strength specimens failed in a single mode, which, according to the 

Weibull slope) was an exponentia:) or random) distribution. Above a certain 

strength level) however) the specimens all failed in a distinctly separate 

mode) which, according to t~8 Weibull slope) was a normal distribution. 

Subsequent investigation of -:;:liC;: ,est specimens revealed a definite correlation 

between physical condi tior: anG.. -,:~~,) two appe..:cently separate failure modes. The 

low-strength specirr.ens, which eX~'libited a rc:.:,,:iem distribution of tensile 

strengths) all hac.. one large voia) or a series ~f very small voids along their 

axes. This was ~~aced back to a characteristic in the casting of the cylindri­

cal saw~les from which the specimens were cast. In the casting of the 3/4-inch 

dia~eter, 7-inch long) cylinders) even with a slip containing only finely­

divided fused silica) these voids were formed at various points along the bar. 

Hhen the bar was subseq,uently cut into a number of specimens) some would contain 

these flaws and others would not. The larger voids were apparently caused by 

a bri~6ing effect of the solids at the center when the casting was almost 

complete. The smaller voids were caused either by ~ similar bridging of only 

a few large particles) or by the progressive rejection of entrained air from 

the slip as it cast) with the eventual entrapment of this air as fine bubbles 

at the axis of the casting. Various techniques such as pressure casting) 

vibratory casting and prier de-airing of the f~iled to correct this 

condition. Fortunately) nowever) the application of Weibull statistics with 

visual inspection of the fractured specimens enabled these nonrepresentative 

specimens to be identified and rejected. 
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C. AlliITlino-Silicate Fiber Composites .. 
As mentioned earlier, alumino-silicate fiber was used in the early phases 

of this investigation principally for its economy. Large quantities of fiber 

were being consumed in studies of slip-making techniques and composite casting. 

In spite of the fact that nothing vias known about the fiber strength or elastic 

modulus, and there were no particular reasons to think that they were outstand­

ing, some of the composites made with these fibers were fired and tested. This 

was done as much to gain familiarity with the firing and testing of the composite 

structures as to determine the potential of the alumino-silicate fiber as a 

reinforcement. The slips for these composites were prepared by milling and, 

therefore, contained fibers with length-to-diameter ratios in the neighborhood 

of 10:1. The properties of these composites are presented in Table I. 

TABLE I 

PROPERTIES OF ~l1INO-SILICATE FIBER COMPOSITES 

Fiber Concentration (vlo) 
Composite Density (% of theoretical) 

Cristobalite Content (vlo) 
Elastic Modulus (psi x 106 ) 

L~pact Strength (ft-lb/inch) 

Tensile Strength (psi) 

Modulus of Rupture (a)(psi) 

10 

80 

31 

2.48 + 0.04 

0.42 + 0.06 

1650 (m = 7.8) 

2450 (m = 8.7) 

30 

80 

32 

2.39 ::. 0.08 

0.40 ::. 0.07 

1550 (m = 10.4) 

1150 (m = 1.1) (b) 

(a)Determined with a 4:1 span-to-depth ratio on a span of 2 inches. 

(b)Specimens exhibited some fiber segregation. 

D. Synthetic ~fullite Fiber Composites 

Composites were prepared with the synthetic mullite fiber, initially, with 

fiber contents of 10 and 20 volume per cent. However, the sintered castings 

exhibited much buckling and cracking. It was known that this fiber underwent 

2. significant shrinkage in the neighborhood of 2200° F. Therefore, it was 

reasoned that this shrinkage, coupled with the prestress due to the difference 
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in coefficient of thermal expansion between the fiber and the matrix, was 

inducing too great a compressive load on the matrix and causing failure. In 

an effort to overcome this, samples of the fiber were densified by heating to 

2200° F for about 15 minutes. Slips were prepared using the preshrunk fiber, 

and composites cast containing 10 and 20 volume per cent fiber. The sintered 

bodies again buckled and cracked. 

Following the results with the preshrunk fiber, it was tentatively 

concluded that fiber concentrations of 10 volume per cent or greater placed too 

much compressive load on the matrix due to the prestress from the difference in 

coefficient of thermal expansion. A very simple analysis of the load induced 

on the matrix by thermal prestressing appeared to confirm this conclusion. 

However, some doubt existed at this point also, as to whether or not the 

cristobalite contents of the previously prepared composites were optimum 

(it will be remembered that the effect of the cristobalite content on physical 

properties was discussed under FABRICATION OF COMPOSITES). The cristobalite 

contents had been 20 volume per cent or greater. Therefore, composites 

containing 2-1/2 &~d 5 volume per cent of the preshrunk fiber were prepared, 

by milling, and the firing conditions were carefully investigated. This was 

accomplished by, initially, bisque-firing the flat-plate samples. The plates 

were then sawn into the usual 1/2 x 1/2 x 3-1/2-inch specimens, about 12 

specimens being obtained from a single casting, as usual. The cristobalite 

content, per cent of theoretical density and dynamic elastic modulus of these 

specimens were then determined. The value of all these properties was quite 

low, as was to be expected. 

Each of the specimens prepared in the above manner was then fired, 

separately, at 2200° F for varying lengths of time. The cristobalite content, 

per cent of theoretical denSity and elastic modulus were again determined for 

each of these specimens. Each specimen, of course, had developed a different 

cristobalite content and density due to the different firing times, and the 

influence of these on the properties of the specimen was reflected in the 

dyn&~ic elastic modulus. These data, for both the 2-1/2 and 5 volume per cent 

composites, are presented in Figures 4 and 5. 
The data presented in Figures 4 and 5 indicated quite clearly that an 

optim~~ cristobalite concentration did exist, and that it was in the range of 
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Figure 5. Dynamic Elastic Modulus of a Synthetic Mu1.lite Fiber Composite As a Function 
of Density and Cristobalite Content (5 volume per cent fiber). 



12 to 16 per cent. Therefore, additional composite samples, containing 2-1/2 

and 5 volume per cent of synthetic mullite fiber, were fired at 2200Q F for the 

* length of time necessary to develop approximately this amount of cristobalite • 

The physical property data obtained for these samples are contained in Table II. 

TABLE II 

PROPERTIES OF SYNTHETIC MULLITE FIBER COMPOSITES 

Fiber Concentration (vlo) 2-1/2 5 
Composite Density (% of theoretical) 85 85 

Cristobalite Content (vlo) 14 14 

Elastic MOdU1US(a) (psi x 106 ) 3·50 3.60 

Impact Strength(a) (ft-lb/inch) 0·32 0·33 

Tensile Strength (psi) 1800 (m = 12.7) 1600 (m = 16.4) 

Modulus of Rupture (psi) 3450 (m = 9.0) 3700 (m = 12.5) 

(a)Insufficient number of data points to establish confidence intervals. 

E. Zirconia Fiber Composites 

The investigation of composites produced with high-strength zirconia fiber 

was being conducted simultaneously with the investigation of the composites 

containing synthetic mullite fiber, and followed very similar lines. These 

composites also exhibited buckling and cracking in the initially-studied 

* It had been deduced from the previous study of cristobalite development 
that this time was approximately one hour for the particular sample dimensions, 
nature of the furnace, furnace atmosphere, etc. However, it cannot be 
emphasized too strongly that the time required to develop a particular amount 
of cristobalite is extremely dependent on these variables, and that this 
particular time interval is valid only for the conditions used in this study. 
The time necessary to develop a particular cristobalite content for a different 
set of conditions, unfortunately, must be determined empirically under those 
conditions. There were even indications, from this research, that the total 
time interval is dependent upon whether or not the firing is interrupted. This 
difference could not be reasonably accounted for by the time lag involved in 
bringing the sample back to temperature after the interruption. 
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concentrations of 10 and 20 volume per cent. Likewise, this fiber, which also 

underwent considerable shrinkage in the neighborhood of 2200° F, was preshrunk 

and additional composites prepared containing 10 and 20 volume per cent fiber. 

These composites buckled and cracked, and it appeared as though the prestress 

on the matrix was too great, as was thought for the synthetic mullite fiber. 

Simultaneously with the synthetic mullite fiber composites, an investi­

gation of the effect of cristobalite content on the properties of the zirconia 

fiber composites was conducted. Composites containing 2-1/2 and 5 volume per 

cent preshrunk zirconia fiber were cast using slips that had been prepared by 

milling. These composites were bisque-fired and sawn into 1/2 x 1/2 x 3-1/2-

inch specimens. The cristobalite content, per cent of theoretical density, 

and dynamic elastic modulus were determined, and the specimens refired for 

various lengths of time. The cristobalite content, per cent of theoretical 

density, and dynamic elastic modulus were then redetermined for each specimen. 

These data are presented in Figures 6 and 7, and an optimum range of cristo­

balite content is clearly indicated. 

Following the determination of the optimum cristobalite content for the 

zirconia fiber composites, additional 2-1/2 and 5 volume per cent composites 

were prepared by milling, using the preshrunk zirconia fiber. These composites 

were fired to bring them into this optimum range and the physical properties 

were determined. These data are contained in Table III. 

TABLE III 

PROPERTIES OF ZIRCONIA FIBER COMPOSITES 

Fiber Concentration (v/o) 

Composite Density (% of theoretical) 

Cristobalite Content (v/o) 

Elastic Modulus (psi x 106 ) 

Impact Strength (ft-lb/inch) 

Tensile Strength (psi) 

Modulus of Rupture (psi) 

2-1/2 

86 

13 
3.67(a) 

0.36(a) 

1550 (m:::: 6.5) 
3200 (m :::: 25.7) 

5 
83 

12 

4.67 :. 0.01 

0.31 :. 0.03 

3150 (m :::: 4.2) 

3600 (m = 18.8) 

(a)Insufficient number of data points to establish a confidence interval. 
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In an effort to obtain an indication of the effect of the length-to­

diameter ratio of the reinforcing fiber on the properties of fiber-reinforced, 

slip-cast fused silica, a slip was then prepared with preshrunk zirconia fiber 

and dried regound silica slip as described in FABRICATION OF COMPOSITES. The 

fiber content of this composite was 10 volume per cent, and the mean length-to­

diameter ratio of the fiber was approximately 50:1. This composite was fired 

using the previously-obtained data for optimum cristobalite content as a guide. 

The physical property data obtained for this composite are contained in 

Table IV. 

TABLE IV 

PROPERTIES OF A ZIRCONIA FIBER COMPOSITE WITH A LARGE 
FIBER LENGTH-TO-DIAMETER RATIO 

Fiber Concentration (v/o) 

Composite Density (% of theoretical) 

Cristobalite Content (v/o) 
I' 

Elastic Modulus (psi x 100) 

Impact Strength (ft-lb/inch) 

Modulus of Rupture (psi) 

F. Silicon Carbide Whisker Composites 

10 

81 
10 

1.64 + 0.01 

0.29 2:. 0.02 

2050 (m = 6.8) 

A limited quantity of single crystal silicon carbide whiskers was obtained 

for an investigation into the potential of this ultra-high-strength material for 

reinforcing slip-cast fused silica. A slip was prepared with the technique 

outlined for whisker material in FABRICATION OF COMPOSITES. Unfortunately, 

there was only enough of this material to produce one 1/2 x 3-1/2 x 7-1/ 2 ·inch, 

flat-pl~te sample with a fiber content of 7-1/2 volume per cent. The sample 

was fired at 2200° F to a cristobalite content of 11 volume per cent, and the 

physical properties were determined. These data are contained in Table V. 

G. Slip-Cast Fused Silica 

In order to determine if reinforcement was being obtained by the incorpora­

tion of fibers, it was necessary to determine typical values for the physical 
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TABLE V 

PROPERTIES OF A SILICON CARBIDE WHISKER COMPOSITE 

Fiber Concentration (vlo) 
Composite Density (~ of theoretical) 

Cristobalite Content (vlo) 
Elastic Modulus (psi) x 106) 
Impact Strength (ft-lb/inch) 

Tensile Strength (psi) 

Modulus of Rupture (psi) 

7-1/2 

81 

11 

3.48 :!::. 0.03 

0.30 + 0.01 

_(a) 

3450 (m = 13.1) 

(a)SUfficient material was not available to prepare tensile test specimens. 

properties of unreinforced slip-cast fused silica, particularly with the 

testing techniques used in this program. Therefore, this was a continuing 

phase of this research program. Figure 8 contains the results of a study to 

determine the optimum cristobalite content, similar to that performed for the 

synthetic mu11ite fiber composites and the zirconia fiber composites, and 

Table VI contains what are considered to be the maximum, or best, physical 

properties obtainable with the material used in this study. Theoretical 

densities of 90 per cent are not always obtained without excessive cristobalite 

contents, but under the best conditions this is possible. Therefore, the 

property values presented in Table VI were the criteria against which the 

effects of fibrous reinforcement were judged. 

TABLE VI 
PROPERTIES OF SLIP-CAST FUSED SILICA 

Density (~ of theoretical) 

Cristobalite Content (vlo) 
Elastic Modulus (psi x 106 ) 

Impact Strength (ft-lb/inch) 

Tensile Strength (psi) 

Modulus of Rupture (psi) 

24 

90 
11 

4.85 :. 0.10 

0.35 :!::. 0.05 

3100 (m = 11.3) 

3500 (m = 10.7) 
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rI. DISCUSSION OF RESULTS 

All of the processing variables in the production of slips from fibers and 

finely-divided fused silica were not exhaustively investigated. However, the 

techni~ues developed in this work have been defined well enough that they are 

within the capabilities of anyone skilled in the art of slip casting. 

The condition of the composites that must be obtained in the sintering 

process have been discovered, at least for the systems investigated in this 

work, and there is every indication that this condition is generally applicable. 

That is, the cristoba1ite content of the sintered body should be about 12 to 14 

* volume per cent of the total volume of the fused silica matrix. The curves 

presented in Figures 4 through 7 show ~uite clearly that, as this cristobalite 

concentration is exceeded, the dynamic elastic moduli of the composites fall 

off, even though the density of the sintered body continues to rise. This can 

be attributed only to the development of micro-cracks from the internal stresses 

caused by the volume inversion of the cristobalite as it cools. The presence of 

these micro-cracks would certainly reduce the other physical properties. There­

fore, it was only necessary to use the dynamic elastic modulus to locate the 

range where the optimum physical properties would be expected. 

As is usually done, these samples were removed from the furnace at 2200° F 

and allowed to air-cool. Admittedly, the occurrence of this micro-cracking 

could possibly have been overcome by step-wise cooling of the composites in the 

furnace. However, this was considered to be unrealistic. If these composite 

~~terials were ever considered for use in severe thermal environments, as they 

reasonably must be, the micro-cracks would develop as soon as thermal shock 

conditions were encountered. 

Figure 8, of course, demonstrates the similar behavior of slip-cast fused 

silica without any fibrous reinforcement. It has been recognized for some time 

* These exact values are, of course, dependent upon the nature of the 
"cristobalite standard II that is used. An absolute cristobalite standard has 
not been developed, and any organization that develops its own (this is usually 
done by the prolonged heating of fused silica in the devitrification range) may 
obtain different values for the optimum range of cristobalite concentration. 
The important point is that, by using the techni~ue developed in this work, this 
range can be established based on any arbitrary IIcristobalite standard." There 
are indications that the standard used by this organization is no more than 80 
volume per cent cristobalite, rather than the desired 100 volume per cent. 
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that an optimum range of cristobalite content existed for the slip-cast fused 

silica. However, to the knowledge of these investigators, this is the first 

time that this range has been accurately determined. It must be mentioned, 

though, that these data should be applied only to the particular material such 

as used in this work. If a material with a radically different particle size 

is used (which should result in a body with an appreciably different porosity), 

or if the ~~terial is fabricated into a body with considerably more porosity 

than in this work (e.g., fused silica foam), the optimum range of cristobalite 

content may differ from that found here. The results of the dynamic elastic 

modulus versus cristobalite content investigations graphically demonstrate 

that any determinations of the properties of slip-cast fused silica are of 

little value unless the cristobalite content of the specimens is stated. 

It is obvious from the results of the optimum cristobalite content studies 

that the results obtained for the composites produced with the alumino-silicate 

fibers, and presented in Table I, are of little value. 'l'he cristobalite 

contents of these composites are undoubtedly too high and the resulting micro­

cracking would have controlled the physical properties. The physical properties 

of the remainder of the systems studied (Tables II through VI) should be repre­

sentative since the cristobalite contents were held to the optimum range. 

One of the principal difficulties encountered, in attempting to determine 

if the properties of the fiber reinforced composites were superior to the best 

obtainable with unreinforced slip-cast fused silica, was the variation in 

porosity between the systems. This was an unavoidable situation. The slips 

containing fibers just would not cast to the same per cent of theoretical 

density that was obtainable with slip-cast fused silica alone; this was 

apparently due to the geometric interference of the fiber. 

It is known that the influence of porosity on the properties of ceramic 

bodies is quite significant, and slip-cast fused silica is no exception (e.g., 

Gannon, Harris and Vasilos §j). Therefore, ~~ny properties of the composites 

which are recognized as being porosity dependent cannot be compared directly to 

those of the relatively dense slip-cast fused silica as given in Table VI. Some 

gR. E. Gannon, G. M. Harris and Thomas Vasilos, "Effect of Porosity on 
Mechanical, Therrr&, and Dielectric Properties of Fused Silica," Ceramic 
Bulletin 44, 460-462 (1965). 
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translation to account for the effect of porosity must be accomplished. In the 

case of elastic modulus, at least, this can be done by comparing data for slip­

cast fused silica to that for the composite at the porosity level of the com­

posite. Data for the elastic modulus of slip-cast fused silica as a function 

of porosity were used and are reproduced in Figure 9. 
A comparison of the elastic moduli for the synthetic mullite composites 

(Table II) with the data of Figure 9 at the per cent theoretical density of 

the composites shows that the elastic moduli obtained for the composites is 

almost exactly the same as for the slip-cast fused silica. Therefore, there is 

no indication of the synthetic mullite fiber composites being superior in 

elastic modulus to slip-cast fused silica with the same porosity. Likewise, 

for the 2-1/2 volume per cent zirconia fiber composite (Table III), the 

elastic modulus of slip-cast fused silica is about 10 per cent greater at the 

sarr~ per cent of theoretical density and no improvement can be claimed for the 

incorporation of 2-1/2 volume per cent of zirconia fiber. However, the indi­

cations are very different for the composite containing 5 volume per cent 

zirconia fiber (Table III). In this case, the elastic modulus of the composite 

is about 50 per cent greater than slip-cast fused silica at the same per cent 

of theoretical density. As a matter of fact, the elastic modulus of this 

composite, at 83 per cent of theoretical density, is almost equal to the best 

obtainable with slip-cast fused silica alone (Table VI). Similarly, the 

elastic modulus of the silicon carbide whisker composite (Table V) is about 

25 per cent greater than the elastic modulus of slip-cast fused silica at the 

same level of porosity. Therefore, there are, at least, indications that the 

incorporation of zirconia fiber or silicon carbide whiskers into slip-cast 

fused silica can improve the elastic modulus. 

A comparison of the impact strengths for all the composites, with the 

impact strength given for slip-cast fused silica in Table VI, shows no evidence 

of improvement in this property. Due to the extremely short (several hundred 

microns) lengths of the fibers in most of these composites, this may not be 

too surpri sing. 

A further complication in evaluating the fiber reinforced composites 

arises when the modulus of rupture data are ex~mined. There is no significant 

indication of an improvement in this property by the incorporation of fibers. 

However, even more unusual, there is no significant variation in the modulus 
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of rupture, except for the composite containing zirconia fiber with a high 

length-to-diameter ~atio. This is so in spite of the fact that the composite 

densi ties vary down to 81 per cent of theoretic.al and the elastic moduli 

differ significantly. A careful consideration of this in the final analysis 

of this progr&~ has led to the conclusion that the modulus of rupture test was 

not significant in this work. 

The above conclusion was reached in the following manner. In the modulus 

of rupture test, the outer layer of material (the !touter fiber") determines the 

load at which the specimen will fail. This is due to the intrinsic fracture 

behavior of a brittle material. Once the outer fiber has failed, the specimen 

breaks catastrophically. The mvdulus of rupture specimens tested in this 

research were always loaded ,dth a cast face on the tension side. That is, the 

tension face was always the face that had been next to the mold during the 

casting of the composite. Due to the nature of the slip casting process, the 

material immediately next to the mold (the II skinll) will usually be composed of 

the finest silica par~icles. Therefore, the skin on each casting can be 

expected to be very similar even if the body of the casting is more porous than 

usual due to the presence of fibers, or other void producing influences. As a 

resul t, except ::. .. _ the case of the one zirconia fiber composite containing 

unusually long fibers, the modulus of rupture of the castings was controlled 

more by the nature of this skin tr~n any other factor. In the case of the 

zirconia fiber composite mentioned, the elastic modulus, or stiffness, of the 

specimens were unusually low which undoubtedly led to the lOi.;rer modulus of 

rupture for this material. 

If the fibers had been continuous and unidirectionally oriented, as the 

steel in prestressed concrete, the cast face might have been in a complete 

state of compression. In which case, the modulus of rupture would have been 

controlled by this condition rather than the density of the skin. However, 

with the discontinuous, randomly-oriented fibers, a complete, uniform state of 

compression was most unlikely. Also, if the reinforcing fibers had been 

ductile, as are metal fibers, they might have acted as crack arresters and 

influenced the modulus of rupture values. Being brittle themselves, though, 

they could not arrest the high velocity crack front once it had been initiated. 

The conclusion regarding the invalidity of the modulus of rupture test was 

confirmed by the results of a few experimental tests and a microscopic examina-
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tion of specimens containing fibers. A few specimens containing a satisfactory 

dispersion of fibers were broken in rupture, with the surface that had been 

against glass (see Casting under FABRICATION OF COMPOSITES) as the tension 

face. These specimens broke at a lower load than specimens of the same com­

posite when the cast face was in tension. The surface which had been against 

the glass was not a cast surface since the casting direction is always toward 

the porous plaster. Also, fiber could be seen frequently on this surface, 

while it could not on the cast surface. The fiber was not observed to be 

present at the cast surface even if it was uniformly dispersed throughout 

the specimen. 

It is now recognized, therefore, that the modulus of rupture test, to have 

any significance for composites siIT~lar to those in this work, should be 

conducted on a sawn surface. This would eliminate the anomalous results of the 

casting skin that is always present. However, at best, the modulus of rupture 

test probably has little real value for such composites except as a reflection 

of any increased stiffness that might result from an improvement in the elastic 

modulus by the fiber. The initiation of failure can still be expected to be 

controlled by the physical condition of the surface. And, unless the surface 

is in lh~iform compression, which is most unlikely with discontinuous fibers, 

any flaw will develop into a crack front when the specimen has flexed enough 

to produce the tensile stress necessary for propagation. It is extremely 

doubtful that the discontinuous, internal zones of compression produced by the 

prestressed fibers would arrest the crack front, and the brittle fibers cer­

tainly could not since they would already be in a state of tension. It 

appears therefore that the route to improvement in the modulus of rupture, or 

impact strength, lies with improving the elastic modulus through the incorpora­

tion of high-modulus fiber; unless, of course, a complete switch to ductile 

fibers is made in an effort to arrest the crack front. 

The most valid test for any improvement in ability to withstand tensile 

stress obviously i.Jas the diametral-compression test. The entire center of 

the specimen is placed in an almost uniform state of tenSion, and the test is 

affected little, if at all, by the specimen surface condition. The validity 

of this test for determining any improvement in tensile load-bearing capability 

by the incorporation of fiber is supported by the data contained in 

~ables II and III. Tne tensile strength values for the synthetic mullite 
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fiber, and zirconia fiber, composites correlate very well with the values for 

their elastic moduli. That is, the 2-1/2 and 5 volume per cent synthetic. 

mullite fiber composites and the 2-1/2 volume per cent zirconia composite all 

,had about the same elastic modulus and similar tensile strengths. The 5 volume 

per cent zirconia fiber composite, on the other hand, had a much higher elastic 

modulus and, as would be expected for the higher modulus material, a much 

higher tensile strength. Also, the tensile strength of this composite is 

almost identical to that obtained for the unreinforced slip-cast fused silica 

(Table VI). If the tensile test is valid, this would be expected since the 

elastic moduli of the two are very nearly the same. 

The really encouraging fact in the similar tensile strengths obtained for 

the 5 volume per cent zirconia fiber composite and the unreinforced slip-cast 

fused silica is that the porosities of these two materials are significantly 

different. This difference in porosity would certainly be expected to be 

reflected in a lower tensile strength for the zirconia fiber composite, if the 

fiber were not contributing to the tensile strength. This, therefore, is 

considered to be a strong indication that an improvement in tensile strength 

can be obtained, with the zirconia fiber at least. Unfortunately, a sufficient 

quantity of silicon carbide whiskers was not available to produce both flat­

plate samples and cylindrical bars. Therefore, tensile test specimens were not 

available for this composite. 

The single attempt to.investigate the effects of increasing the length-to­

diameter ratio of the reinforcing fiber (Table IV) produced some really 

anomalous results. The per cent of theoretical density was very low, in 

keeping with the idea of geometrical interference of the fiber on the cast 

density: the longer the fiber, the greater would be the degree of interference. 

However, the reduction in the modulus of elasticity is even greater than would 

be expected, by comparison to the data for slip-cast fused silica presented in 

Figure 9. Rather, the measured modulus of elasticity is almost exactly what 

would be expected if the 10 volume per cent of fiber were acting as an addi­

tional 10 volume per cent porosity (see Figure 9). As a matter of fact, this 

is probably the explanation for the behavior of this composite. The additional 

9 volume per cent of porosity of this sample (as compared to the best slip-cast 

fused silica) is probably localized in the neighborhood of the fiber and, as a 



result) the degree of contact between the fiber and the matrix is quite low. 

This would cause. the fiber to appear as a void in the measurement of dynamic 

elastic modulus. As has already been pointed out, the lower modulus,of rupture 

value obtained for this composite is most probably a reflection of the reduced 

stiffness. Time did not permit the determination of the tensile strength of 

this composite. 
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V. CONCWSIONS 

From the results obtained in this research program, the following major 

conclusions have been reached: 

1. Composites of discontinuous ceramic fibers and finely-divided fused 
silica can be prepared by slip-casting. 

2. The allowable amount of devitrification of the fused silica matrix 
during the sintering of these composites has been determined. 

3. The maximum physical properties obtainable with the unreinforced 
slip-cast fused silica matrix material were established (Table VI). 

4. The feasibility of obtaining significant improvements in the physical 
properties of slip-cast fused silica by the incorporation of 
discontinuous, randomly-oriented, ceramic fibers has not been 
conclusively demonstrated, but there were good indications that 
this is possible. 

5. The biggest single problem that must be overcome, in order to 
demonstrate if reinforcement is possible, is densification of the 
composites. 



VI. RECOMMENDATIONS 

Although the results obtained do not demonstrate conclusively the rein­

forcement of slip-cast fused silica by discontinuous, randomly-oriented fibers, 

this program does provide the means to produce composites of previously 

unattainable percentages of fiber which can be fabricated to almost any 

configuration by the technique of slip-casting_ To take advantage of the 

experience and knowledge acquired during the performance of this work it is 

advisable that the question of fiber reinforcement in fused silica be resolved 

with an advanced program. 

The first effort in such a program would be toward obtaining greater 

composite densification. Until the composite theoretical densities are brought 

nearer to that obtainable with unreinforced slip-cast fused silica, unequivocal 

comparisons in properties cannot be made, nor can the reasons for any successes 

or failures in obtaining reinforcement be determined. The best approaches to 

obtaining increased densification appear to be slip-casting under pressure, or 

the use of fused silica with a much finer particle size. Slip-casting of fused 

silica under pressure has been previously accomplished gj, and slips containing 

fused silica in smaller particle sizes are available commercially. Either of 

these approaches offer the distinct possibility of mitigating the apparent 

geometric interference of the fiber in the casting process, and should lead 

to greater cast densities. It is in the casting step that the improvement 

must be obtained, for the sintering time and temperature are dependent on 

devitrification. 

The most promising reinforcements, of the ones examined in this research, 

appear to be zirconia fiber and silicon carbide whiskers although the others 

deserve more study. These should certainly be included in an advanced program. 

Oxidation resistant carbon fiber certainly merits investigation. At least 

two other fibrous materials are known to be under development by commercial 

organizations at the present time, and are very near market announcements. 

The properties of these fibers will make them immediately recognizable for 

inclusion in a future program. 

It is possible to produce slips with a fiber concentration up to 50 per 

cent where previous investigations were complicated by excessive devitrifi­

cation of the matrix. These ranges require further study to resolve the effect 

of fiber concentration on the reinforcement of fused silica. 
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The use of chemical precursors to produce improved bonding between the 

matrix and the fiber should be investigated. For example, zirconyl chloride 

might be added to a zirconia fiber-fused silica slip during preparation. 

When the cast composite is dried, the zirconyl chloride should be present on 

the surfaces of the particles and fibers. Upon firing, the zirconyl chloride 

will decompose to form zirconium oxide and quite possibly improve the bonding 

between the zirconia fiber and the matrix. There have also been indications 

from previous work that such precursors may also reduce the devitrification 

rate during firing. Therefore, an added benefit might be obtained in that 

greater densification could be obtained before the critical cristobalite 

content was reached. 

An extended program is necessary to finalize the basic information 

obtained in this study. This would prevent a possible interpretation of 

these preliminary results as negative. Such premature conclusions could 

hinder future investigations of fiber reinforced brittle materials. 




