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COWPOSI TES [0001] The present invention is directed to ceramc matriXx
conposites with a ceramic fiber reinforcement. Mre specifically, (8MaY 2006
present invention is directed to ceramc matrix conposites reinforced with
an alum na reinforcenent. Mrre particularly, the present invention is
directed taoyggs@mes¢ matrix conposites with an al um na rgkﬂ%ghggg?nt wher ei n
the reinforcenment is in the formof a reactive alumna I'n € prepreg.
Background of the Art [0002] The highitenperatures experienced by materials
in applications such as the iron and steel industry typically requires the
used of ceram c conposites. Tenperatures in excess of about 2200 OF l'imt

expert enced by t nEPRyE SHORIGRERSTANK cEHRMIE COMmMATERLCL e ST it ure

Typi cal [eqip) i cat i DieSpresaiit itfvenasd & dRoROS t@Snit Matrhe compnditanditisd eeimit ndust ry

i ncl ude ﬁlidefgates, H@Fﬂishg%%ﬁceé, and .varj ous .astgble shapes such as
cones artPerniIHCFERFY. NRRSPECHHAH Y cRE iPEHE | MENUe!St HERCISE P | ST2RHd™ 4B ect r i ¢
Kiln tilemposites RIFSBAIwith QWGP edafbtétRerd P Mokt tiMrlyt the pfsé idvadtdn f rom

whi ch rocket nozzles currently are manufactured include polyner matrix
conposi tiesIEHEC dir BERNE APHBh CEBRHESI VER . ATRRTA ST PECRAY EPESTyEe

char act gihBtdefSntQd inRR HAPS L aTedckil X alGRAMASInt BRpreb. M t nozzl e perfornance, and
car bon-carbon conposites entail high manufacturing costs and possible

envi ronnment al dangers. To neet the nultiple requirenments of high performance
such as resistance to erosiong,ablakhersand: t hermal shock, and | ow
manufacturing colt, a unique approach to nozzle fabrication nust be taken.

[ 0003] N@MRbds exThsthighgempamtivgsexpegiencadby mesnposi ampdicitions pusk gs theaamdi ng,

| ower I i t-s..1 ively
i or ocr Aad it BRI GAANE: AR bR B R Rl o
condi ti absut 2BP0 &F lliynit the wevd et ebreminsdo azinglel tse domtto dfe lighr theinml fhdoler s may be
i mpregnat ed. by .i nmersion. i re-cerapjc sol and fire ri .firing the
(1 bere GroReprere i rentt G Prmene: 2onf oPteaRELrichit Tymet BIEei™ the so

t 0 pr odWeeeramic composites in the iron and steel industry include slide gates, tundish lances, and

various castable shapes such as cones and mill rolls. Other applications include fuel cells and
electric kiln tiles. In another high temperature application, the materials from which rocket
nozzles currently are manufactured include polymer matrix composites and carbon-carbon
composites. The ablative and erosive characteristics of polymer matrix composites limit nozzle
performance, and carbon-carbon composites entail high manufacturing costs and possible
environmental dangers. To meet the multiple requirements of high performance such as
resistance to erosion, ablation and thermal shock, and low manufacturing cost, a unique
approach to nozzle fabrication must be taken.

[0003] Methods exist to fabricate ceramic composites for less demanding, lower
temperatufe applications. One process results in an extensively miicrocracked multi-phase
ceramic capable of withstanding severe thermal conditions. Briefly, a woven preform or a felt
mat of ceramic fibers may be impregnated by immersion in a pre-ceramic sol and fired. During
firing the fibers of the preform react with the colloidal ceramic particles in the sol to produce a
ceramic material having compositional gradients essentially normal to the orginal fiber
directions. The extent of reaction between fiber and matrix, which is controlled by temperature
and materials selection, may be limited to leave a residual fiber architecture in place. A high
degree of microcracking in the fired ceramic can be ensured by the appropriate combination and

size of the starting materials. Porosity in the product can be reduced to a desired level by one or



cerami ¢ material having conpositional gradients essentially normal to the
original fiber directions. The extent of reaction between fi ber and matri x,
which is controlled by tenperature and materials selection, é)g *% ed
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extensive mcrocraclcing inparts sone degree of thermal shock resistance to
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magnes: LT EEELRGFCLERTRRES ¢f PRIVEPHIHERG GRen e LRE dom B fas

rei nfor eememtempmﬁﬁ&rcmmtgewth t he soI matrix in such a manner as to be

i ndi st habl e, from t imting the t ermal shoc

s ot andlBr o hSomkoaals ST Bt Fonpdads o GilaF FRtoRtRent he

t enper atidheas inbankaim Giiga@f glifRe whedefn espoartmnglcbethe Sbinpbsifel tie teififbeeritme of the
ceram c to applications, bel ow about 2200 Furthernmore, the re uI ting
conposi ¥Ry B RAEE 141 FHRRRE 54hBe wdw%ev%%lﬁcfe%a nafia

resi st amgstidQke (1881 HeNBESitRe ofiHEMn @R Thatibio8s ARPIi kAt @SnedbRARS] It is
desirabl e, and therefore an object of the invention, to provide a higher

t enper afRSTAET HtaoRn MBS PraTt psk ke still lprais fheuse plotheweRragifoie RPPICHGRT t |

chem cabeit8Gl 206F. Whkulshard tﬁeerggﬁﬁfngrc&lﬁﬁﬁlt@ﬁmg hekBLied: R therddPBoble Summary
of the Invention [00061 This and ot her objects of the invention are provided

by a ceruiiaaceapfperaciasigpice forpporgempndian dishdemreraivigraprlicaticnexcess of 2200 F

on a reppased bagi § d%ﬁﬁféu'[angrtﬁ@rgfoﬂgand&ﬁecg Qf tﬁehﬁxrxfgi?tlonsIEU)EI%VIdPQrI‘B&h%f‘” arly one
t hat conprises a web of reinforcement bers and matrix, forned from an

al um nat@meraturmpermgr@gmaftlt@sﬂtahewkhwlspﬁhemal tBOG, flmpaqﬁ,gd@fn@pl atiagh @ndrat ri x

withstand temperatures of greater than 2200 F.

Summary of the Invention
[0006] This and other objects of the invention are provided by a ceramic composite able
to withstand temperatures in excess of 2200 F on a repeated basis without cracking due to
thermal shock, particularly one that comprises a web of reinforcement fibers and a matrix,
formed from an alumina sol that impregnates the web prior to a firing step, 'said matrix
substantially embedding the web after the firing step.
[0007] In some embodiments of the invention, the matrix further comprises at least one
rare earth oxide, through inclusion of at least one rare earth oxide in the impregnating sol. The
rare earth oxides may be present in the range of from 0 to about 60% by weight, relative to the
alumina in the sol.
{0008] In a preferred embodiment, the web is a three-dimensional orthogonal weave of
the reinforcement fibers, particularly where the fibers comprise a transitional phase alumina
prior to the firing step, and more particularly where the transitional phase alumina is y-alumina.
[0009] In some embodiments of the invention, the web comprises from about 10 to about

40% by weight of the composite, after the firing step.



substantially enbedding the web after the firing step. [0007] In sone
enbodi nents of the invention, the matrix further conprises at |east one
rare earth oxide, through inclusion of at |east one rare earth oxiﬁgpanyMe
i npregnating sol. The rare earth oxides may be present in the range of from
0 to about 60% by weight, relative to the alumna in the sol. [00081 In a
preferred apboslispmrnt, the web is a three-di nensi onal or&bﬂggﬁgyhyeave of

the reinforcement fibers, particularly where the fibers conprise a
transitional phase alumna prior to s8he firing step, and nore particularly
where the transitional phase alumna is y-alumna. [00091 In sone

enmbodi melff0lof t hia mes enlqdanents ¢fdhsyapensomphicicemgosite ehesapnsally i df&rabout  40%

by wei g ol 0IRASd L5 1e Jfiring step. D9 MAY 2006 WO 03/043954
PCT/ U5021;a§17 84%%& Fggi (ir Slrtllgﬁrmls{al 8)%}Tgeodl ments of the invention, the

conposi t[#011d esseht nadt | epnbbdigwniefofGheupentionaihd r@mbugendant mberalase pardalliyr ansi ti on

et al Oxdl %&E%{l b%/ Ihgqg'l]lljsed A n%ﬁfact%{%qggmgﬁgg tdﬁlu%&h%hﬁ;[n%%xg&f gtﬁg éit t?-lg partial

rei nforce ers are par i'gest manuf act ure
t he mat rdigesthm, i:mxymmddewihn’m @gmtap&rre@tteqo,lmandadkma@f parwételibersdi gesti on,

combi nedoyizth thenf Ling. ot eRs.F S84l 5,0, Microsracki ng.of the,ueh 11 bers.

[00121 onp05| nventt on S USE€s re ractory

bri ck andmﬂﬁmsdhﬁbﬂoﬂwﬂm@smmk1&smhhﬁmmﬂkm&hnﬁkmpeans@amm& and chem cal ly
non-reactive nature. Detailed Description of a Preferred Enbodi nent [0013]
In order to obtain a ceramc with high tenperature thermal shock resistance,

that is, thernal shoqktﬁBQMQ&ﬂﬂﬁﬁnataPﬁﬂﬁﬁmahub@ﬁnﬂbpve 2200 F, and with
acceptabl ost

umna reinforced alumna nmatri osite y be
envi si orl8t3 Howevlérmdaef {PoPbeadR 2 SPTEmC Y }P@’r tﬁi{}gerati’ﬁnﬁ?r{ﬁ’tai nFé”%‘FCé’ tg*’gbr i cat ed
from a- gk undgrma. shéckEdiEatd MNerBferireahisit EONPREL Witle SIXBREBIE Bost, WS hiBGind- al uM na
results in_a material wth poar thernal shock resistance to the poor

adhesi orf¢igforcet pimipg F‘?BEIXV\?IOPWOfIWemi’“é PHERILERE N tHOWENE, AYRigal, AAPefEXS not  r eact

to any stigihdeh €@ bredBBR &RV o -SBRITBHabdcal bNGn ARInkihD thaBRColdpbdiBY, as it
is essentially an "end stage" naterlal [0014] By contrast, it has now been

f ound t hwing cerlaming re@mjnpm g intatesialeti payr giemmadybhock resistance to the poor adhesion of
the matrix with the reinforcement. The c-alumina does not react to any significant degree with
the matrix during gelling and firing, as it is essentially an "end stage" material.

[0014] By contrast, it has now been found that ceramic composites having a high
thermal shock resistance may be fabricated using an alumina sol and a reactive alumina
reinforcement. The materials may be used in applications experiencing temperatures up to 3100
F. One such reinforcement is a transitional phase alumina known as y-alumina, which is an
under-oxidized precursor to a-alumina. The y-alumina has a reactive surface and reacts with the
alumina sol to form an intimate composite with superior interfacial adhesion between the matrix
and reinforcment. The resulting composite has desirable thermal shock properties and a high
use tempeature. Typically, articles produced from the composite may be used several times in
molten iron and steel applications, rather than the single use typical with prior art materials.
[0015] Several benefits may be realized using the methods and materials of the present
invention, including:

1) Low manufacturing cost. Material synthesis and component fabrication can be

accomplished using raw materials that are commercially available. Thermal

processing of the composites can be carried out in air. It is not necessary to use

vacuum furnaces, autoclaves or special process gases.



t hermal shock resistance may be fabricated using an alum na sol and a
reactive alumna reinforcenent. The materials nmay be used in applications
experienci ng tenmperatures up to 3100 F. One such reinforcenment i€ %MAY 2006
transitional phase alum na known as y-alum na, which is an under-oxidized
precursor to a-alum na. The y-alum na has a reactive surface and reacts with
the al um Ray &Alzko forman intimate conposite with SUDFJEJF/%M Lnter facial
adhesi on between the matrix and reinforcnment. The resulting Conposite has
desirable thermal shock properties and a high use tenpeature. Typically,
articles produced fromthe conposite may be used several tinmes in nolten

iron and steplmpRpid &atidnaBstarica! IRIprépdaa MaheiaRiaRtod-4b5eive ¥igal Wi th prior
art materials. [0015] Several benefits % be realized using the nethods
8

and materi aI‘%esélffacﬁﬁéfdﬂeés%lﬁ‘tlnatinﬂ&l@meﬂbfﬁl hapdepsdiassiy: 1) Low manufacturing

cost. Materigl gEa¥nheststndh ¢RIRANSLL. f qlﬂé'p?é&;%ﬁtoﬁaféﬁﬁls Beay gsgONP! i shed
using raw materials that are coommercially avail able. Thernmal processing of

t he conposi t @gmebshotkeincaphiqagien gxnerippping)temperature §arn@texwé% e52aPYyFt o use vacuum

furnaces, aulQgl aveg.;QredSRECHA! iR QGRS S 0 03/ 043954
PCT/ USOZ/ 37158 Zill 2y errpr oved telr 0s ?\ relg |§f§r§n?g& 'Il\éﬁPe( t%go|ci§1(1:)o\s&(‘e?d material s

are non- abl ateiapacnaatatialyay be surface hardened, elimnating the need for
har dened inserts. 3) Excellent resistance to'thermal shock. The present
materials may resist thermal shock in application experiencing tenperature
far in é)Odé]ss of Re@eBntRiive matemdls isd bethe imdtioroofyerantie coppsitestaengpewat ur e

limt for ce terlals Repr.esent at.i ematerlals used
in the fla’tg?}i %at Pg\rlln(% el {eméer%{m h(%%tllo S’esa‘l g?sénseﬁ e, pmf’aagI’Y € CHEBY 1 ower

t enper atamgrisesppd alminaonstnasreldﬁﬁoadl Yortid ammghhmnprsﬂloate agliss. tTe eerranse

conpri se ix reinforced wt. siumsilicate glass. The
ceramc @%medolf)l%?ﬁdqa teinﬁpefalmtlr? ERPACRP @ﬁﬁ%f?’é{{“ﬁ’iﬁé’%ggﬁ cations to approxi mately
2200 F. [qo@917] Tiree nakedlispdtey Sstedrin Tdbizt iegte pre-sbibleé bhsadrad thtiepsetiett ed based

on their n%ela{ure capgylhtles and the availability of fibers and sol constituents. Actual use of the
various materials is based on processing and cost considerations as well as temperature
limitations. Highest temperature capability is obtainable using zirconia fiber. Zirconia fiber is
expensive, however and may be cost effective only with a randomly oriented felt starting
material..
[0018] Processing considerations include the relative ease with which a sol system can
be worked. Sol stability, the ability to control gelation of the sol, reactivity of the sol with the
fibers in the preform, and product yield comprise the principal processing considerations. Raw
materials, especially fiber preforms, comprise a major cost element in manufacturing from the

ceraniic systems listed in Table 1.



tenperature capabilities and the availability of fibers and sol

constituents. Actual use of the various materials is based on processing
and cost considerations as well as tenperature limtations. Highegg Y. 2006
tenperature capability is obtainable using zirconia fiber. Zirconi ﬂAbQW IS
expensi ve, however and nmay be cost effective only with a randomy oriented
felt starti adrakerial .. [0018] Processing considerati L ugde t he
relative egggm“??%fmhich a sol system can be worked. SgFﬁg?ggkkgty, t he
ability to control gelation of the sok, reactivity of the sol with the
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Proj ected Sys¢sesm Niti gliBasi ¢ |SBhsi&séiid Fler & ?ewémiim?St SaddMy-Stadd
NunmbeRei nf or cement Secondary Sal Mat eri al Tenperatnr r (1 npreguant) Systene
Capabi ity (¥nmby | Reidorsemental underauddy Selcor ¢i Matedabopdemperatur Sj | j cat e

gl assAl umi na ppwdernul lite and cephndum,pul t1- P§AaEN Cel A HaBRityum na* Al um na
h

sol + YttrifAl um pa-3100 / 1704 powder Yttirajsolid solution wt

concentratilon (°F/ °C)
1 Magnesium Aluminasol+ | Cordierite, 2200/ 1254
Silicate glass Alumina powder mullite and
corundum

multi-phase

ceramic
2 Alumina* Alumina sol + Yttria | Alumina- 3100/ 1704
powder Yttira solid

solution with

concentration
gradients
3 Alumina* Zirconia sol + YAG | Multi-phase | 3300/ 1816
and Hafnium Nitride | ceramic
powder
4 Zirconia* Zirconia sol + YAG | Multi-phase | 3700 /2038
and Hafnium Nitride | ceramic -
powder
*Woven perform or felt mat
[0019] Magnesium silicate glass fiber is the least expensive reinforcement, zirconia fiber

is the most expensive. If cost were the sole criterion, material system number 1 (Tablel), which
is known in the prior art, would be selected.

[0020] For reasons of cost, felt mats of a given fiber type are used in addition to woven
preforms. Matted preforms are much less expensive to produce than woven preforms. Woven
preforms provide good rigidity and control of phase orientation and directional properties; but

multi-directional weaving of continuous fibers into rigid preforms is expensive. This matrix



gradi ents 3Alum na*Zirconia sol + YAGWIti-phase3300 / 1816 and Haf ni um
Nitrideceram c powder 4Zirconia*Zirconia sol + YAGMul ti - phase3700 / 2038 and
Haf ni um Ni tri deceram c powder * Whven performor felt nmat [0019] MafQeHy qob
silicate glass fiber is the | east expensive reinforcenment, zirconia fiber

IS the nost expensive. If cost were the sole criterion, material system

nunmber 1 ( I which is known in the prior art, wo e sel ected.
[ 0020] Forxagg§3%§‘of cost, felt mats of a given fiber Féﬂggﬁ?§°ﬁsed in

addition to woven prefornms. Matted pgeforns are nuch | ess expensive to
produce than woven preforns. Wven preforns provide good rigidity and

control mbviplkaseref tenhil p@Rdrantte Hofdeiso BAlanPsH REEfRth®SH ndHvoven versus
mul ti-directional we ving Pf cantinuous fibers into rigid preforms is
expensi VereCtagadly AREedY QCH IRATCIDESOR B SeANeS 4 PCT/ US02/ 37155 6  provi des

a directjoeAst andTRef10rBRHESILIEONRRA the @RfuGkss xR AL FRledlech @pplidARdnWOVen
versus direction ally oriented woven fiber reinforcenent for structures.

[0021] TérgmpeERtus exaipaiyasi thy sqle gelecdion wateriRne materakeysom aurher drvaald eor a
gi ven apphlegaionPPable | fTiiEMRGHALN 60 GRPAB kI eHsiNBholvBerS Yr&ius G BRidnRN

criterion, material system nunber 4 would be chosen from Table 1. This
mat er i alanflior apigg theheandein toreripe nisit viwld Howevest., Ther otieric Praparties [impestantaied/ or

using ”h?plﬁc%{?&ﬁ%%&&?%ﬁ%n&%ﬁd BRkda1 AR9 féﬁﬁgnce,-rﬁ'%eo%éﬁrdiﬂ@ﬁ&ﬁcﬁr}{z&?&l .
i mportan 0 applications, erosion resistance and thermal shock resistance,
have beessidinse sswbdicedtryoririose hardsingt vithceplissaspragerclegernf hefmivna cabitiaerdeni ng
wth a plas ) i f.ni um carbi de or other conpatible
refractéwvrg%%?ﬁggx%%ghﬁag&mﬁéﬁgngSone aspects of the manufacturing process
have bedf022$t abl | SinedaspectshobHthieemanuwdetuaing Qravess éravalbsen Astghligiedrwithobther

silica- §e {‘]n(;”‘csring‘texgallsa.1 Sprciet%nn\’\% éiﬁcga-yl\lﬁaénrésig Qlei.éjlsliéJ \%tpe% RS B pyégrsor. The
precursor consists of a polymerized alumina sol. At heating to at least 1380°C, the silica and
magnesium in the glass react with the alumina to form the crystalline phases cordierite and
mullite. Substantially no glass fiber remains. This differs from the present method of leaving a
substantial fiber architecture behind for mechanical strength and increased thermal shock. The
final structure exhibits compositional gradients, with silicon concentrations being higher in
regions nearest the original locations of the glass fibers, and decreasing as the distance from the
location of glass fiber increases. The alumina concentrations are lower where the silica
concentrations are higher, and higher where the silica concentrations are lower. The
concentration gradients and the intimate mixture of crystalline phases having different
coefficients of thermal expansion result in an extensively micro-cracked structire. Thermal
shock resistant ceramics containing the same crystalline phases also have been made starting
with alumina fibers and silica precursors such as a silica sol, or a silicic acid solution, or a
mixture of both.
[0023] In the present method, a transitional phase alumina, particularly a y-aluﬁu’na,
reinforcement is wetted with an alumina precusor. Alternatively, the alumina precursor may
include rare earth powders such as yttria, neodymium, praseodymium, erbium and lanthanum
oxides, including mixtures of the rare earth powders, evne in an "as mined" condition. One or
more rare earths may be included in the alumina precusor. The sol should be essentially free of
silicates, calcia and other compounds used to effect adhesion in known ceramic materials.
[0024] To prepare the alumina precursor sol, alumina power is mixed with water to

obtain a concentration suitable for use as an impregnant sol. Rare earth powder may be included



precursor consists of a polynerized alumna sol. At heating to at | east
1380C, the silica and nmagnesiumin the glass react with the alum na{]gﬂmf g][]ﬁn
the crystalline phases cordierite and nullite. Substantially no glass fiber
remains. This differs fromthe present nethod of |eaving a substanti al
fiber architecture behind for nechanical strength and increased thermal

shock. The w§H@bkosgt ructure exhi bits cornpositional gra%%ﬁﬁéﬁm%t h silicon
concentrations being higher in regions nearest the original Tocations of

the glass fibers, and decreasing as the distance fromthe |ocation of glass
fi ber increases. The alum na concentrations are | ower where the silica
concent rwaith thesluatiea. Hihghetcentaantion bi geina witeiae ehlttes, Siahy, da theorute miay &t inonNs ar e

| ower. The oncentratjon gradients dthe intimate m xture of crystalline
Dhaecs AU A £ p ek Poreaurpiee riont 2 Grich Repdit ABSED ol FUREIEieT an

ext ensi vl aynithL4rd-ree 3GWE AT Syl bhe¥ UE ShoutlveNdIE: per&dh@ CRhel BEhinh ami rafe@i@RA] CS
contai ning the sane crystalline phases al so have been made starting wth

al umi na if Pye S RIS 18 ltsd et ihadpingrakagidio g ebtamglpy gH ig fre migpurey Iapis cj ¢ aci d

sol ut i onymyBlintent, MeHlMifa/ Pt Rire MOPBLtrated WitieNIO £&ENET BRI BOF abt 3 t0
transitional phase alum na, particu ar:ﬁb'%}£ a y-alumna, reinforcenent is
&

|
wet t ed ViPPH BnTha wHitHamaY be siesd fopphast Habquretoypllov isabdizatian e the ©buflsor nmay
i ncl ude 888 &RATEMNIROWIRS Be HERrARY b EtbiRd ir?l@ﬁﬁﬁém MBr t01.R3S SO ¥R €r bi um
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an "as rimpegnangohdicteilediexpamesntst propgsiuee if geve seaR t hs may be included in the

al um na precusor. The sol should be essentially free of silicates, calcia
and ot her conpounds used to effect adhesion in known ceram c materials.

[ 0024] To prepare the al um na @ompesits Brepsottional um na power is mxed with
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Measure the pH of the mixture and titrate with the nitric acid until the pH is in the 3-4 range.

The remaining 100 gm of alumina are then added, and nitric acid is again added to titrate the

mixture to the 3-4 pH range. Cover the system tightly to minimize evaporation and mix for 24

hrs. At the end of 24 hrs, turn off the agitator, remove the mixing bar, and allow the sol to age

undisturbed for 24 hrs. During this period, the coarsest agglomerate particles will settle out.

[0026] Siphon off the supernatant liquid, taking care to not disturb settled particles. Dry

and weigh settled particulate. This sol should now be able to be stored indefinitely without

further settling of particles. Sol concentration may be calculated.

[0027] A rare earth mixed oxide sol is prepared in a similar manner, but in this case 1200

gm deionized water is used. Two equal batches of Pr¢O;; powder are weighed ou't,- each

weighing 37.83 gms. Two equal batches of Y,0; powder are also weighed out, each weighing 2

gms. One batch each of the two powders are added to the water while under magnetic stirrer

agitation. About 10 mls HNO; is added and mxed for eight hours, after which the mixture is

titrated to the 3-4 pH range. The remaining batches of powder are added and further titration

with the nitric acid is done, as necessary.



enbodi nent, the alum na/water m xture nmay be titrated with HNO3 or HO to a
pH of about 3 to about 4. The m xture may be stirred for about 24 hours to
all ow stabilization of the sol. The supernatent resulting fromthey gnmy gp0e
may be stored indefinitely prior to use as a conposite inpregnant.

detail ed experimental procedure is now given Conposite Preparation. [0025]
An oxide s rnmul ated first, as follows. An al um ng.4 ted with a
zero poi m(:aj odf3 chgrge (ZPC) of 9.1, and a Y203 with an gcféﬁsoﬁéﬁfs al so

sel ected. A source of such alumna ig CATAPAL brand dispersible alumna. O
200 gm of al um na wei ghed out, 100 gin are added to 1800 gm dei oni zed

wat er, 40028} i ng VIwirbudl \prepared fomgingtdgaatiap i wiveg fotfatres wiﬂialhemmhevouhixi des are

e Shelo A TG (R AR b s S M L LS,

until t hemfth, U6%iyaris ARl 2B%prdead@emia. Flebb@PBicRiti}Ss 0B yavreidi. al um na are then
added, and nitric acid ifﬂpa gai.n added to titrate the mxture to the 3-4 pH

range. A8 t he AydramrRryre i MiOMARKT Kiused tavapesnsts dRrekEm fPidlye 24 hrs.

At the epdod codfbridig a thasiforf hdsbemgﬁta&o% t LSRN Ey b HReBink botbrRak « and
al | ow the %ol (t%gp anga unolll stu?bed for g DS eﬁfa A [bﬁ?s e(?fﬁbod gtahe

coar sesthrayGimsAEe ? erthogenal wpavs %’ﬂlavsne@ﬁltnhéseeumna @mszsﬁmsﬁ HEHIGMHEYt he

super natb@'%rnle& Bitiod thetp?éfdrmq)yqea&lgtlﬁ alRQf 4délcsfoy£ﬂ%uts£&fsl qﬁe 9&1%&1 Bt mPr y and
wei gh settled particulate. "This sol should now be able to be stored

i ndef i nieadd yeighadrand tmeagugec ﬁ@rthe erefPinh g ivmsesed inte 8. sobin adelee fMrrigtitlon maybe
cal cul atugﬂtratl go%lzll béAénglqE gvagg%édhlag %eﬂqar%lo g élﬂ‘liblé §a091[n%p&aegl%g_}d Qpl%ss&]em | ar

manner , IS case m dei'oni zed water I's used wo  equal bat ches
of Pr 6021 apoind@in. &igeuna byghididg suhsidesawlich widl tgjtei abgut357t0813) gmslteST\Emcequal

bat ches owder. I t s, .One batch
each of °§%&XE \%/gs g%: grlgﬂg%eoa rg%eggtag&ﬁﬁaﬁéﬁ e VIOI% iy }‘S‘gbb%n qu %%)th%lét |th8 stirrer
agi t at i operatidnoshbuld Getdsely Hitiged so added tkarwicmmedprémnt epuyhge drfoaok dye taf t er

whi ch t i..S i.trated,to,t ere inin atches of
powder Egbbmgdde 1] rtllcf tublf%ests%dets T8 ?’81 ar ls Y rﬁec{ EH@QFGP e e rem%’og
necessalfipm e Sol MAY altM26 toNDi OB Fdi3H Sty m&w&zﬂﬁzm& BaptL[ré)@ﬂﬁgs swmheal soI S

pr epar e%reffé)r& i's DI egna tt%(?@ Qvoven pr eforms of al um na woul d
[0030] The pH of the sol should be measured and adjusted with nitric acid, if necessary,
to the range of 3-4. After measuring the weight of the dried preform, the impregnation step of
the above paragraph may be repeated as many times as necessary until a desired weight of sol is
impregnated into the preform.

[0031) Once the preform has been suitably impregnated, the preform is fired at 400 C to
mechanically lock the infiltrant sol into the preform macrostructure. The' steps from
impregnation through this firing step may be repeated as necessary to obtain the desired level of
sol matrix around the preform. Typically, seven to nine cycles will be used.

[0032] After the mechanical lock-in of the impregnant is completed, the composite
material may be fired to 1800 C for two hours to chemically lock the sol matrix into place. -
[0033] The alumina sol may include rare earth oxide materials. For example, the sol
may contain about 20 weight percent alumina and rare earth oxides, using a blend of about 60
percent by weight alumina and 40 percent by weight yttria oxide, or a blend of 40 percent by
weight alumina, 40 percent by weight yttria oxide and 20 percent by weight praeseodymia

oxide. Other combinations of alumina and rare earths may be used as determined by one of

ordinary skill without undue experimentation.



i nclude a 100% al um na sot, a blended sot of 60% al um na and 40% yttria, and
a blend of 40% alumna, 40%yttria and 20%raeseodyma All above
percentages are by weight. [0029] A sol nmanufactured in this manner ﬁ%
to inpregnate a preform especially a preformconprising a transi tﬂ(grm\if 200
phase al um na, and nost especially a preform conprisi ng a three-di nensional
or t hogonal ve Qf transitional phase alum na fibers. si zi ng may
be burned ovﬁgé(}“mlﬂe prefonn by heating in air at 400 C ¥/Uf5622ﬁ{ 4 hrs. The
sol and preformare each weighed and greasured and the preformis inmersed
into the sot in a beaker for initial infiltration. The beaker is evacuated
in a beljoopgr or ahbeflunfibd tadlrére VeasH Ud) G£ i erot ithpPeghlhte S5 YAumiah fARANL 28 in.
Hg, until bubbling subsides, which will. take about 5 to 10 mi nutes. Since

t he ons@tnf@ﬁm?rm hg gelyomng ﬁhrouStrﬁlaqusmemyaYB@ made Siopadiyeyitahle bl Sne

bubbl i ng, 0 er uI Q tten control

t he vacuu% to preg na ﬁ?efésg% or fmt%l 9 %Nbﬁ)ub% ?%’é&, C&Wé’n }?ﬁg l'Ii)ﬁlbbl i ng

subsi desMidneetherHis fiber 19 zs1soera1t=,1aelr 1azlod;1ztecine2 P L&fp2d-EnystRlYizddENERTBY €0M) farom t he
sot and al | owed to dri y for a few m nutes_over the sot, to capture
excess s@vineTHafl e g li”ég hibh C@PP%He ate @Gn@affiﬁirmﬂa\?? 21 0880PreRRed pH of
the sot gh@tdndeistRAsinainasMdl adicdssebwivih nitric acid, if necessary, to
the range of 3-4. After measuring the wei %ht of the dried preform the

i mpr egnal®Pd st ep ZyFoniy wécua%%/@vw?@gn@dﬁ reprab peeplwiciacidingdyiraed nes as
necessar ot cRoffiS bi®dillih @ lacBhicS The | uonid BEEGRR Geky! B P GhRaPel orm

[ 0031] Once the preform has been swta y | npregnat ed, ty formis fired
at 400 Circoniurrdvheerideatls padedowthrdseirddepidentations S OAG bttluutnrvémrsmem@ﬂmt)
macrostr f e qlg i ep may
bo. 1 epeatad i e BbORE: HETAG HRLEHDE ek REQURN siCald ELBRE 2P oY
t he prefmures b¥yysew graing, Theehadnum autriden gowder vals haviel cflgenqase@npa[t@()@sz]o tMter the
mechani i i terial
oy be {EuE iR pBlnh e FRERRRA Mher S SRS RRion oD e RRRTL bl BT 2
pl ace. [D(D})BS] ThSolainuqmon@elsmjn argly fifimg brgdendugted teaﬂnlsllrrecnxcqb&ibivayieidis afs. For
exfarrpl € aL]] 0 a& IS Ié uttal ta%ogtpo% %) tl(%%d re arscli”?s ac angr rfire earth
oxi des, %1% W BFORYE PR QU T RE per CEAh ‘i/ %P K10 R E ARG 4E per cent
by wei ghﬁmyﬁmmlk@dmlddeolumll Wit bewnder afididéhspen e ent zlixyomwei gttt YAGmhd2s 40
percent b ight yttr oxXi d and _20 percent raeseodym oxi de.
O her cor HaeRnuish et St rk el RhrneedRiy Ve P LG S ned by

one of squares of fiber mat. The impregnated specimen will be fired to 3300°F (1815°C), and the

products are analyzed for overall yield, composition and morphology. Modifications to sol
formulation and thermal process variables is made as necessary to obtain thennal shock resistant
characteristics.

[0037] Panels of each ceramic composite material are fabricated using’ the process
described in detail above for each material system. Typically, twelve panels of each of the two
down selected materials versions are produced. Six panels of each version will have woven
reinforcement, six will have the non-woven reinforcement. These 24 samples are placed into two
test matrices to investigate optimal plasma spray thickness and ideal number of re-impregnation
cycles. Nominal panel dimensions are six inches by six inches by one-half inch (6" x 6" x 0.5").
A minimum of two impregnations and firings will be done in the course of processing each
panel. Specimens from at least one panel of each material type are used for plasma spraying

trials.



ordinary skill w thout undue experinentation. 0 9 MAY 2006 WO 03/ 033954
PCT/ US02/ 37158 9 [0034] The alumna and rare earth sol 1is used to

i npregnate a y-alunina fibrous reinforcment. The y-al unina fibrous09 MAY 2006
rei nforcenent may be nmade fromany suitable fiber. One source of the
y-alum na fiber is an experinmental fiber XN-508 from 3M Conpany, St. Paul,
M nnesota. This fiber is a 1500 denier 170 sized 12.3 - sfallized
NEXTEL (TMWCE%?W%FJOW ng. Infiltration and filing of thg}ggﬁ%ogé%t’ge are as
indicated in Table 2. The preferred pgginforcement is a three-di nensional
ort hongonal weave. [0035] Zirconia precursors have been nmade of several
types of sols incl udrabg 0yrkecRirechl TZétingQRH Olafldtepizatich PA. Zi r coni um acet at e.
The zirconjfa—precursor—may—be prepared via—zirconium-hydroxide sol s | oaded
with desirpbesEdBent rations of KA fopditiam af uMumther gRFsRYiCItes and haf ni um
nitride powders. The YAG may pffer sintering 1u§$,eﬁ5{epial &ipk 88d and CTE crack
pl anes between grains. The hafniumnitride powder will have a chemni cal
conmpatibiljty to the hafnium carbide plasnma spr#gcimeneongditionor | cheni cal

£ L. Aanaol

bondi ng ad LOTG; gkkmg coati EQp&HﬁkQH%k’ 0036 —Sp—mmximn gel ation
and firingH are conducted to epsure acceptablejyields of alumna and

zirconia products. A starti ng| pfiernt théroral aslioolagded zircofi a precursor is a
comerci al| zirconium hydroxide tsoI ution wth| powder additions of 10 wt %
zirconia, b w% YAG and 25 wtt‘% hafniumnitride. Follow ng gel ation, the
precursor | WorkaddratreftORBhor fAfinhésr tows or small sqfiares of f{iber mat.
The i npregnated speci nen W | | Hhe—fH+ed+06-3300F(1815C—and—t+he products
are anal yzied for overall vyiel dgﬁ?fon%‘c’)‘giazi $R%and nor pho? ogy. Modifications to
sol formul ation and thernmal pggcess variables is mde as necessary to

obtain theW%%muWaf each
ceram ¢ conpBsity B ARERPIIETLY ar AT RIS cat ed usi pg HEXFBSEYF described in

detai | abovg fiQhoeaeisigat erial system Typically, twelve panels|of each of
the two down selected materijals versions arel produced. Six panels of each

versi on wi|| Momhelegyewaticalr ei nfdymadeent, six w || haveypid non- woven
rei nforceﬁ%rdmgﬁgﬁse 24 sanples are placed into two test nmatrices to
ma

i nvestigatie optl | as spray thickness and ideal nunber of
r e- i npr egnalemoquantitative chemical | As made 1 typical
composition by EDX
Crystalline phases by XRD | As made 1 typical
[0038] Through the use of the above method, and through the use of similar materials, a

ceramic composite that exhibits thermal cracking resistance when cycled to temperatures in
excess 0f 2200 F is provided. A number of uses of such a ceramic composite are kriown, and the
availability of the material provided by the present invention will certainly permit the
development of new uses that are not presently foreseen or foreseeable. The further advantage
of chemical resistance provided by the absence of adhesive agents such as silicates and calcia in
the composite will also provide previously unanticipated uses.

[0039] One use of the composi'te material is as a refractory brick or liner material, with
known uses in the steel and cement clinker industries, just to name a few.

[0040] Because the composite material does not contain silicates and/or calcia, the
chemical resistance of the composite material makes it an attractive insulating material for high

temperature chemical reaction systems, including, for illustrative purposes only, fuel cells.



cycles. Nom nal panel dinmensions are six inches by six inches by one-half
inch (6" x 6" x 0.5"). A mninmmof two inpregnations and firings wll be
done in the course of processing each panel. Specinmens from at | gpsHMAYOIED
panel of each material type are used for plasma spraying trials. 0 9 MAY
2006 WO 03/043954 PCT/ US02/ 37158 10 Table 2. Mechani cal Testing and
Characterization Plan. Test TypeSpeci nen conditionNunber of replicates per
mat eri al type and speci nmen condition Three-point flexureThree-point flexureb
After thermal shock5 test Wrk of fradture (WOF)As nmade5 After thermnal
shock5 test Density and open porosityAs made5 flex and 5 WOF by al cohol
i nrer si on Mor phol ogy by optical As nadel typical and/or SEM Sem -quantitative
chem cal As nmadel typical conposition ,hy EDX Crystalline phases by XRDAs
madel typical [0038] Through the us l he above net hod, and through the
use of simlar materials, a ceramc conposite that exhibits thernmal
cracking resi stance when cycled to tenperatures in excess of 2200 F is
provi ded. A Tnunbéy protessstos mefking i her@mie campesits epowiisiegar e known, and the
g\éflt ;?2: lyl :))ér (r)nf t t(?xﬁ erre\k}e?tlrr{gaal p%rfé)r\r/r\ gﬁgpﬁ)ﬁné Peﬁ"nngcee?\%}\tt ﬁbgl%%{hl 2 rs'o|v¥'olfé>rm

a wetted preform, the reinforcement fibers comprising alumina, zirconia or magnesium

silicate, the sol comprising alumina or zirconia and optionally a rare earth oxide, heating
the wetted preform to a first temperature and digesting part of the reinforcement fibers in
the sol; and

(B) heating the preform from step (A) to a second temperature to react the
alumina or zirconia and optionally the rare earth oxide from the sol with the reinforced
fibers, the second temperature being higher than the first temperature and sufficient to

permit the formation of microcracking in the reinforcement fibers.
2. The process of claim 1 wherein step (A) is repeated prior to step (B).

3. The process of claim 1 wherein the first temperature is about 400°C and the
second temperature is about 1800°C,

4, The process of claim 1 wherein during step (A) the preform is impregnated
with the sol.

5. The process of claim 1 wherein the reinforcement fibers comprise y-alumina.

6. The process of claim 1 wherein the preform comprises a random oriented

non-woven structure, a directionally oriented woven structure, a random oriented felt
structure, a multidirectional weaving of continuous fibers, or a three-dimensional orthogonat

weave.



devel opment of new uses that are not presently foreseen or foreseeable. The
further advantage of chem cal resistance provided by the absence of

adhesi ve agents such as silicates andcalcia in the conposite wl| qj[q;ﬁAY 2006
provi de previously unantici pated uses. [0039] One use of the conposi

material is as a refractory brick or liner material, with known uses in the
steel and cenent clinker industries, just to nane a few. [0040] Because the
conposite material does not contain silicates and/or calcia, the chem cal
resi stance of the conposite material IZakes it an attractive insulating
material for high tenperature chem cal reaction systens, including, for
illustrative purposes only, fuel cells. 0 9 MAY 2006 Il Clains 1. A process

for making ceram c-conposite, ,C rising: wei t.ing a preformconprising
rei nforcenert fi SEPQ"%GLSE °§°l§6’l‘1f"gg})%'?¢?'ﬁrgre\ﬁé?%‘é’&‘ r’%P%rsFthpm?eraFee? r cenent
fibers SONDELRbAGInGLH BB of SithGANhSodyRiiufBSAESbYMiuR, bihdthSanthBRusObr
conprising alumna or zirconia and optionally a rare earth oxide, heating

t he weta edxtpreedfdwmarenereftherspf.t enperat ure and di gesting part of the
reinforcenent fibers in the sol; and (B) heating the preformfromstep (A)
to a second tenperature to react the alumna or zirconia and optionally

the rare ear8.h oXihadeprbeess dhelamotl whdrbintthe spetorhpriszsd alumiber alyminaearskcond

t enperat ure being higher than the first tenpérature and sufficient to
permt W@’PB?IHE%T%W%H? AN BRIXINR in the reinforcenent fibers. 2. The

process of claim1 wherein step (A) is repeated prior to step (B). 3. The
process of claiml wherein the first tenperature is about 400C and the
second t enpdt-at url@eipsogase@f clain d whesein thesopisanealdmipe sl afi ircomiasoband duri ng
step ( : S, L - 1 Fnhﬁp :4aD. The process of claim1l
wher ei ﬁhphgﬁ?@f‘ﬁ%s%@nmtél%@%g%%g%ﬁ%&sgayja 3‘%}'%%. 6. The process of claim
1 wherein the preformconprises a random ori ented

10.  The process of claim 1 wherein the sol is essentially free of silicates.

11.  The process of claim 1 wherein during step (A) the reinforcement fibers are

partially digested by the sol.

12.  The process of claim 1 wherein the reinforcement fibers are characterized

by microcracking after step (B).

13.  The process of claim 1 wherein the reinforcement fibers comprise

magnesium silicate, and the sol comprises alumina sol and alumina powder.

14. The process of claim 1 wherein the reinforcement fibers comprise alumina,

and the sol comprises alumina sol and yttria powder.

15.  The process of claim 1 wherein the reinforcement fibers comprise alumina,

and the sol comprises zirconia sol, yttrium aluminum garnet and hafnium nitride powder.

16.  The process of claim 1 wherein the reinforcement fibers comprise zirconia,

and the sol comprises zirconia sol, yttrium aluminum garnet and hafnium powder.



non-woven structure, a directionally oriented woven structure, a random
oriented felt structure, a nultidirectional weaving of continuousfi ?ﬁ@@

or at hr ee- di mensi onal orthogonal weave. 0 9 MAY 2006 12 7. The proc fZWE
claiml wherein the rare earth oxide is present, the rare earth oxide
conprising an oxide of yttrium neodym um praseodym um erbium |anthanum
or a mxture of two or nore thereof. 8. The process of claiml| wherein the
sol conprises: alumna; alumna and yttria; or alumna, yttria and
praeseodym a. 9. The process of claiim 1l wherein the sal is an alum na sol

or a zirconia sot and further conprises yttrium alum num garnet and haf ni um
nitride. 10. The process of claim|l wherein the sol is essentially free of

silicates. 11. The process of claim 1l wherein durlng step (A) the
rei nf or cemerit/-f i l@e‘?"@cﬁseorﬂh"fki"lgaﬁ FSraglGeANRES 1R CAPRY 12. The process of

claim 1 wherein (8¢ | GLRiaFBBRHn bdrRSHsh %@&%ﬁ%&ﬁﬁé&% DYollth §8AET acki ng

after step (B). process V\/nerel n the reinforcenent fibers
conpr i seweltedypresiromthe r1e|r’dmcemeatﬁbeu'ﬁ@mmﬁmg)aipm“&aaﬁ'leaﬁmhmmaﬂs;m alamihaal uni na

B0 i ezl antipnohEs BE 2B RaneBe et HaSbl Ve ol RS iRdihe e Bhesd TP o€

pr ocesspraforf taiafirst topeeiture! émﬂ digestingIpaetoe e deinffercementidrsid the solt aed ~ and
the sol conprises_zirconia sol er@/tt“ um al unt num garnet and hafniumnitride

powder. 16. The PBbce58aita tBraraforin fipmsErA o sesPnd reraretire orgastéhe onpri se
Zi I CONi &y m; i s Ind fa‘at.éﬁélg%waré @ﬁrtﬁ'orxib%%&‘h t7& 'r?mfbfréerrh&mf%'emﬂtﬂél Tegdidret and

haf ni um po process makli ng a ceram c conposite
conpr i stempergtaje being hm@eatmméhaﬁmt tammﬁfa@remgnd euffitientiorpermit thebformatidn h a sol

to for "of microcracking in the reinforcement fibers.

18. A ceramic composite, comprising: reinforcement fibers, the reinforcement
fibers comprising alumina, zirconia or magnesium silicate; the reinforcement fibers
containing microcracking; and deposits derived from a sol comprising alumina or zirconia

and optionally a rare earth oxide reacted with the reinforcement fibers.

19. The composite of claim 18 wherein the reinforcement fibers comprise y-

alumina.

20.  The composite of claim 18 wherein the reinforcement fibers are in a random
oriented non-woven structure, a directionally oriented woven structure, a random oriented
felt structure, a multidirectional weaving of continuous fibers, or a three-dimensional

orthogonal weave.

21. The composite of claim 18 wherein the composite is able to withstand
repeated cycles of temperatures in excess of about 2200°F (1204°C) without cracking due

to thermal shock.

22. Thecomposite of claim 18 wherein the composite is essentially free of Group

| metals, Group Il metals, and transition metal oxides other than oxides of yttrium.



a wetted preform the reinforcenent fibers conprising alumna, the sol
conprising alumna and optionally a rare earth oxide and being essentially
free of silicates, heating the wetted preformto a first terrperatwﬁYmﬁl
di gesting part of the reinforcenent fibers in the sol; and (B) heati é e
preformfromstep (A to a second tenperature to react the alumna and
optionally the rare earth oxide with the reinforcenent fibers, the second
tenperature being higher than the first tenperature and sufficient to permt
the formation of mcrocracking in thé reinforcenent fibers. 18. A ceramc
conposite, conprising: reinforcenent fibers, the reinforcenent fibers
conprising alumna, zirconia or magnesiumsilicate; the reinforcenent fibers
contai ning mxrog r%‘fﬂé'cﬁﬂ{r btk retRRaF liferdsdriey 8dndUIQMEmaRkiak@dmMtrisfigte al um na
or zirconia and optionally a rare earth oxide reacted with the

r ei nf or ewneeRitefoiisddi® 189, The conposite of claim 18 wherein the
reinforcenent fibers conprise y- alumna. 20. The conposite of claim 18
wherein the reinforcenent fibers are in a random oriented non-woven
structure, &4irectiuehakll ycompresiicehrwinsatatiagr mztariat, the rigsutdimgorriagarizbd fel t
structure, a.nultidirectio a| _weavi ng of continuous fibers, or a

t hr ee- dY9BALT % ec%??%t&cﬂgga‘%@ ve. 21. The conposite of claim18 wherein
the conposite is able to withstand repeated cycles of tenperatures in
excess of about 2200F (1204C) without cracking due to thermal shock. 22.
The conposite of claim 18 wherein the conposite is essentiallyfree of G oup
| metals, Goup Il netals, and transition netal oxides other than oxides of
yttrium 0 9 MAY 2006 14 23. A refractory brick, refractory liner, panel or
insulating material conprising the conposite of claim18. 24. A fuel cell
conprising an insulating material, the insulating material conprising the
conposite of claim18.



