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[ 0001] The present invention is directed to ceramc matrix conposites with
a ceram cwofosloeoss ei nf orcenment. Mre specifically, the presantsoz/suenti on is
directed to ceramc matrix conposites reinforced with an alum na
reinforcenent. More particularly, theipresent invention is directed to
ceramc matrix conposites with an alum na reinforcenent wherein the
reinforcenent is in the formof a reactive alumna in the prepreg.
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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 microcracked 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 original 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
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[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.



prior to the firing step, and nore particularly where the transitional
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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 o-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.
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[0017] The Cﬁ%atn{eurnlilgtfgnélg'sterrs listed in Table 1 are pre-sel ected based on
their projected tenperature capabilities and the availability of fibers
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the rel ative ease with which a sol. system can rked. Sol stability,
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vo 03/v%%8s5 %15&11—2{1? SISO /a:;’gdl 5o% pr5c>cessing 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

ceramic systems listed in Table 1.



Table 1. Material Systenms. Projected Systemlnitial Basic Sol & Filler or
Resul ting Steady-State Nunbe Rei nforcenent Secondary Sol WMateri al
Tenper at IWOr03(439p4 egnant) System e Capability (F/ C 1 Mrgmamsowusiisé um na
sol + Cordierite, 2200 / 1254 Silicate glass Alum na powder mullite and
corundum nulti-phase ceramc 2 Alum®a* Alum na sol + Yttria Al um na-
3100 / 1704 powder Yttira solid solution wwth concentration gradients 3
Al um na* Zirconia sol + YAG Mille1pMesaid3yStems1816 and Haf ni um Nitride

ceram ¢ powder 4 Zirconiar—Zireconta—sol—+YAGMiH-+—phase 3700+ 38 and
Haf ni um NItri de ¢ceranic powdgr *Woven performor felt mat I[rGIFfEﬁd I\/lag_nesi um
silicate 938l | DOl thijin® | PBLicBEPROFANLOF ! NRAWIGAENY Seéidyeguatey 1 ber

i s the nost “expensi ve. cost were the sole qgriterion, material system
nunber 1 (Tahhk¢ ) Reifocdemémt knowecomdarp&obri qr Ma:tfermbul dl émeparatwrct ed.
[ 0020] Fon reasoms of cost, flelt ts of gi Ven er type.are.used in
addition {o Woven preforns. |Mat t(g’g‘Pﬁ‘F%‘F'Bsrrs are %ﬁ Iesseg%ﬂfﬁ’dﬁ%ve to
produce than woven preforns. Wven preforns pgrovi de good r'(cqi/dbsy and
control of__phaselorientationjand directional properties; |buf

mul ti-directilonal Wdagnesgmof |contAmnoussdlitber § Gartlisrite, gi d 280@f 6258 | s
expensi ve, This | L

mtsliﬁc)éte 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
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t hermal expansion result in a xtensjvely. mcro-cracked structure. Thermal
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t he prebsantisteiteo drchite¢tneenisdhindofralmeshasiealsdtngngth saandpaereassd| therimal ghackallher na,
rei nf orc nt.is tted with.,.an.alumna precusor. Alternativel. t he .
al uni o3 WSS SXRRYS Copwerig pradishy RBouRer cRirerirAdons, Yoy, higher in
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of the rare earth powders, evne in an "as mned"” condition. One or .
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 structure. 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-alumina,
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, inciuding 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



nore rare earths may be included in the alum na precusor. The sol should be
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manner, but In This case 1200 gm deionized water is used. Two equal

bat chesixtire Pp 8@13-4 pblvdege.aCevanshe bgsten tightle de Iminimize 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 out, each
weighing 37.83 gms. Two equal batches of Y,03 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.
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inpregnated into the preform T0031] Once the preform has been suitably
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seven to nine cycles will be used. ) _ _ _ )
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.
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y-alum na fiber is an experinental fiber XN-508 from 3M Conpany, St. Paul,
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NEXTE . LoV Ng; i tion and firing of the conposite are as
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types of sols including hydrated zirconiumchloride and zirconium acetate.
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are anal yzed for overall yield, conposition and norphol ogy. Modifications
t o sol wi% defninm mitvide.dfvdlowiieg pelhtiq, deerscwsariiabiads té wetrslwet fiseriewsessamsll t o
obt ai nsqhgreeg nc%l ﬂbsegorﬁa. rl“%giirshtp?engtnateg hs%regi%lterelr\;vﬁlt lbé: Yired 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.
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Mechani cal Testing and Characterization Pl an. TestSptylmenSlw@dﬂﬁmh condition
Nunber ofWe et —ad _t I anag—SPectHei cohl ch-t+of
Thr ee- poi TR X’]"fﬁ)ee poi 1{11hl‘fef3é°>?¥}ﬁ§le§urﬁfter thermal shock 5 test Wrk
of fractyre (WOF) As nade 5 AM‘@f ihemapl skfeeck 5 TtestsDensity apd open
porosity|As made 5 flex and 5 WOF by al cohol ijmrersi on Morphol ogy| by
optical As made 1 typ| cal angfesr SEM Semi - quartltatlve chem cal As made 1
typi cal X—Crystabitnephaseshy—XRb-As-rmade—1—typi cal
[0038] Thtfvg?}lghTrﬁi?gHJﬁ%ngf t he éﬁWgemt hod, and t hrough fhe use of | simlar
materi al $, ceram c conposi [ gfitPakhémBi bificekiher mal cracking res|stance
when cycl ed to tenperatures ip
test

Density and open porosity | As made 5 flex and 5 WOF

by alcohol immersion

Morphology by optical As made 1 typical

and/or SEM

Semi-quantitative 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 0of 2200 F is provided. A number of uses of such a ceramic composite are known, 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]

known uses in the steel and cement clinker industries, just to name a few.

[004

0]

One use of the composite material is as a refractory brick or liner material, with

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.
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si | i cabdmt sddioreddsl ci a, the chemical resistance of the conposite materi al
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reacti on syét%ﬁ%?lci%eﬁpaﬂfwg’,e’ioowﬁﬁt%?ma%rawsrswm%@f gfﬂ%ﬁ op gagpeatefll s. WO

03/ 0430tk WitHoddePRkRE 8 to dlrfhiAbdE, Wat is clainmed is: 1. Aceramc

conposite able to withstand tenperatures in excess of 2200 F on a repeated
basis without cracking due to thermal shock. 2. The ceram c conposite of

claimj, co risilg]?: avu%b f.re'inforcems_nt fibers; and a matrix, forned
from afi al urnhg"8 Cﬁoﬁmosﬁ%f‘gﬁlﬁh SOMNENEeh prior to a firing step, said

mat ri X subsj arbioZhdinfopshrRdeiipgstdg web after the firing step. 3. The
ceram c conposite of claim2, wherein: the matrix further conprises at

| east one ram@tiafoimedxiae an ehingog solithet impicgnates the webgaisi to ofieing atep, saf t h
oxi de | Lpregnat.ing. sol . 4. The, cer.am c conposite of claim 2,
V\hereillrx%: glb\%i\t/ggwﬁg" eél% ‘t{eﬁglgg?lzﬁ Wé%gﬂgﬁg‘f EBP% AS%onal weave of the

rei nforcenent fibers. 5. The ceram c conposite of claim2, wherein: the
web conprises a transitional phase alumina prior to the firing step. 6.
The cetanmi clROAPHHBICOIHOSES of (Bl 2, Whatenn: the transitional phase al unina

I's "y-alum e matgx le}faer Sﬁﬁﬁ%eg af:@gﬁ%ﬁ.% 1i‘a?fe %Lrt]r%}?i'dép tl%’ouy{' ?r{c?dsggn of at least

one rare earth oxide in the impregnating sol.

4. The ceramic composite of claim 2, wherein:

the web is a three-dimensional orthogonal weave of the reinforcement fibers.

5. The ceramic composite of claim 2, wherein:

the web comprises a transitional phase alumina prior to the firing step.

6. The ceramic composite of claim 5, wherein:

the transitional phase alumina is y-alumina.

7. The ceramic composite of claim 2, wherein:

after the firing step, the web comprises from about 10 to about 40% by weight of the

composite.

8. The ceramic composite of claim 2, wherein:
the composite is essentially free of Group I and Group II metals and transition metal

oxides.



after the firing step, the web conprises fromabout 10 to about 40% by

wei ght of the conposite. 8. The ceram c conposite of claim2, wherein: the
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of claim 3, whereln: e rare es are present 1nh an "as mned"
conposddringrthe irhpregidteonsepani ¢ conposite of claim 3, wherein: the rare earth
oxi des are present in the sol up to about 60% by weight. 13. Arefractory
brick, conprising: a ceramc nmaterial able to withstand tenperatures in

excess|®f 2200:&a8t @nlPReAt €9aiRAS ivsheritht hout cracking due to thernal
shock. 14. The refractory brick of claim 13, wherein: the ceranic materi al

conpri ses athagiartod digestivhand dirmgtsteps besul imndcracraeltiogro fithervedbr fibers.
substantially enbedding the web. 15. An insulating material for a fuel
cell, conprising: a ceramc material able to withstand tenperatures in

excessif 22R0cdramit AnipRpiesd Railkes ivherMht hout cracki ng due to thermal
shock. 16. The insulating material of claim 15, wherein: the ceramc

mat eri al copriteesrth oxdps & presenifio e Snseminefl! pempositing. an al umi na matri x
substantially enbeddi ng the web; and the ceramic material is substantially
free of Goup | and Goup Il netals and transition netal oxides.

12, The ceramic composite of claim 3, wherein:

the rare earth oxides are present in the sol up to about 60% by weight.

13. A refractory brick, comprising:
a ceramic material able to withstand temperatures in excess of 2200 F on a repeated basis

without cracking due to thermal shock.

14. The refractory brick of claim 13, wherein:
the ceramic material comprises a web of reinforcement fibers and an alumina matrix

substantially embedding the web.

15.  Aninsulating material for a fuel cell, comprising:
a ceramic material able to withstand temperatures in excess of 2200 F on a repeated basis

without cracking due to thermal shock.

16.  The insulating material of claim 15, wherein:

the ceramic material comprises a web of reinforcement fibers and an alumina matrix
substantially embedding the web; and

the ceramic material is substantially free of Group I and Group II metals and transition

metal oxides.



