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Conposites and Met hods for Making Sane The present invention relates to
i nproved conposite materials and the nelt infiltration nethods for

produci ng t Rheosgisyr Specifically, the present -invention re#gbﬁ%w}?4 silicon
carbi de conposites wherein preferably at |east a portion o 34 con

carbide is . produced by reactive infiltration. 10 Backgound Art Silicon
car bi de conposites have been produced by reactive infiltration techniques
15 for nore than thirty-five years. In géneral, such a reactive
infiltration process conprises contacting nolten silicon with a porous nmass

containing silicon carbi d§| @H%aﬁ?&e%ﬁo ggand/ﬁgmgigtg;mnkt t. atnosphere

environnment A wetting con fon1s cre resu at the
nolten silicon is pulled by capillary action into the mass, mhere it reacts
with the carbon to formadditional silicon carbide. This in-situ silicon
car bi de typi Tadhhital Held0 i nt erconnected. A dense body usually is desired, so
the process typically occurs in the presence of excess silicon. The

resul ting’ conposite body thus conprises silicon carbide and unreacted

silicon (which algg gfésehnheéxﬁeﬂ&%éswﬁnprm cBRYodne nfaefialsa88 tHeQndin short hand
notation as Si/Si C rocess used produce such conposite bodies is

interc hangeabllﬁilfﬂﬂeﬂ Wﬂ@és fos pepslucipg the smem Spsvificalys the pressad Iventionapldieshy” or
‘reactive féa}b%{féén'rﬂ%gncs Wex@.ﬂﬁ)r%ra%l?gat 1‘73%%& b@rﬁhn demPEStsALdARS;sof this

technology, opper at ent produced a sel f-bonded
si | i con car bpmdudeddby réagtiveninfilttatient.i ng silicon into a porous nmass of silicon
car bi de P@rti cul ates and powdered graphite in vacuo at a

Backeround Art

Silicon carbide composites have been produced by reactive infiltration techniques
15  for more than thirty-five years. In general, such a reactive infiltration process comprises
contacting molten silicon with-a porous mass containing silicon carbide plus carbon in a
vacuum or an inert atmosphere environment. A wetting condition is created, with the
result that the molten silicon is pulled by caplllary action into the mass, where it reacts
with the carbon to form additional slhcon-carbldc. This in-situ silicon carbide typically is
20  interconnected. A dense body u’sn#lly is desired, so.thc process typically occurs in the
presence of excess silicon. The rgsulﬁng_compdsite body thus comprises silicon carbide
and unreacted silicon (which also is interconnected), and may be referred to in shorthand
notation as SI/SiC. The process used to produce such composite bodies is
interchangeably referred to as “reaction forming”, “reaction bonding” or “reactive

25  infiltration”.

In one of the earliest demonstrat_ions.of this technology, Popper (U.S. Patent No.
3,275,722) produced a self-bonded silicon carbide body by infiltrating silicon into a
porous mass of silicon carbide particulates and powdered graphite in vacuo at a

30 temperature in the range of 1800 to 2300 C.



30 tenperature in the range of 1800 to 2300 C. 2 6 ] AN 2004 WO204 LIANS 2004
PCTI US99/ 16449 2 Taylor (U. S. Patent No. 3,205,043) al so produced dense
silicon carbide bodies by reactively infiltrating silicon into a porous
body contain&thﬁﬁy;con carbide and free carbon. Unlike Popper, Tayl or
first made a preform consisting essentially of granular 5 ETUEWASHAr bi de,
and then he introduced a controlled amount of carbon into the shaped nass.
I n one enbodi nent of his invention, Taylor added the carbon in the form of
a carbonizable resin, and then heated thg mass containing the silicon
carbide and infiltrated resin to deconpose (carbonize) the resin. The
shaped nmass was then heated to a tenperature of at |east 2000 Cin the
presence of silicon to cause the silicon to enter the 10 pores of the

shaped nmass and r epglor\WishPithe Ndﬂt,ﬁ@.ﬁ@ﬂz?ﬂls&ﬁrb@&b!ad Hénsk @ilimxﬁda!rﬂi@@%dfe@'b?i de.
Hllig and his coll eagues at_the General Electric Conpany took a different

appr oach, whefeactivelyigfijgatng silicgp intea paspysdiody emgining siicongeFtidepnddiseed by
reactively igfidnt ik '¥Qﬁ£ # §?ﬂgy' - Egﬂﬁﬁ i ang et
al..(U.S. Patée)"ir'lt%ano. S?g%@gf’tggg)o“i sc?dgsa?ia% ecof)l%]o ctslﬁg)lg9 of “si ullag;n

car bi de cohposkidos chbiticemndithencheghtradnesdizsenodlled awpluit b carbdd iotpe thefliaped ant . The
preform to beLnf il Aot Sdaiient %Al God 30,800 Phe e GRALARDLOR £AN CONSi st
essentially of" carbon conbi ne WiTH ac I éhst“One other  material such as a
netal | i ke MogarBbhizable Nain, andfiercheated dee rhask eonSiifing the Gilicax cadyi@: aral infiltmetede | i ke
Si3N4, TiNor AN ,an oxide |like, Zr 2. ot 1203; or ap interpetallic
compound |1 ke SEBTBRE GOk Fsino o HEPEL=:S A8 Bk BERLEA oiont 1 1 ant

i ncludes si | i e@Peratiel ¢f alREAROGUC bh 86 prRbentd ST4Mico RRIAGYE. theZdildon 6 ktkahe

cobalt, iron, manganese, chromum titanium silver ol d,. pl at.i.num and

i xt ur es. 1 RSFS o8 She Saped sast B reast witb bR oed cab Al o Aol caside.

I nvention, the preformcan be a porous carbon preform the liquid

infiltrant alloy can be a silicon-alum num all oy .
Hillig and his colleagues at the General Electric Company took a different

approach, where fibrous versions of S¥/SiC composites were produced by reactively
infiltrating carbon fiber preforms.

15

More recently, Chiang et al. (U.S. Patent No. 5, 509,555) discloses the production

of silicon carbide composite bodies through the use of a silicon alloy infiltrant. The
preform to be infiltrated by the alloy can consist of carbon or can consist essentially of
carbon combined with-at least one other mafeﬁal such as a metal like Mo, W, or Nb; a

20 carbide like SiC, TiC, or ZiC; anitride like Si;N,, TiN or AIN; an oxide like ZrQ; or
A} Os; or an intermetallic compound like MoSi; or WSi;, or mixtures thereof. The hquid
infiltrant includes silicon and a metal such as aluminum, copper, zinc, nickel, cobalt, iron,

manganese, chromijum, titanium, silver, gold, platinum and mixtures thereof.

25 In a preferred embodiment of the Chiang et al. invention, the preform can be a
porous carbon preform, the liquid infiltrant alloy can be a silicon-aluminum alloy
containing in the ran'ge of from about 90 at% to about 40 at% silicon and in the range of
from about 10 at% to about 60 at% aluminum and the carbon preform can be contacted

with the silicon-aluminum alloy at a temperature in the range of from about 900 C to



containing in the range of fromabout 90 at% to about 40 ato/% ﬁoamgnd I n
the range of fromabout 10 at/a to about 60 at % al um numa tHé

preform can be contacted wth the silicon-alumnumalloy at a tenperature

i n the rangeyofo, fs9m about 900 C to 2 6 JAN 2004 WO 01/ 07377 PCT/ US99/ 16449
3 about 1800 fl atinme sufficient so that at | east somne P6F/USRBI6MIr ous
carbon is reacted to formsilicon carbide. Upon cooling, the dense
conposite formed thereby can be characterized by a phase assenbl age
conprising silicon carbide and at |east ohe phase such as silicon-alum num
alloy, am xture of silicon and al um nurn substanti ally pure 5 al um num or

m Xt ures ther Sgﬂ%ﬁroblem ith | ératln |ti-constituent |iquids
into preforms 'n]t p? tpg s CLF?ta?E fdeaghsoms PHBR PPEOUS FPoR &SR ¢ r ant
chenmistry canfoshsiiesh @Hi‘lﬁﬂ@-tU}ﬁﬁll(‘JoMH%V@k d&rﬂ@coﬁﬁﬁdft@%nﬁéﬂ th@felb thphd on, as wel |
as fromone location to another within th e preform_ Table 10 of Ch| ang et
al . denonst r sthemcierized hysinhase apsemblage coraprisiigisilicomearbide and dtdeasianepbassei ng
about 54 at %8 as @ﬁﬁlmmghg Lifhir I g)p reform
it was substantlally 100% gﬂcn crgg?lgﬂééognoa?r%g@l |orl’%fﬂ!’;‘stﬁﬁlra Emgan make
processi ng dléfllﬁmmulMtorrmmssmmf-Tabl e revealed that when the infiltrant
alloy started out at about 30 at% Si, 70 at% Cu, pressure was required to
achieve infiltration. Pressure infiltrations require much nore conplex 15
and expensive equicpmmbl&ﬂaﬁthdtﬁlwtﬁgsmﬂteb@ﬁsmxﬂﬂjhhiﬁfihtd' prafdr@e batitaliag, and
usual ly are d I n.the and shape of the parts that can be
produced t her o]
duced th 1@‘159%“ of Gepiopcs e R P AT SAng Tl RpYes dhe

pressurel ess wysk Sffiiaﬁlﬁéﬂb:ﬁ%w@ll hseﬁc% 88 10&4i8H 10 Anb@rer Withih e BtiopnS TRl § he
present invention refer to those not requiring the application of

pressur e.}920 adhhugng ekt demonsiyatgs dhis point. (There therpfijsat saried ot yksinecbri4of

conposi t es Vegdy, oNaBlar% M9 bk RARENMh AU 2 c%@ﬂpie%naﬁ Wak bu¥aahadIRCBOA NI
steps. They describe a nunber of non-
Cu. Such drastic compositional changes can make processing difficuit; this same Table

revealed that when the infiltrant alloy started out at about 30 at% Si, 70 at% Cu, pressure
was required to achieve infiltration. Pressure infiltrations require much more complex

15 and expensive equipment than do'pressureless infiltration techniques, and usually are
more limited in the size and shape of the parts that can be produced thereby. Thus, while
the present invention is not limited to pressureless systems, unless otherwise noted, the
infiltrations of the present invention refer to those not requiring the application of
pressure.

20

Chiang et al. state that their method allows production of composites very near

net-shape without 2 need for additional machining steps. They describe a number of non-
machining techniques for removing the residual, unreacted liquid infiltrant alloy
remaining on the reacted preform surface. Specifically, Chiang et al. state that following

25  infiltration, the composite body may be heated to a temperature sufficient to vaporize or
volatilize the excess liquid alloy on the surface. Altemnatively, the reacted preform may
be immersed in an etchant in which the excess unreacted liquid infiltrant is dissolved

while the reacted preform is left intact. Still further, the reacted preform may be



machi ni ng techni ques for renoving the residual, unreacted liquid infiltrant
alloy remaining on the reacted preformsurface. Specifically, (Zhﬁalﬁ\lé.’ﬂﬂll
al. state that following 25 infiltration, the conposite body may be heated
to a tenper awaneoswfficient to vaporize or volatilize thePgﬁggggﬁﬁ‘J“;qui d
alloy on the surface. Alternatively, the reacted preform may e | nmersed
in an etchant in which the excess unreacted liquid infiltrant is dissolved
while the reacted preformis left intact., Still further, the reacted
preformmy be 2 6 JAN 2004 WO 01/ 07377 I5UN899/ 16449 4 contacted with a
powder that is chemically reactive with the unreacted liquid infiltrant

all oy such ag,fahdORith PpoviderRladds chéﬂﬁ@a]ly reacfive wiPth® intbhcid diddiPmaRAhENt No.

5,205,970, MIlivoj] Brun et al. also aré ,concerned with 5 renoving excess
infiltrant felleyomrhes resauend oetaldike Ji,lZr.ddactWr bi de bodi es by an
infiltration process. Specifically, Brun et al. contact the reaction forned
body with an infiltrant "w cking nmeans" such as carbon felt. Mre

general ly, the w bKiUSgPatmahe. HaQs,9700 Milivos Brypat audsdare casemkd mwithi | t r ant

wet t abl e terials that.are lLid.at the.te rature .Whi_ch the

"afi Ltrant | S RSICp R e Gl peb e iqn g e O AR B Har o5 ¢ hat
are at 10 | eafiitraidn pedcge. Spedifidalle Brivnaral cbfad &2irkdcaon RFmESBEdyWillgni N t he
reaction formed body. Thus, .infiltrant_in_the reaction fornmed body that is

filling por o¥¥H§AN etagking meany |fachas saropR felt. MynRAcBREmh WEKBEINGRS B ng

drawn into tb&nﬁﬂs@!ﬁbf&sﬁ&ﬁ&%f%iﬂﬁrﬁ%ﬂb@nﬁ%&ﬂ thitt arsclif 8t the &eta@ie §i0r med
body. 15 The ~w cking nmeans" solution of Brun et al. to the problem of

renpvi ng exc¥ésh thainbltragt is moltew Frefamablyethp erdkingneans kascppibariosdhpeae Rkl ess

requiresfhe ' '&QEI. i 0Q: DS iR e § i

conposi téb bogj’?lg\%lk H:u t éargnércﬁl ﬁgé ‘%g‘élr’i’;*&sgﬁ‘? r e-g%gegtgl?%gﬁc?lgfo a o%’g&'t Ee Sl i qui dus

t enper at ur e. infijtzant ingheipaction forsned badythet i Blling ponasityaremaigs orthateattvast

L 21 09 BP0 60 Ll Ben 1 e A DR Gl b D oo R s 1 0"
reaction formed body.

15 The “wicking means” solution of Brun et al. to the problem of removing excess
adhered silicon, while perhaps effective, nevertheless requires the additional processing
steps of contacting the formed:-composite body with the wicking means and re-heating to
above the liquidus terhpcramre. ‘What is needed is a means for eliminating or at least
minimizing the degree of residual infiltrant adbered to the formed silicon carbide

20  composite body. '

It is an object of the present invention to produce a silicon carbide composite
body to near-net shape, thereby minimizing the amount of grinding and/or machining
necessary to achieve the required dimensions of the finished article.

25 '
It is an object of the present iﬁvcntion to produce a silicon carbide composite

body of improved toughness.



It is an object of the present invention to produce a silicon carbide
conposite body to near-net shape, thereby m ninizing the amourg 6oJAN 2004
grindi ng and/ or machi ning necessary to achieve the required di nensions of
the finishedyay§insds- 25 It is an object of the present invention to
produce a silicon carbide conposite body of inproved tougHifdd&?9isie jaN
2004 WO 01/07377 PCTIUS99/16449 5 It is an object of the present invention
to produce a silicon carbide conposite body of increased thernmal
conductivity. It is an object of the presént invention to produce a silicon
carbi de conposite 5 body whose thermal expansion coefficient is above that
of silicon carbide,.and tailorable. It i.s an object of the present

i nvention to produd® 3 oBJers of e RESSPHiREnEHB EqduEe 2 Hlichp caideiop®PSieur es t hat

are above, bu{m@rUfmcmgga&gérmap&g&@ﬁv@e | i qui dus tenperature of the
silicon-bearing infiltrant material. 10 It is an object of the present

invention to produce a silicon carbide conposite body at a tenperature

that is substanti aklynlo6Re: drid@brisbf mhﬁgﬂg g;gsa:u a Sficy é%ie&%%?r%te It is an

obj ect of the present invention to produce I con car osite 15
body without bedyiwhyse dremmsd expantion dveffigrentio abaviethian gf filivonicerbidepsred thiddrsblor
expensive nolds to control the extent of infiltration. Disclosure of the
I nvention 20 These objects and other.desirable attributes of the present
invention are acdoismhiosjeeaf tHepeasgh inentidnub prdote Diilieh carbiiendbmbodfe t he

processing c n%:xt'ons enpl d in ki ng co site hodies: by reactiyve
infiltrati on.obci a*tgﬂ?ﬁmg‘?“%arﬁtab%"éeﬁmPﬂlg'é’i‘ﬂdlgg&alb?ﬁeg’eq‘q“’dus tefmperatie of
the silicon-bearing infiltrant material.
10
It is an object of the present invention to produce a silicon carbide composite

body at a temperature that is substantially less than the melting point of pure silicon.

It is an object of the present invention to produce 2 silicon carbide composite
15  body without having to resort to boron-containing barrier materials or expensive molds to

control the extent of infiltration.

Disclosure of the Invention
20
These objects and other desirable attributes of the present invention are
accomplished through_careﬁﬂ control of 2 number of the processing conditions employed
in making composite bodies by react_iv'e.inﬁltration. In terms of the present invention, the
most important of these processing conditions is infiltrant chemistry. Specifically in
25  accordance with the present invention, the infiltrant material comprises at least two

constituents, and at least one of the constituents comprises silicon.

It has been noted that silicon undergoes a net volume expansion of about 9
percent upon solidification. Thus, in accordance with one aspect of the present invention,

30 by alloying the silicon with a-material that undergoes a net volume shrinkage upon



nost inportant of these processing conditions is infiltrant chewftd{@“i
Specifically in 25 accordance with the present invention, the i@yl 7004
material conprises at |east two constituents, and at |east one of the
consti t uent swo@mpistses silicon. It has been noted that silgeﬂﬂ$ﬁﬂgﬁggoes a
net vol ume expansion of about 9 percent upon solidification. us, in
accordance with one aspect of the present invention, 30 by alloying the
silicon with a material that undergoes a net vol une shrinkage upon 2 6 JAN
2004 WO 01/ 07377 PCT/ US99/ 16449 6 solidiffcation, it is possi bl e to produce
a silicon carbide conmposite body having a residual infiltrant conponent

t hat under goes;:s: | - el L.on.
Thus. _pr oduct it 1-Fss B ek SR A RR boBP i FAAT
sol i di fi cat i anfijrentc®nipgnent thaswidexgioés substantinllyeocuett ngumE chamge bpdn | t r ant
conponent can 5 reald zed. rbon .i.s -freguent |l dded.t 0 r nreabl e
rmob 1o enharfeBSERpoR; A Bipdoion el st S Bbos s B P ABEI T e

t er m " per meahbBdifiestion potdsity her solidifésiboending of felinfiieant thpdrananhpeef or ni'. )
One ram ficatigon of such alloying, however, is the change that takes 10
place in the TEHER-cal conposition of the infiltrant as it infiltrates the
perneabl e nass or preformand as the silicon constituent of the infiltrant

alloy reacts with the carbon contained therein to produce_silicaon carbide.
Accordingly, the praseasdsfrpaneatit ided edbepermpablsonass ExenbpreedpfifiFptiqne Adelessand

i nportance of kee Lﬂ&ga,pﬁ; g&%&;@gﬁe&%@@fmraﬁrmaér@mwﬁﬁmmacbe

infiltrated at relatively w erably, the amount of free 15
carbon in t hehpermépisfoemiih Rneramifiggtionas suchalleying, bewevsansthe ghange 8rplakesh
complete .4 nfiltraki | . L abl Rﬁqﬂﬂ - \M g QIIRF oM si ng
t he bi ndelrOI q é%r'ltetu?é]g %g?m;@?lﬁg Elégr"gog’no‘ en g%né?%ltrt I]’ITIE%%%&S& FZ se b}f'?sl?fpporti ng
per neabl e nmagsefeim atidastibeslicohltbsstiveyt of thednfjerah atloyesaaawitheicafooht rat ed wit h

i ni mal ch ' he.ipfiltrant. all cQf i tJ t her eby. | ti '
B G111 con cargraed Bt Pusodh g iedhminen Amrapepelt gl ke e "0 1

discovered the significance and importance of keeping the carbon content of the

permeable mass to be infiltrated at:relativély low levels. Preferably, the amount of free
15  carbon in the permeable mass is kept as low as necessary to accomplish complete
infiltration in a reliable manner but without unduly compromising the binder qualities of
the carbon when preforms (e.g., self-supporting permeable masses) are used. This way,
large bodies can be infiltrated with minimal changes in the infiltrant alloy composition,
thereby resulting in a silicon carbide composite body having a dispersed alloy phase of

20  relatively um'rfonn composition throughout the body.

The use of a multi-constituent infiltrant composition has additional advantages
beyond the ability to produce composite bodies whose alloy component has zero or near-
zero volumetric change (swelling or con&action) upon solidification.

25 _

For instance, and in another major aspect of the present invention, the alloying of
silicon infiltrant with one or more different elemental constituents can substantiaily
depress the melting point of the infiltrant. Desirable alloying elements in this regard

include aluminum, beryllium, copper, cobalt, iron, manganese, nickel, tin, zinc, silver and



20 rel atively uniform conposition throughout the body. The use pof fj

mul ti-constituent infiltrant conposition has additional advant ageﬁs ANegﬂﬂhd
the ability to produce conposite bodi es whose all oy conponent has zero or
near- zero vﬂ,g%ﬁ c change (swelling or contraction) upon solidification.
25 For instance, and in another major aspect of the presenPCTHI®6448n, t he
alloying of silicon infiltrant with one or nore different el enental
constituents can substantially depress the nelting point of the
infiltrant. Desirable alloying elenments ith this regard include alum num
beryllium copper, cobalt, iron, manganese, nickel, tin, zinc, silver and 2
6 JAN 2004 WO 01/ 07377 7, PCT/US99/ 16449 gold. The |owered nelting or

li qui dus t emseldatthe dsvesed meliing erdiauidps \emperalugns Pepnibise infiditioatebe at | ower

t enper at ur es cofRkted %ARReLem ds"Por Rbrhbib VML dRAMRIL G Infrisds'a HRDa-
alumnumalloy, it is possible to infiltrate a porous mass conprising sone
el ement al caﬁlmﬂlw, ttegpssible to isfijtatetaporqua nmges winpakiog sortd e@memtalabout 1300
C. By way of i knfilirant .c ISt ssentjially of

i1 eon. ¢ e FESEARAEEBARu Y halg ok Bl HOB® oL ROD S HETREME "< T Son

mel ting pbdi ntomparsbmhed MicAnfiltrasteonsists easentislyn tshindn, dHel tympdaonige thieberel ti ng
poi nt so that the |t is.sufficiently.fluid. e of .the st i nportant
consequences mgfm%'éﬁaé rlf“?‘?)‘tl ago‘feoJ‘%ﬂiéﬁnat’Téé{%g Ropaf %g}étnlp‘)d'é? é{f ﬁ‘i‘qegé)q“s t he

di scovery t haibsahtidliyeabbey e nicRiN poii 461t thelrhet ik BiffititktBL M908 Ofe sDRe reliably

termnated at the 10 boundari es ?f ,th@éﬂper nmeabl e mass. Further, instead of
havi ng to us8CSTBASIR CONSFAHSRESE o1 beRg 39l o SPYElE SbiPY ek FRPfHaREEabe nass and

to confine tBRcdvieAtthst at thelldwér dMperRREANR InfIRRIRN{ RbS QO BSniAabPANR MBSS
of ceram ¢ particulate may be used. Thus, the ability to” conduct

i nfi | tratf ondoundanendhenerpeblemase Fughoe misepbedenng ibseexpeniedrapbier t he
process,  NOnoide tdRippb? the$RMAdABIe nlaiEarR R cmﬁﬂﬁé Eh¢ liqdfa infiltrant, cheaper

materials such as a loose mass of ceramic particulate may be used. Thus, the ability to

conduct infiltrations at lower ternperatures gives operators more control over the process,
not to mention saving time and energy.
15

Brief Description of the Drawings

Figures 1A and 1B are side and top schematic views, respectively, of an
arrangement of materials used to produce a silicon carbide composite “U-channe]” in

20  accordance with Example 4; and

Figure 2 is a photograph of a silicon carbide composite air bearing support frame

produced in accordance with Example 6.

25
Best Modes for Carrving Qut the Invention

According to the methods of the present invention, a permeable mass containing

at least some carbon is infiltrated with 2 molten, multi-constituent alloy comprising



Brief Description of the Drawings Figures | A and | B are side and top
schematic views, respectively, of an arrangenment of material § fiskN 2004
produce a silicon carbide conposite "U-channel” in 20 accordance with
Exampl e 4; apgdofbgwye 2 is a photograph of a silicon carbi géﬂﬁ%ﬂ&ﬁbte air
beari ng support frame produced in accordance with Exanple est Modes
for Qut the Invention According to the nethods of the present invention, a
per neabl e mass containing at |east sone carbon is infiltrated with a
nolten, multi-constituent alloy conprisi n% 2 6 JAN 2004 WO 01/07377

PCTI US99/ 16449 8 silicon. At |least at sonme point during the infiltration,
the silicon c f filtr ] r w th at

| east a portlsg]hrg% %?kéagérﬁgﬂeﬁode§tﬁlé;ﬂr]ﬁeat)%m%gg{s%&?%&l oélre%taogi I con
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silicon alloy 1s insufficient to fill the interstices of the perneable

mass, at |‘easthedfi tws farmed pandaioing I sity filisar saskjdamdgsidua! eliRy BBEFIHES be 10

di stributed agnflosifdplig. | sol ated pockets. Usual Iy an excess of infiltrant

material is supplied to the pernmeable nmass, and the residual alloy in the

conposite body is interconnected. The present invention enconpasses placing
one, several or aly t let:uent

infiltrant within %ﬁgg%'{é@geag]gpé %gg&@" ésﬁllls%?fcﬁéﬁr tz‘a)rﬂgi bt gl(rz&g%&gﬁﬂ%?\t erface

bet ween t he nEeeeeabirdnass, atjastseme oftbelsesidhaltunecaited allcyrin tite bedy avay 2k .

Prefer ablly0

distributed as discrete, isolated pockets. Usually an excess of infiltrant matenal is
supplied to the permeable mass, and the residual alloy in the composite body is

interconnected.

The present invention encompasses placing one, several or all of the constituents
15  of the multi-component infiltrant within the permeable mass to be infiltrated, or at an
interface between the mass and an adjacent body of the infiltrant matenal. Preferably
though, the constituents of the infiltrant material are provided as an alloy, possibly in
ingot or other bulk form, that is then brought into contact with the permeable mass to be
infiltrated. The infiltrant material may be placed into direct contact with the permeable
20  mass to be infiltrated, or the infiltrant material may remain substantially isolated from the
permeable mass, with a wicking means interposed between the two to create a pathway or
conduit for the molten infiltrant material to migrate toward and into the permeable mass.
The wicking means could be most any material that is wet by molten infiltrant material,
with silicon carbide being preferred.
25
The present invention contemplates producing in-situ silicon carbide.
Accordingly, at least one constituent of the multi-constituent infiltrant material comprises
silicon. The other constituent(s) may be any that are capable of producing some desirable
effect during processing or on the final character or properties of the resulting compostte

30 body. For example, the non-silicon constituent(s) may give rise to an alloy having a
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include aluminum, copper, iron, nickel, cobalt and titanium. Particularly preferred are

15 aluminum and copper.

One such alloying element that has been identified as fulfilling all three desirable
attributes is aluminum. The present inventors have observed that a silicon carbide
composite body that also contains some aluminum phase is substantially tougher than a

20  silicon carbide composite containing residual, unreacted silicon. Still further, the present
inventors have discovered that when the residual infiltrant component of the composite
body comprises about 40 to 60 percent by weight silicon and 60 to 40 percent aluminum,
the volume changebf the residual infiltrant phase is practically zero. In a particularly
preferred embodiment, a preform compriéing silicon carbide particulate and about one to

25  several percent by weight of carbon may be readily infiltrated in a rough vacuum at about
1100 C with an infiltrant alloy comprising roughly equal weight fractions of silicon and
aluminum to produce a composite body bomprising silicon carbide plus residual alloy
having a composition of about 40 1o 45 percent by weight silicon, balance aluminum. In

addition, the present inventors have discovered that at this Jower infiltration temperature
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general, the ter‘rHerature at which the infilitration is conducted is the
| onwest at erate temperatures (e.g., aluminum oxide, boron nitride, silicon nitride) can lose

their inert character or are infiltrated by silicon at elevated temperatures (e.g., about 1500
C and above), particularly under vacuum. Thus, it becomes quite a challenge to house or

‘15 support a permeable mass to be infiltrated and to minimize the degree of over-infiltration
into the supporting material, or reaction therewith, Such over-infiltration typically results
in the over-infiltrated material béing bonded to the infiltrated mass, necessitating costly
grinding or diamond machining for its removal. Another problem with unnecessarily
excessive infiltration temperatures is that the non-silicon constituent(s) may have a higher

20 vapor pressure than the silicon component, with the undesirable result that such
constituent is readily volatilized out of the infiltrant alloy, changing the alloy chemistry
and contaminating the furnace.

The atmosphere in which the infiltration of a silicon-containing alloy is conducted
25  isusually one that is inert or mildly reducing. Accordingly, argon, helium, forming gas
and carbon monoxide may be used. A vacuum environment is preferred, however, at

least from the standpoint of facilitating the reliability or robustness of infiltration.
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the dlstnbutlon of constituents of the infiltrant phase to equilibrate. For large

15 components, such “annealing times” could be so long as to be impractical.

‘While it is certainly possible to infiltrate masses containing larger amounts of
carbon, what is-preferred in this invention is a permeable mass containing less than about
25 percent by wei ght carbon, and more preferably less than about 10 percent. For many
20  of the products contemplated by the.i:res.éut invention, a feprcéentative selection of which
are shown in some of the Examples, a particularly preferred range is about 1 percent to

about 5 percent.

The balance of the permeable mass may comprise one or more materials that are
25  substantially inert under the process conditions, e.g., “filler materials”. Candidate filler
materials for use in the present invention would include the carbides such as SiC, B4C,
TiC and WC; the nitrides such as Si;Ny, TiN and AIN; the borides such as SiB,, TiB,,
and AlB;; and oxides such as ALQO; and MgQO. The form of the filler material may be
any that can be produced, for example, particulate, fiber, platelet, flake, hollow spheres,
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in terms of their packing or theoretical density. Fer exampie, a permeable mass

r\

15  comprising flakes or a reticulated structure may be only 5 to 10 percent dense. At the
other extreme, a sintered preform may be 90 to 95 percent dense. As long as the preform
is capable of being wetted by the infiltrant material and contains interconnected porosity,
it should be capable of being infiltrated to form the composite bodies of the present
invention.

20

The form of the carbon component, on the other hand, is significant, especially

when attempting to infiltrate filler materials that are normally difficult to infiltrate, e.g.,
the oxides. While carbon in particulate f0rn_1 may be satisfactory for infiltrating a mass of
silicon carbide, other fillers may necessitate that the carbon be reticulated or forming a

25  network or skeletal structure. Especially preferred is carbon in the form of a coating on
the filler material bodies. Such a form of carbon can be achieved by introducing the
carbon into the permeable mass in liquid form, as for example, a resin. The permeable
mass containing such a carbonaceous resin is then thermally processed to decompose or

pyrolyze the resin to solid carbon, which may be graphite, amorphous carbon or some
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15 In another embodiment, careful observation of the differences in infiltratability of
various permeable masses has enabled these differences to be exploited to advantage.
Specifically, those materials that are substantially non-infiltratable under the process
conditions can be used as bedding materials for supporting the permeable mass to be
infiltrated. This result is significant because the bedding materials are usually

20  significantly cheaper than graphite molds or “boats”.

Through careful observation and experiment, the present inventors have noted the
general conditions (or trends in changing conditions) whereby infiltration tends to occur
or is enhanced, and those conditions under which infiltration tends not to occur, or tends

25  tobe inhibited. For example, the inventors have observed that reactive infiltration of an
infiltrant comprising silicon into a permeable mass comprising carbon occurs more
robustly when the carbon is present in elemental form rather than chemically combined
with other elements. Furthermore, the infiltration is more robust when the elemental

carbon is present in three-dimensionally interconnected form, as opposed to discrete
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15 It is well known that a permeable mass comprising silicon carbide, for example, is
infiltratable by silicon melts to produce a composite body. In the absence of free carbon,
however, silicon carbide is reliably infiltrated by silicon (e.g., “siliconizing™) only at
temperatures well above the melting point of silicon. At temperatures just slightly above
the silicon melting point, infiltration becomes rather difficult. If a metal like aluminum is

20  alloyed with the silicon, the melting point or liquidus temperature is depressed, and the
processing temperature similarly can be decreased, which further reduces the propensity
for infiltration. Under these conditions, such silicon carbide material can be used as a
bedding or barrier material. One desﬁablc 55pect of using silicon carbide as a bedding
material is that in situations where impurities or contamination is an issue (e.g.,

25  semiconductor applications), the same source of silicon carbide can be used as a bedding
material as is used as a permeable mass to be infiltrated without exposing the resulting

silicon carbide composite body to alien or additional contaminants.



carbon is present in three-dinmensionally interconnected form as opposed to
di screte 2 6 JAN 2004 WO 01/ 07377 PCTI US99116449 14 particle fbbml B4t he
per neabl e mass conpri ses a conponent other than el enental carbon, for
exanpl e, al uwowpvastride, the three-dinensionally inter COE’E‘S}E}S%OI §I enent al
carbon phase could be present as, for exanple, a coating o OS1E8EY sone
of the alumnumnitride bodies. Mreover, the infiltration is nore robust
when the tenperature 5 of infiltration is Jdncreased, both in terns of

absol ute tenperature as well as in terns Yt the hormol ogous tenperature

(e.g., percentage or fraction of the nelting tenperature). Still further,
infiltration is Mg&veRBYSindd B0 sERNARELER UREBsLE AU ASHRARRARGA tO inert
gas atnosphere such as argon. 10 Accordingly, wth these paraneters in

mnd, it is pdwyplssticos-comaingg aliey npy inflmatera sgivon sabidp maeroatajning fréer st

per neabl e mas I.Of .S . r b I ch
differs in at eog'sa?ﬂigﬁggygyp%%quﬁc%ﬁ%ﬁég%%& t%gg‘ﬁg‘fl&?\%@% %legmlt};gﬁgaébgw
infiltrated, iattted-dimensionpllydntemdnnectedinta retamlaled staugred Stch 4 sthuicfuterragye t he
first Mas s but of thebsu;i)goargdtn%l mass, 15 1t is.\/\%lid known t hat a

per neabl e “asE RO RN SIS e PEEPEblg arass 45,2 resi e the i 1s subpeqpenyly o) o
by E ili COR e yir6lyted. Fﬂ:ﬁﬂ&dﬁp&f)i_ﬁ?ﬂ@_ﬁ@béz@a bﬁdul . bTblé masfs!tlem@ﬁﬁﬁ%ﬁgc@fqafwc&e

car bon, owever, silicon car e.is. reliably infiltrated hy silicon

(o9 . "sili bl SFREl oy Onp bodding A slien cadbidgeRartichls iR A0t FALSHBE BYAGeB oi nt
of silicon. AfaricaRRiAfiIHaeDnly RS pethbid thiss ¥RA¥Micor-Shtahihy GkrdRembieAsl. POI Nt,

infiltration becomes rather difficult., If a netal Iike alumnumis 20
al | oyed wi t h Kyses peqanssp siliqen-aluminym glioy/issapable of discaiminptiing betwser at ure i s

depressedyy anginhbidie MRiQLSSRathe! FIREHES W dscitidYerdt infertiheied finG! eased,
whi ch further%reducees t he propegtnsity for icnfiltratuix%rn. (ander t hese

condi ti ons, swaditions mathe fourdvhrsehysuer dnaglioy gan ipltratedle messgontbaigitiey or
barrier materj @ﬁ*ﬂ ' Gk eaithhe Ua L) ide as a

beddi ng nmat erlleeéa atl S gtsﬁtl{tg‘mstlﬁ?%%?g%s mﬁ(g?sgggipin%dﬁ!ﬁgg?gg?%a?ﬁ%bnt am nation
Is an issue (e.g., 25 sem conductor applications), the sane source of
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15  suchas molds or *boats™ to directly support the infiltrant material or the preform or
permeable mass to be infiltrated. Not only are such large graphite structures expensive,
but also the silicon-containing infiltrant has a tendency to react with and bond to the
graphite, making separation and recovery of the infiltrated body difficuit. The graphite
boats in particular are frequently damaged or even destroyed. Additionally, such

20  separation and recovery efforts often result in damage to the composite body, which can
be relatively brittle without the toughening effects of a metal phase. While it is possible
to apply a protective coating of, for exémple, boron nitride to the graphite boat or to the
preform surface in contact therewith to prevent or minimize the bonding effect, some end
uses for the formed body, such as certain semiconductor applications, cannot tolerate the

25  potential for the presence of boron. Moreover, the boron nitride coatings are not robust
infiltrant barriers, especially at the higher infiltration temperatures, and often a small
breach in the coating allows the infiltrant to infiltrate and react with a large zone of the
underlying graphite material. Thus, the present invention permits the graphite trays or
boats to be used-to support the bedding material, which in tum supports the permeable



material as is used as a perneable nmass to be infiltrated mﬁthqfh iﬁﬁoﬁmqg
the resulting silicon carbide conposite body to alien or addit48n

contam nants. 2 6 JAN 2004 WD 01/ 07377 PCT/ US99/ 16449 15 Conversely, under
t he sanme infy i-on conditions as described i mediately
silicon-conng%?ﬁghglloy may infiltrate a silicon carbide ﬁggg&ggﬁ@%ining
free carbon at the relatively | ow processing tenperatures, particularly if
the el emental carbon is three-dinensionﬁgiy i nterconnected in a
reticulated structure. Such a structure 5 result when carbon is added
to a perneable nass as a resin and the resin is subsequently pyrolyzed.
Thus, it is p j . . b, S Ldads ar bi de
ol us’ el erent ey po meReadRRRlc R REEALl-RaL RS BPHRE LohPH PG ARst

cont ai ni ng sueghpkitesstructores bookre, rewsad in sebsehuenbingltativy runbgatber thambAvangriads wit h
silicon-containin di”E&L rant material. Further, because a
silicon-aluniﬂﬁﬁ¥ "0y ~1’s capabl e of discrimnating between 10 perneabl e
masses containing free carbon in discrete versus interconnected form
conditions_may be found wher uch an alloy c infiltrate the,nmass

cont ai ni ng>t he relttﬁ eﬁ?ﬁ‘ﬁf"%&% PR erﬁ?Bfagfﬁém sexgﬁ'ﬁ‘[ogioﬁf’lhodl?ai screte
particles of LgeétapsRBaiATition. TREntacéFdmbwith kv irBEEGS Spkdt offihe penses
with the need for graphite structures 15 such as nolds or "bpats" to
directly suppbiesent myenton; by allaying thersdicomMith @ consingntsie 37 J0peRdPHeabl e nass

to be infiltr aﬁ&?goewhet%imhe%wageﬁgmsmﬁ&ﬁaﬂm'ig Bosifbld 6 prsdase £Xpensi ve,

but also the silicton-containing infiltrant has a tendency to react with and
bond to the gorapssite bodymehase regidedl pndiltzant patcEpVItER Be cprppesite DAY MHIETEPEY at ed
body diffigul I i i {.cal are - tlaaged or
even dest f gy etgfbs'}%gallging?\lg‘ '1t°$‘,‘"‘ és)%%&\g% 2d J BI% g%{g?ﬂactg tljgolﬁ gﬁ% Q’?‘i‘f{gg’ﬁ‘% gﬁlgc?’t s often
result in danmgﬁdeuxmhsﬁcbmbﬂﬂhmeﬂﬁhﬂmﬁmmmmﬁﬁﬁGdnnp@@ﬂngmuﬁpébﬁvmbﬂittIe

w t hout the toughening. effects ofca.gPtal phase. Wiile it is possible to
apply a prote& (%Sg?ﬁﬁéﬂ%F?“Fgr &xanpl e, boron nitride to the graphite
boat or to the preformsurface in contact therewith. to prevent or

mnimze the bondi 'Plge pea];‘tgc%fatrly p?e?crheed%ﬂgying element of aluminum by itself exhibits a

15  solidification shrinkage of some 6.6 percent by volume. Under the preferred conditions
of a vacuum environment and a silicon carbide permeable mass containing
interconnected free carbon, infiltration can be achieved using infiltrants ranging from
ébout 10 percent by weight silicon up to substantially 100 percent silicon. Accordingly,
the residual infiltrant component of the formed silicon carbide body may range from

20  nearly 100 percent aluminum to substantially 100 percent silicon. Thus, the volumetric
change of the residual infiltrant material upon solidification can be tailored with infinite
variability between negative 6.6 percent (for pure aluminum) and positive 9 percent.
Although it is advantageous to reduce solidification shrinkage, say for example to
negative 2 or negative 1 percent, it is highly desirable and highly advantageous to reduce

25  solidification swelling from positive 9 percent to perhaps positive 7, positive 5 or positive
3 percent, or less. Of course, from this perspective of infiltrant shrinkage/swelling upon
solidification, zero change is best.



uses for the forned body, such as certain sem conductor appli CaZJf,’Q?\N
cannot tolerate the 25 potential for the presence of boron. ZW(-!'
boron nitride coatings are not robust infiltrant barriers, especially at

t he hi gher iwbiol1sad i on tenperatures, and often a small b;,g &Em 445he
coating allows the infiltrant to |nf|Itrate and react with a zone of
the wunderlying graphite material. Thus, the present invention permts the
graphite trays or boats to be used to sggport t he beddi ng naterial, which
in turn supports the perneable 2 6 JAN 2004 WD 01/07377 PCT/ US99/ 16449 16
mass to be infiltrated and/or the infiitrant material. This advance in the

art permts these oMhARK difatis, ‘é&ﬁdfﬁc%ﬁoﬁ Q%rpﬁty g%g%%%é 1Bss S HORESH O

infiltration runs, rather than having carded as scrap. 5 It has
been noted t Haeugsifhilaynp deriiragd exceas mﬁltrammza!ml enqrasesyapionfilgagut 9

per cent Uponesﬁg%&ﬂéftﬁecrﬂﬁsk e it Ere sBlnfl]ﬁEa%Qg&ﬁﬁg‘ﬁ&%{:}ﬁ&?wﬁf%&eﬁ?ﬂﬁé ant

aspect of th ent 1 nventlron,
constituent dastheghon ta frvededh tl:tchammmmﬁed}gmmﬂae suppbtd with mobersinfiltmkegaengion

lidification, i b d te bod i dual
A rant ot PUpR BT S et g SRR TR SRL 1 2l 1y o

net vol une chgmmeumpibcs@bhgﬂmﬁ,ga@hb@ﬂ;su]ﬂ'hus the production of silicon
carbi de conposite bodies that exhibit neither solidification porosity nor

solidification exuding of netal phase can be realized. The particularly

preferred all oyi n%@bﬁﬁ@ﬂé Rbledl ddmallﬂdmn’(h\‘e fréquehtly @¥finkiréSwherd Silicon
solidification_shrinkage o? sone 6.6 percent by volune. Under the preferred

condi tions driltratiens arrroaermeds hers hainblimntaxpands prasobdifeationr 3dbt e nass
contai ni ng Bﬁgﬁﬁﬁ%ﬁf E:Eﬂo{)ﬂo‘f@mg R tunkd Ynatdraf cﬁﬁpoé?l@ b@@yhﬂﬁé’ ed using

infiltrants ranging from about percent by wel ght silicon up
subst anti al | yexadg ﬂpe(ng*emxcsssmﬁimt Paccaxndgdragiopn may manifest itsplfs drqwﬂq‘ta Qrr ant

conponent of gﬁlgrb ) ﬁ % % %@r&g Rgar!ly 1:00
percent _al ur%te%%n%tn% Su aat tﬁ)a i‘}g‘ (P ﬁ‘ﬁte%?gé%% Si #@ggﬁﬁeﬁlhus t he
vol unetri ¢  nuisance material may have to be removed by grinding or grit blasting, with the
concomitant risk of ‘damaging the:attached composite body. Also, it would be desirable
15  to not have to undertake this extra manufacturing Step.

An even more serious consequence of the solidification swelling of the silicon
constituent is possible swelling of the entire composite structure, thereby complicating
efforts to produce net-shape parts. Stili worse is the risk that such solidification swelling

20  will cause cracking of the composite body, a risk which increases as the size of the

composite body increases.

Thus, the ability to reduce or even eliminate this solidification expansion of the
silicon constituent of the infiltrant material by alloying the silicon with a material that
25  shrinks upon solidification represents an important advance in the field of silicon-
containing composite materials. Not only may such composite bodies be made more
dimensionally accurate in the as-infiltrated condition, but may be produced without

Tequiring an extra process step to remove the exuded silicon. Additionally, larger bodies



change of the residual infiitrant material upon solidification can be
tailored with infinite variability between negative 6.6 percehy (ANr2084re
al um num) and positive 9 percent. Although it is advantageous to reduce.
sol i di fi cat YSh1¥ T nkage, say for exanple to negative 2 acmegeidwe 1
percent, it is highly desirable and hi ghly advantageous to reduce 25
solidification swelling frompositive .:9 percent to perhaps positive 7,
positive 5 or positive 3 percent, or lesgs. OO course, fromthis
perspective of infiltrant shrinkage/swelling upon solidification, zero
change is best. 2 6 JAN 2004 WO 01/07377 PCT/ US99/16449 17 Of the two

si tuati ons, Mln@IWbe@anl“@ﬁﬁl Wigh lossirisk ofrergeking dun éo expaasian of dheosilioen pipseh

t hought f ul a reservoir of
infiltrant Sﬁpp yi ng ‘t é nasgé&ﬁ&% %#JFfrat Bﬁ{ hm@&cation porosity
| argely can be avoided if the last region to freeze I n the conposite body
can be supplied Lk ri al. | t he body.
Sonet i mes di rectY\’gﬁéq so{lgv n?lf’{':yflli%oﬁp% Eﬁh%dg%%r%gd\t“ﬂ%&%ﬁé t(gﬁleenpl oyed to
acconpl i sh t elbwigExaaplaesdiComparineved@xpmpies.e probl em actually is nore
frequently encountered where silicon infiltrations are concerned: where
the infiltrant expands upon solidification, and the 10 conposite body
cannot hold the extra volunme of material. The conposite body thus exudes
the (now) exggafplenfiltrant. The exuded silicon may nmanifest itself as
droplets or beads on the surface of the conposite body, and often strongly

bonded thgreto. Tihi§exatiplSdnionstiRdsWd prbdutBdn G¥hveaction B&d@@EUSE}?Eompoﬁfel ndi ng
or grit blasting, with the conconmtant risk of damagin the a,ttached

conposi te boBgdy- Afar spacificallys this W#m@t@@q@mo \PROARBIRRUTE ke
this extra n&ﬁwﬂﬁﬁalérsﬂiwn drbide pRTorR 3 talFBigSin HRECOHR e BABSHAHASEdePived NE

solidification swelling of the S|I|con constituent is possible swelling of
the entire cﬁ’ﬁ?@s&’ﬁ@l@l’fﬁs@mne t hereby conplicating efforts to produce

net -shape parts. Still worse is the risk that such solidification swelling

15 First, a preform was prepared as follows. One hundred parts by weight of
CRYSTOLON blocky (regular), green silicon carbide particulate (St. Gobain/Norton
Industrial Ceramics, Worchester, MA) was combined with fifteen parts of Karo com
syrup (CPC International Inc., Englewood Cliffs, NJ) by mixing. The silicon carbide
particulate content consisted of about 70 percent having a median particle size of about

20 44 microns (Grade F 240), and the balance having a median particle size of about 13
microns (Grade F 500). The mixing was conducted in a Model RV02 Eirich high shear
mixer as follows: First the SiC particulates were mixed for 2 minutes on the “low”
speed. Then half the corn syrup was added and mixing continued on “low” for an
additional 1 minute. Then mixing was interrupted to scrape the mixing bowl. Then the

25  remaining half of the corn syrup was added and mixed for 1 minute on “low”. After
another interruption to scrape the bowl, mixing resumed on “low” for 2 additional
minutes, then finished on the “high” speed for 1 minute.

The admixture was pushed through a 16 mesh screen (average opening size of
30 about 1180 microns) to break up agglomerates.



20 will cause cracking of the conposite body, a risk which increas t he
size of the conposite body increases. Thus, the ability to reguéj@iﬂ%

elimnate this solidification expansion of the silicon constituent of the

infiltrant mgj@Rha#h by alloying the silicon with a materi gl Ttmhﬁ%w%?g shri nks
upon solidification represents an inportant advance in the e

silicon- containing conposite materials. Not only may such conposite bodies
be nmade nore dinensionally accurate in the as-infiltrated condition, but
may be produced without requiring an extra process step to renove the
exuded silicon. Additionally, larger bodies 2 6 JAN 2004 WO 01/ 07377

PCT/ US99/ 16449 18 may now be produced with |less risk of cracking due to
expansi on of the silicon phase wthin the conposite during cooling through
its solidificati dﬂemmmmmmmghlmupﬁbmmﬁquamb}emquohomhqkmrbe further

described wth reference tao 5, fol nparative
Exanpl es. ExXHHHH Iylpris\ﬁe a§tegcc§?wlﬂﬁd§r %Pe%ﬁésﬂ?prq?f ggﬂﬁe progmg? ion of a
reaction bonded Si/SiC conposite body. Mre specifically, this Exanple
denonstrates the jnfiltration. of s tantiall ure silicon a silicon
car bi de pteform c@ﬁﬁ?‘ﬁmﬁowsFﬁt%uggﬁﬁﬁlﬁ?léﬁ %%&68?1‘“6%‘? a&é’fec{\}ggmmf rom a
resinous premyifahd pheediniosd confolREanspher@finpEe dara dmisphae beﬂmfmgme
hundred parts by weight of CRYSTOLON bl ock %q' gul arwég l\@bg?g

car bi de part?%!an%rﬁélh(sv&renmga},ﬂmﬁ?%mﬁh?a diot &ter,

MY was Conbfa&%a%&hoé ct Pﬁ‘dhrp ARESn AfitailiRl ®hif @foperafilyd 6P ab&PC hbfs@hdat i onal
Inc., Englewood dif m xi ng. The silicon carbide particul at e

content cons¢ose @dumha‘hmuﬁuW@n?ﬁé'V@éﬁPleﬁh’\HYF@W& HReRhan. Jhedimpcs i I
about 201%4 égn?er RPerk go%bea(t ré P abo@Mo Cfer Rk 2ARE: BMUAGBack sﬁ&ﬁ’dnﬁﬂlypar ticle

si ze of out 1 m crons (G ade F 500). The m xi ng was conducted in a
Model RV02 Horambienh lgpipeshee the preform was recovered from the ace and calculated

(based upon bulk density measurements) as havmg a volumetric loading of about 6]
percent of theoretical. Carbon analysis via oxidation, performed on a similar sample,
showed the presence of about 2.5 percent by weight of free carbon in the preform.
15 | o
Next, a lay-upto confine the infiltration process was prepared. Specifically, the
interior surfaces of a Grade ATJ graphite boat (Union Carbide Corp., Carbon Products
Div., Cleveland, OH) measuring about 375 mm by about 298 mm by about 51 mm deep
was coated with a boron nitride sturry or paint at a rate or thickness of about 3.1 mg per
20  square centimeter. The boron nitride paint was prepared by mixing four parts by weight
of LUBRICOAT boron nitride paste (ZYP Coatings, Oak Ridge, TN) with three parts
water and spray coating using a Model 95 Binks spray gun.

The 46 gra'm'preform was placed into the coated graphite boat. About 23 grams
25  ofsilicon in lump form (Elkem Metals Co., Pittsburgh, PA) and comprising by weight
about 0.5 percent Fe (max) and the balance Si, was placed on top of the preform. The top
of the boat was covered with a loose-fitting (non-hermetic) BN coated graphite lid.



m xer as follows: First the SiC particulates were m xed for 2 'nahﬁsm
the "l ow' speed. Then half the corn syrup was added and m xi ngﬁc i d
on "low' for an additional 1 mnute. Then m xing was interrupted to scrape
t he m xi ng wow/n73Then the 25 remaining half of the corn Syeppsiwaga@dded and
mxed for 1 mnute on "low'. After another interruption to scrape the
bow, m xing resuned on "low' for 2 additional mnutes, then finished on
the "high" speed for 1 minute. The adm x§gure was pushed through a 16 nesh
screen (average opening size of 30 about 1180 microns) to break up

aggl onerates. 2 6 JAN 2004 WD 01/07377 PCTI US99116449 19 Next, coupons
measuring about SThevoumpipsariey-by wabther plided imo b hacokm\famece ab aibcux ambieyt pr essed
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[
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furnace and ca density neasurenents) as having a
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oxi dati on, perf | m.| aF - AR Em ut 2.5
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confine the iaffurtheratetreasep cocemperams: qfabpan il 340, C Spaatefof abauk 95 Ctpsehour.nt eri or
surfaces of a G ade. ATJ..graphite . boat (.Uni on reby on Products
Div., Cevel gﬁw@m%ﬂrg%w%gﬁ?c%g%%%y gg%ﬂj?zggggﬁ%#%%bout 51 nm

deep approximately ambient temperature.

The fumace atmosphere was brought back to ambient pressure and the lay-up was
15  removed from the furnace. Disassembly of the lay-up revealed that silicon had fully
infiltrated the preform to form a composite body comprising silicon carbide and silicon.
After sandblasting off the residual silicon at the surface where infiltration commenced, a
density of the composite body of about 2.89 g/cc was measured by the water immersion
technique. Using the theoretica! densities of SiC and Si, the body was calculated as being
20  about 64 percent by volume of SiC and 36 percent.Si.

Example 2

The technique of Example 1 was repeated, with a major change being that the
25  infiltrant featured aluminum substituted for about half of the mass of silicon. Thus,
excluding impurities, the infiltrant was about 50 percent by weight silicon and about 50
percent aluminum. Also, in this Example the infiltration was conducted at a lower

temperature than in Example 1.



was coated with a boron nitride slurry or paint at a rate or 0
about 3.1 ng per 20 square centineter. The boron nitride pai néhd/\ab‘?gi@%ared
by m xing four parts by weight of LUBRI COAT boron nitride paste (ZYP
Coatings, OwooRendge, TN) with three parts water and sprayc$R3bdfagheUsi Ng a
Model 95 Binks spray gun. The 46 gram preformwas placed into the coated
graphite boat. About 23 granms 25 of silicon in lunp form (El kem Metal s
Co., Pittsburgh, PA) and conprising by Vﬁi ght about 0.5 percent Fe (max)
and the bal ance Si, wasplaced on top of the preform The top of the boat
was covered with a | oose-fitting (non-hernmetic) BN coated graphite lid. 2 6
JAN 2004 WO 01/ 078 %m2s o@ﬂeH&?&%ﬂ&ﬁ%lEﬁﬁw@mgﬁtﬁﬂfﬁﬁﬂrmm sthen pl aced
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&renc
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was then hea rom anbi e errpe ature to a tenperature of 5 about 1350 C
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tenmperature tleew@ntﬁumdweradﬁeamaedfmuazaoeaperhamure of about 1300 C at a
rate of about 25 C per hour, which was imedi ately followed by a cooling
at a rate of about 200 C per hour to approxi mately anbient tenperature. The

furnace gj nosphersisiasntly Ot lay i Ghvehled Biabthe Hifitpineh4albpeinaolly infikratedthelp Was
15 renoved fromthe furnace. Disassembly of the lay-up rev aI ed t.hat

silicon had preform to formjacempesitebady. pﬁigﬂﬁmmlx éh%%ﬁ%? 6T At gozIne
conprising siliP@Rs cbbﬁ@e?a;rgm&%df%e derfd] Gfﬂléé’élﬂﬁﬂsﬁc%édwwé%fa&mhhe

residual silicon at e sur re infiltration commenced, a
about 2.89 g/cc
15 Example3

This example demonstrates the effect of infiltrant chemistry on some selected
physical properties of a silicon carbide composite body.

20 Two identical preforms were made using the materials and procedures similar to
those detailed in Example 1. Following pyrolysis, each preform comprised by volume
about 70 percent SiC and by weight about 3 percent elemental carbon.

One of the preforms, Sample A, was infiltrated according to the infiltrant
25  composition and thermal processing schedule detailed in Example 1. The other preform,
Sample B, was infiltrated according to the infiltrant composition and thermal processing
schedule described in Example 2. Thus, Sample A was infiltrated with nominally pure
silicon, and Sample B was infilirated with nominaily Si-50Al alloy. Following



density of the conposite body of about 2.89 g/cc was neasured by the water
i mersion technique. Using the theoretical densities of SiC an%ﬁSiJ,ANtmﬂ‘I
body was cal cul ated as being 20 about 64 percent by volume of SiC and 36
percent. Si. RM-e 2 The techni que of Exanple 1 was repeated, with a
maj or change being that the 25 infiltrant featured al um n&RT&FB¥¥#Put ed
for about half of the mass of silicon. Thus, excluding inpurities, the
infiltrant was about 50 percent by weight silicon and about 50 percent
alum num Also, in this Exanple the infil2¥ation was conducted at a | ower
tenperature than in Exanple 1. 2 6 JAN 2004 WO 01/07377 PCT/ US99/ 16449 21

The masses of .the preform.and.infiltrant were slightl ifferent fromthose
of - Beanpi e 1Al e HRURRE SiCFompou R Rt e fhactiraty ScheeTieHoneie

di fferences i arelpi@iddaaatralgl.schedul e, the lay-up of the present Exanple was
heated in vacuo from about anbient tenperature to a tenperature of about
1000 C at a rate of about 200 C per hour. 5 After maintaining a tenperature
of about 1000 C for about 1 hour, the teppgrature was further increased to
a tenperature of about 1150 C at a rate of about 150 C per hour. After

mai ntai ning a tenperature of about 1150 C for about 4 hours, the |ay-up was
cooled to negl. ient tenperature a rate of ab 0 C ur. 10
Di sassenbl y o?ﬁ?%%Play-up reveal ed th%%ffhe infiltr%%@ﬂégﬂ agal 1 ully
infiltrated the preformto forma conposite body. Significantly, there was

no excess infEkf&ﬁﬂ%xﬁBf@@g out the surface of §ﬁ+4§ornedggggy. The
npos 15 a

density of the tco teé 'body was again about 2.89 g/cc. nple 3 This
exanpl e denonBensityég/cd)he ef f ect Ofatarihimetsioant chem 208Fy on soh@l sel ect ed
physical pyopgtl Sonhufs fa) COMUIR:OLIPus BRSS! te Dpay- 302

Poisson’s Ratio Ultrasonic Pulse Echo 0.18 0.20

Flexural Strength (MPa)  Four-Point Bend 272+/-13 305+/-10

Fracture Tough. (MPa-m'?) Chevron Notch 3.7+/-0.3 7.0+/-0.5

CTE, 20-100 C (ppmvK)  TMA | 2.9 4.8

15  Thermal Conduct. (W/m-K) Photo Flash 180 218
Example 4

This example demonstrates the fabrication of a silicon carbide composite “U

20  channel” featuring a multi-constituent infiltrant phase.

Preforms were prepared by a sedimentation casting process. Specifically, about
25 parts of liquid were added to 100 parts of CRYSTOLON blocky (regular), green
silicon carbide (St. Gobain/Norton Industrial Ceramics, Worchester, MA) and 8 to 12
25  parts of KRYSTAR 300 crystalline fructose (A.E. Staley Manufacturing Co., Decatur,
IL) to make a slurry. The silicon carbide particulate consisted of about 70 parts by
weight of Grade F 240 (median particle size of about 44 microns) and the balance Grade
F 500 (median particle size of about 13 microns). The solids and liquids were added to a

plastic jar and roll mixed for about 40 hours. The shurry was de-aired in about 760 mm of



20 Two identical preforns were nmade using the materials and proz;ﬂtjrﬁz
simlar to those detailed in Exanple 1. Follow ng pyrolysis, e 5 mr"m
conprised by volume about 70 percent Si C and by wei ght about 3 percent

el enental ca e of the prefornms, Sanple A was infiltrated according
to the infiltrant conposi tion and thermal processing scHREAMSEYét%ai | ed
in Exanple 1. The other preform Sanple B, was infiltrated according to
the infiltrant conposition and thermal processing schedule described in
Exanmple 2. Thus, Sanple A was infiltrated3w th nomnally pure silicon, and
Sanple B was infiltrated with nomnally Si-50A1 alloy. Following 2 6 JAN
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Cincinnati, OH). The wetted rubber mold was then placed onto the graphite plate and

allowed to dry. The slurry was poured into the cavity. Vibration was commenced.

10 After the particulates had fully settled (about 3 hours), vibration was halted. The
residual liquid on the top of the casting was blotted up with a sﬁonge. The graphite plate
and the castings in the rubber mold thereon we;e transferred from the vibration table to a
freezer maintained :at a temperature of about -15 C. The casting was thoroughly frozen
in 6 hours time.

15

From the freezer, the frozen c#sting was demolded and placed onto a graphite

setter tray for drying and bisque firing. The graphite tray and preform were then placed
into a nitrogen atmosphere furnace at ambient temperature. The furnace was energized
and programmed to heatto a temperature of about 40 C over a period of about one-half

20  hour, to hold at about 40 C for-about 2 hours, then to heat to a temperature of about 650 C
over a period of about 5 hours, to hold at about 650 C for about 2 hours, then to cool
down to about ambient temperature over a period of about 5 hours. The bisque fired
preform was removed from the furnace and stored until the infiltration step. This firing
operation pyrolyzes the fructose, yielding a well bonded preform containing about 2 to 3

25  percent by weight carbon.

The above-mentioned steps were employed to produce a “beam” preform and a
“U-channe!” preform. The U-channe! preform had a mass of about 182 g and had overall

dimensions of about 76 mm long by about 64 mm wide by about 38 mm high. This



Preforns were prepared by a sedinmentation casting process. SpeciZff ckN 2004
about 25 parts of liquid were added to 100 parts of CRYSTOLON bl ocky
(regular), green silicon carbide (St. Gobain/Norton Industrial Ceramcs,
Worchester, Wipt/amed 8 to 12 25 parts of KRYSTAR 300 cryst apdifgofikdigt 0S€
(A.E. Staley Manufacturing Co., Decatur, |1L) to nmake a slurry. The silicon
carbide particul ate consi sted of about 70 parts by weight of G ade F 240
(nmedian particle size of about 44 microns) and the balance Grade F 500
(medi an particle size of about 13 mcrons). The solids and |iquids were
added to a plastic jar and roll m xed for about 40 hours. The slurry was

de-aired i n afrefdim ¢6risted o 1At Kase) A tw0 Bidt Wilds @drallel B/ dneRndtheiS8RA L1 A4K9 23
vacuum for about 5. m nutes. About_15 mnutes prior tqQ casting,.the slurry

was re-rol | eleadithgesper fthebashy Tachase ad walls tere mach 2hout 10 mahiskt Ehesuppor t
plate was pl afes pében aayﬁlhﬁ@&hﬁ%ﬁa%&ﬁ#ggr ;\smrggﬁﬁa niBbifled\B6LNED mm 18nLavi ty

of the desired shape to be cast” was wet M th a surfactant consisting of
a 10 wei ght parabentllagmagdebradout] um thick.) Owripg sviiteapn.ibis beareprgéam ( Proct or
and Ganbl e, L AL (" " L o) _ . ) onto
the gr aphi%tevp%d;(ff% an a%ﬁ%ﬂ%ﬁ%ﬁg@é%ﬁ@gnﬁ?%&%&gﬁgg&?%Llplr:\lt?agﬁ{ihe
cavity. Vibratré¢formwas commenced. 10 After the particulates had fully
settled (about 3 hours), vibration was halted. The residual liquid on the
top of the casting was blotted up with a sponge. The graphite plate and
the castings in thelayuplifer nfilrbtbn wanihaprepared. transferred fromthe vibration
table to a freezer nmaintained at a tenperature of about -15 C. The casting
was thoroughly frozen in 6 hours tinme. 15 Fromthe freezer, the frozen
gasti ngfym_s de”?Ld@ﬁ%rﬂﬁ%omi@ﬁ&dﬁDﬁngaCB;Y@ﬂ'mw blSnﬂ%rt greeflc $iRdbnfcaibiddr yi ng and
isque firing. The graphjte tray and preformwere then C nto a

ni trogen at nﬂé’ﬁﬁ&‘a@glflthaH%é“%ﬁdm&Wéﬁth@ PtalGricrons, rf%ﬁgggtms

ener gi zed Gobain/Norton Industrial Ceramics, Worchester, MA) was poured into a graphite tray 13

measuring about 400 mm square by about 50 mm in height. This silicon carbide
particulate bedding material was arranged within the graphite tray so as to be slightly

15  higher in elevation out towards the wall of the tray than towards the center of the tray.

The U-channel preform (and specifically the base portion thereof) was placed into
contact with the beam. Mbre:speciﬁc_:ally, the U-channel preform was cemented to one
end of the beam preform with a slurry comprising by weight about 67 percent

20 CRYSTOLON regular green silicon carbide particulate (Grade F 500, St. Gobain/Norton
Industrial Ceramics) having a median particle size of about 13 microns, and the balance
being about equal weight fractions of water and KRYSTAR 300 fructose (A.E. Staley
Manufacturing Co.). Following the pyrolysis cycle to carbonize the fructose, the bonded
preforms were placed onto the SiC particulate bedding material with the U-channel

25  preform 12 at the higher elevation, and the opposite end of the beam preform 15

extending down towards the lower elevations.

A number of fragments 17 of an infiltrant material comprising by weight about 68

percent silicon, balance substantially pure aluminum and having a total mass of about 62



and programed to heat to a tenperature of about 40 C. over a period of
about one-half 20 hour, to hold at about 40 C for about.2 hour < btJAbh 2084
heat to a tenperature of about 650 C over a period of about 5 hours, to
hol d at abou{yfiRQ.ffor about 2 hours, then to cool down to about anbi ent
tenperature over a period of about 5 hours The bi sque fir £GTYSPEIEIM was
renoved fromthe furnace and stored until the infiltration step. This
firing operation pyrolyzes the fructose, yielding a well bonded preform
containing about 2 to 3 25 percent by wedght carbon. The above-nmenti oned
steps were enployed to produce a "beam preform and a "U—channel " preform

The U channel reform a about. 18 and ad.over di Mensi ons
of about 76 nfnSig emﬁSﬁrfn%E?Wﬁmf“ {:5‘37‘%&58%9 “gh‘\ RN
2004 WO 01107G#de Mombuﬁeﬂmwmgaf ﬂralﬁn qgsrosh@dxegiie af i RfanP@seriaNd two

flat walls pafe IIe to on&éﬁgother and at ﬁ”ﬁ\t angles with respect to the
base. The bas P fQRfige CILICHI Xigmed °l‘B°1 W@RPhItFH’@YaB‘éﬁM%*@fsormwas

in the shape wére@zdhwcamw @rargef PRiRREIMIBATHE S8l 5APYhavisk 4HBd-0Ng by about
11 mm wi de. by about 3 nmthick. ring infiltration, this beampreformb5
woul d serve ahemaeticatysraling giaphiisdidyberebicommlation thed®y-tr.r ant toward and into
the U-channel preform A lay-up for infiltration was then prepared. 10
Referring to Figures |I. A and I B, CRYSTOLON bl ocky, green silicon carbide
particulate 11 hav"ﬁ“hﬁgﬂ)aum\v@ﬁldw%ma\adceumiﬁmcof Twmaﬁngdlﬁm’mianwms (Grade F

90, St. Goba 18 m.cs hes oured into

a graphite t?éggé%'dt[?rggkgr%?csnﬁgcua ol 8”%”%&5’5 05%18{5%?’% 9n height.

Thi's silicon chambérded itp edrténty e mﬁe%mm&mpmﬁw&mammmaﬂmﬁ hin the

graphitetra § as to be sI| htl¥‘815 hlgqs in elevation out towards the
i § fd at

wal | of t40 G Peeh 2 Perieg f @beut & hewmithen Aoyt } HIP°C frabentdronndhenpr ef or m
(and speci f | GRhikd td HBuPLBIE PR bLAN hBtﬁe Eleeﬁ)m]d WRsoR 3565 fopglg)out 4 hours,

then cooled to about 40°C in about 6 hours.

Following this heating schedule, the boat and its contents was recovered from the
15 vacuum fumace. The silicon-aluminum alloy had melted, infiltrated through the beam
preform and into the U-channel preform to form a dense, silicon carbide compésitc body.
Although the beam was bonded to the U-channel and had to be removed by cutting with a
diamond saw, the infiltration of a]lb,y into the preforms was well controlled. Specifically,
there was no-inﬁltratibn into-the S_i_Cr parﬁculate bcddin_g material, nor was there exuding

20  of excess alloy (as droplets or otherwise) from the surfaces of the infiltrated preforms.
Example 5
This example demonstrates the fabrication of a silicon carbide composite air
25  bearing support frame featuring a multi-constituent infiltrant phase. This example also

demonstrates the fabrication of a relatively large composite body.

An air bearing support frame preform was fabricated in two longitudinal sections
using substantially the same sediment casting slurry as was described in Example 4.



contact with the beam Mre specifically, the U channel preforgﬁ/af% 2004
cenented to one end of the beampreformwith a :slurry conpri si k‘/

wei ght about 67 percent 20 CRYSTOLON regul ar green silicon carbide

parti cul at e wéogsts7F 500, St. Gobain/Norton Industrial L%E(]"g? havi ng a
medi an particle size of about 13 microns, and the bal ance 3 15#dut
equal weight fractions of water and KRYSTAR 300 fructose (A E. Stal ey

Manuf acturing Co.). Follow ng the pyrol yéi s cycle to carboni ze the
fructose, the bonded preforns were plac onto the Si C particul ate beddi ng
material with the U channel 25 preform 12 at the higher elevation, and the

opposite end mimﬁg shBARAtRE G @kt bRd ﬁ%&ﬁrfgnﬁlxh BRI WetedRieh i | Over

el evations. A nunber of fragnents 17 an infiltrant material conprising

by wei ght abdtmpesyure9éplquhiSag, wté@wareﬂdlwmlls%@mammmytm@awm num
and having a Ap-Tolel /999/ 16449
25 g were ar ragﬁgggacg?gﬁhgj foot %PQ t?P O?engaélgﬁﬂggeg?gcr%\geg‘yptg ﬁ%‘%lzgg)ve%r 'hﬁgevat I on.
Addi tional @refomn Fales vgrﬂhgaaddltmnhlmtbermﬁy processagicnl ainftragen atogsdi@rear ound t he

pile of infil 17..1 el e |atter once. it was nade
nol t en. Tﬁe éé%p L?Igﬂbr %ﬁ?raaﬁ W’[ﬂé%gglﬁ%t@ﬁt §Scnﬁe%r%%{%ﬁleét%ggapl YRPS a | ar ger
graphi t e contfmictss bifider ¢o cartson. Thapreforina ¢ouldithen BOgreén Medhinddi cal | y seal i ng
graphite lid, thereby conpleting the lay-up. The lay-up was placed into a
vacuum furnace. The heating chanber was evacuated to a pressure bel ow
100m | l'itorr w thA&erbe greh fathinifg GperitbnHERcticSver€ EbateaRk 1Gdethet Wih gontent s

were then heated from.a terrper%éure of aboaut 40C to about 10 1100C over a
period of abSUfTYSOMBE§RE by Weightabey 6F pereenf (R YSTQASR regulan giser siicqiour , t hen

heat ed t qoabeatbidd pZRiculhie (GRAETF séo fmtwobatnh%hoh%&ﬁsﬁa] elaiics)litatifg of Or about

.4 hours, then cooled to about 40C in about 6 hours. Following this
heating sched§pian partigle sizg af abontil 3 misransand fedalapes hengrbevtegualmsight he 15

VACUUM f UF NageriRS8E ki £RKR P AR B0 HhbiNe R5TRA Eo Sl Nrishbkaigg t hr ough

t he beam

Co.). This shury was roll mixed for about 4 hours, then de-aired. The mating surfaces of
the preform were spray coated with KRYLON lacquer (Borden, Inc., Columbus, OR) to

15  retard the water absorption somewhat during the gluing operation. The shurry was
applied to one of the surfaces and the halves of the preform were brought together under
light pressure. The bonded preform was then put back into the 150C drying oven to cure
the fructose in the joinf region. Following a small amount of additional green machining
at the bond line, the air bearing preform had approximate dimensions of about 511 mm

20 long by about 35 mm wide by about 70-mm in height, and had a mass of about 2145 g.

A lay-up was next prepared. Specifically, CRYSTOLON regular, green silicon
carbide particulate (Grade F 90, St. Gobam/Norton Industnal Ceramics) having a median
particle size of about 216 microns was poured into a graphite tray measuring about 790

25 mm long by about 230 mm wide by about 50 mm deep and leveled to form 2 bedding
material. The air bearing preform was placed on the bedding material. About 836 g of
an infiltrant alloy comprising by weight about 68 percent silicon, balance substantially
pure aluminum was placed nearby. The graphite tray was then placed into a larger
graphite vessel having a non-hermetically sealing graphite lid to complete the lay-up.



preformand into the. U channel preformto forma dense, sili conzq}ar‘%ihp?g%
conposite body. Although the beam was bonded to the U channel and "ha

be renoved by cutting with a dianond saw, the infiltration of alloy into.
the prefor msyyasewet | controlled. Specifically, there was no infiltration
into the SIC particul ate bedding material, nor was there eRGHURY/1209of
excess alloy (as droplets or otherwse) fromthe surfaces of the
infiltrated preforns. Exanple 5 This exanpl e denonstrates the fabrication
of a silicon carbide conposite air 25 bé&dring support franme featuring a
mul ti-constituent infiltrant phase. This exanple al so denonstrates the
fabrication of a relatively large conposite body. An air bearing support
frame preformwas fabricated in two | ongitudinal sections using

substanti al |y the Buviey-spdvifeinesasd bi@t 8304 oSy isutes Girh Redk dyhpbxanpl e
4. 2 6 JAN 20&@ WD, O /07%77 PCTI1.US99/ 16449 26 Fol | ow ng sedi mentation
casting and f é’%‘f‘rﬁ‘b&“ﬁ"ﬁ% B RIpesd intp & Veruum, famace gnd ghermalyzprogesseddt at ure of

about 150C, véubflarialiptiRisithé shateR by BhtlfeCEXARBlelaNEkclR (bR tldtbBpd SORSLAt Ure to
avoi d cracking the ‘iarts due to the potential for excessive water vapor

generati or. TREN2PEERIAbAN AV e forghgus 6 hpes insiged of abpetl4 hpursher mal |y pr ocessed
in a nitrogen atnosphere 5 substantially in accordance with the heating
described in Exanple 4 to pyrolyze the fructose binder to carbon. The
prefornms coul d t heftepeempvingrihedayp fromh thetaceym fitracg fellowvimgithbinml ng  oper at i on,
t he sections

about 67 percp\gﬁeg}sg%/g%%%\ggu g@ al\rM é{éﬁﬁ@ﬂt?‘%o{ﬁé%ﬁf@g& %ﬁi gclég%zsﬁ{ln\é\ﬁ: g? Ea

(Grade F 500,intg} the siliben cartilds pagticulatechesiding aiateSalrinicosthct it thgaifbeaigli an

particle gz .3 crons, and the bal ance being about equal weight
fracti onsl%of %\Ré/a%{)rg?Qﬁ%Mf%&%@&@%?t%?%%@@%ﬁ%&% PRPESIEST| ey
Manuf act ur i ndeariig. spppotirane | While/theve sva¢ Dbddyrbf ¥afinilelionBateHalbdnast © thed hen
de-aired. The.npatin ﬁ_‘ur.f.a es of the prefrormwere spray coated with KRYLON
| acquer (Bor agﬁ)? _t1 e&ﬂa{]ﬁﬁ{ﬁc’t paq), %led)thers aces of the support frame accurately

reflected the original preform surfaces, with no infiltrant material exuding from or

otherwise accumulating on a surface.
15
Example 6

An air bearing support frame measuring about 120 mm square and about 19 mm
in height was fabricated substantially along the lines described in Example 5 except that
20  bonding of the two pieces was not carried out until after each piece had been infiltrated
with silicon-aluminum alloy to form a reaction.bonded silicon carbide composite part.
Figure 2 shows the more complex-shaped-piece of the two in the as-infiltrated
condition. |

25 Examples 4 through 6 thus demonstrate that 2 shaped silicon carbide composite
part, even one having a complex geometry, can be produced by the present reactive
infiltration technique with the final composite body accurately replicating the shape and
surfaces of the starting preform.



15 retard the water absorption sonewhat during the gl uing operﬁééo Eﬁﬁ#
slurry was applied to one of the surfaces and the hal ves of t [Jh”

wer e brought together under |ight pressure. The bonded preformwas then
put back int@athg,;3p0C drying oven to cure the fructose in the joint
region. Followi ng a small anmount of additional green machi BEFYS9946442he bond
line, the air bearing preformhad approxi mate di nensi ons of about 511 mm 20
| ong by about 35 mm wi de by about 70:mmin height,. and had a mass of about
2145 g. A lay-up was next prepared. Speci?8cally, CRYSTOLON regul ar, green
silicon carbide particulate (Gade F 90, St. Gobain/Norton Industria
Cerami cs) having a nedian particle size of about 216 m crons was poured
into a graphite tray nmeasuring about 790 25 nun | ong by about 230 nmm wi de
by about 50 nQuaipepiwiEkahpwel ed to forma bedding material. The air
bearing preformwas placed on the bedding material. About 836 g of an
infiltrant alloy conprising by weight about 68 percent silicon, bal ance

substantial Iy pUr Prerhitefidh RaemBbaCT ExiRAL Dbere BniAR IcbBuld BYecfls t hen
g

placed into a_larger. graphite vessel having a non-hernetically sealing

graphite 1¥d thatiageadofddipgeorn symp pad essing ARref@0yY theedneabip 37:8s consisted
PCTI VS99/ 1644 ' - ' IHEQEH[ bgxt . bout
290 mMm wi de b%ﬂgégﬁ%&fjﬁ%)g r?%mﬁ is%yﬁ(%rpév%:/as t er?ﬁ%feg'cggﬁllc ﬁ}%%kg%!i@%gnqp tﬁ(?lnace
and t her mal | yaysreorered the simfiece ofithe silintri Gartlige ganteukgeo mfitration ascuttadt f or
Exanpl e 4, except that the tenperature was 5 maintai ned at about 1270C for
about 6 hours instead of about 4 hours. After renoving the lay-up fromthe
vacuum f ur nac€orthpdrhtorsiBxgmpleer mal processing, it was observed that. the
al | oy inf'dtrant had nelted, flowed across (but not 1into) the silicon
carbide particul ate bedding material into contact with the air bearing 10
preform and had iBxamiple Bkatubdiantialipfepéandl &xchit@dyintedd §f ddimgRb&anbi de
conposite air_ _be ringg@&gport frah@. Wile there was a bod%pof resi dua
alloy materi a?erct?BﬂWe‘ﬁ [T SYTUp 19,185 sificpy cabiqepartichiate fller matepale 8bo¥bi nt, t he
ot her surf acgsrdeht Byh@eighRFBLY ACTRRBer9hEresia t BleYDuPont Co., Wilmington, DE) was

added. About 99.1 percent of the resin was removed during the preform heating step

15 prmor to the infiltration step. Again, no infiltration occurred.
Comparative Example 3

Example 2 was substantially repeated, except that instead of adding 15 percent by
20 weight of comn syrup to the silicon carbide particulate and pressing a preform, about 3
percent by weight of Grade KS-6 graphite powder (Lonza, Inc., Fairlawn, NJ) was mixed
into the particulates. While infiltration might have resulted at higher temperatures, no
infiltration of Si-50A1 alloy into a loose mass of this admixture occurred at the present
operating temperature of about 1150C.
25



reflected the original preformsurfaces, with no infiltrant na%2§gﬂhh
exuding fromor otherw se accunul ating on a surface. 15 Exanpl %ﬂ%
beari ng support frame neasuring about 120 nm square and about 19 mm in

hei ght was f @lrgiepied substantially along the |ines descriq%g i.n Exanple 5
except that 20 bonding of the two pieces was not carried out (e 154G ¢ er
each piece had been infiltrated wth silicon-alumnumalloy to form
a.reaction bonded silicon carbide conposite part. Figure 2 shows the nore
conpl ex- shaped piece of the two in the as?infiltrated condition. 25
Exanpl es 4 through 6 thus denonstrate that a shaped silicon carbide
conposite part, even one having a conplex geonetry, can be produced by the
present reactive infiltration technique with the final conposite body
accur at el y r epfbmpaiivegExampleshape and surfaces of the starting preform 2 6
JAN 2004 WD 01/07377 PCT/ US99/ 16449 28 Conparative Exanple 1 The materials
and techni ques of Exanple 2 were substantially repeated, except 5 that

i nstead of addi ng Exuntplsy wapsubstahtialle speaiet, axdeptahimteall bLa peiutmabl e mass
consi st ed nlg of a | oose mass of the si iconfﬁﬁnbide articul ates. Wile
the Si-50A1 aPfT'aynmEnt dpmasphere of eoramertiglly RYF.oWdngAreehgas 748 isdn Noar bi de
particul ate, p@itafbh bidugledon occurred. Conparative Exanple 2 10 Exanple 2
was substantially repeated, except that instead of adding about 15 percent
by wei ght of corn syrup to the siliconcarbide particulate filler material,
about i  perceghp ¥Vt ahbled ELVACITE acrylic resin (The DuPont Co.

W I m ngton, DE) was

10 Example 2 was substantially repeated, except that instead of a vacuum
environment, an atmosphere of commercially pure, flowing argon gas was used. Seme

regions of the preform were not infiltrated with alloy material. Moreover, those regions

that were infiltrated were porous and non-uniform.

15 Industrial Applicability

The methods and compositions of the present invention find utility in applications
requiring high specific stiffness, low thermal expansion coefficient, high hardness, high
thermal conductivity and/or high wear resistance. Accordingly, the silicon carbide

20 composite materials of the present invention are of interest in the precision equipment,
robotics, tooling, armor, electronic packaging and thermal management, and
semiconductor fabrication industries, among others. The present silicon carbide
composite materials are canc_lidate --ma,ter-ials for wear critical components. Specific
articles of manufacture contemplated by the present invention include semiconductor

25  wafer handling devices, vacuum chucks, electrostatic chucks, air bearing housings or
support frames, electronic packages and substrates, machine tool bridges and bases,

mirror substrates, mirror stages and flat panel display setters.



added. About 99.1 percent of the resin was renoved during the pzeﬁ‘ OfAR 2004
heating step 15 prior to the infiltration step. Again, no infil{ratThon
occurred. Conparative Exanple 3 Exanple 2 was substantially repeated,

except that | 7of addi ng 15 percent by 20 weight of corn syrup to the
silicon carbide particulate and pressing a preform about FCFaIsewIu49by

wei ght of G ade KS-6 graphite powder (Lonza, Inc., Fairlawn, NJ) was m xed
into the particulates. Wiile infiltration nght have resul ted at hi gher
tenperatures, no infiltration of Si-50AB0alloy into a | oose -mass of this
adm xture occurred at the present operating tenperature of about 1150C. 25
2 6 JAN 2004 WO 01107377 PCT/[.US9 9 Conparative Exanple 4 Exanple 1
was substantially ‘%%5%5@&{ ‘é%’ég‘t’l}i”ﬁ%’l“ 4§W§P@aﬂaf5fhaavwem9ﬁécw F@¥nent
an at mospher ebmammrﬁésaxhtlwvemxﬁmﬂfohmafﬁqn HeRMIhIRSpIIhdSSith

infiltration curred. Conparative Exanple 5 10 Exanple 2 was su stantially
r epeat ed, exc@%? f1%i nst ead of a vacuum environnent, an atnosphere of
commercially pure, flow ng argon gas was used. Sone regions of the preform
were not infiltrated with alloy nmaterial. Mreover, those regions that
were infiltrated were porous and non-uniform 15 Industrial Applicability
The met hods and conpositions of the present invention find utility in
applications requiring high specific stiffness, |ow thermal expansion
coefficient, high hardness, high thermal conductivity and/or high wear

resi stance. Accordingly, the silicon carbide 20 conposite nmaterials of the
present invention are of interest in the precision equipnment,



robotics, tooling, arnor, electronic packagi ng and ther nal a?Enent and
sem conduct or fabrication industries,.anong others. The present UAHOHW#
carbide conposite materials are candidate naterials for wear critica
conponents. Specific articles of manufsacture contenpl ated by the present

I nvention include sem conductor 25 wafer handling devices, vacuum chucks,

el ectrostatic chucks, air bearing housings or support franmes, electronic
packages d su?str tes, machine tool bridges and bases, mrror
substrate A f%ges and flat panel display setters. 2 6 JAN 2004 WO
01/ 07377 PCTIU899116449 30 An artisan of ordinary skill will readily

appreci ate that various nodifications may be nmade to the present invention
wi t hout departln@inﬂbﬁdﬁhén@@mb@5@¢0mhﬁbdbapnmpm&snmdeﬁgmmdpﬂangln 2 6 JAN

2004 31 What i A et hod. for n cOo blde
conposite nat ro%‘d%@? gﬁﬁes?b ir%gmasspﬁ'o&f aHE ngaF ﬁ%é‘gp%'ﬁﬁ'b 8Py at
| east onethbih hbeit 1mﬁ:renaby afa@hmftmﬁnfa@lohhmmaﬂﬁglharwn percent by weight of
infiltration-faciljtating_carbon; providing an Infi l'trant materi al

conpri si ng si | PE¥iding an dnfiltent materaal eomprising silieon mad At leasteonet matal Lirl | con:
heat i ng S&bﬁnyﬂﬁbﬁkFﬂﬁh ﬁﬁ%ﬁrla| to a tenperature above the |iquidus
0

t enperat ure sal d trant material and no higher than a tenperature
of about 1400heating saichismfiltrand mmnnalrtblal tempeiatura hbeveahe hqmﬂwwnqmatm@ ofai d

mol ten i nfji t nt mater. contact with said perneabl e
e oy et BREEAT P PP KGR ek &1 IPerARrD U AGT DA RSRL IO fOrESS,  and

react i Ng molten infiltrant material;

communicating said molten infiltrant material into contact with said permeable
mass;

infiltrating said molten infiltrant material into said permeable mass, and reacting
at least a portion of said silicon with at least a portion of said carbon to form a composite
body comprising silicon carbide, said at least one filler material, and residual infiltrant
material comprising silicon and at least one metal or semimetal other than silicon , said
residual infiltrant material having a chemical composition which exhibits a volume
change upon solidification ranging from about negative 5 percent to about positive 7

percent.
2. The method of claim 1, wherein said permeable mass comprises a preform.
3. The method of claim 1, wherein said filler material comprises silicon carbide.
4. The method of claim 1, wherein said filler material comprises at least one
form selected from the group consisting of particulates, fibers, platelets, flakes, and

reticulated structures.

5. The method of claim 1, wherein said permeable mass comprises by volume

about 5 percent to about 95 percent porosity.



at least a portion of said silicon with at |east a portion of saifdjJANridh
to forma conposite body conprising silicon carbide, said at | east one
filler material, and residual infiltrant material conprising silicon and
at | east one netal or sem netal other ghan silicon , said residual
infiltrant material having a chem cal conposition which exhibits a vol une
change upon solidification ranging from about negative 5 percent to about
positive 7 percent. 2. The method of claim1, wherein said pernmeabl e nmass
conprises a pr®f ggﬁfneé?oﬁfﬂré’l%hd&‘e&méwgicﬁib@ igfremed by daireducing ayugatt er i al
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parti cul agxidizing dtmpsphepd. at el ets, flakes, and reticulated structures. 5. The
met hod of claim 1, wherein said perneable nass conprises by volune about 5

percent to about 95 percent porosity. 2 6 JAN 2004 32 6. The net hod of
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into said perneabl e nass, and thermally deconposing the resin in a non-

oxi di zi ngstaxssphere. 7. The nethod of claim 1, wherein said carbon is in
the formof a reticulated structure. 8 The nethod of claim1l, wherein said
carbon is in the formof a coating on at least a portion of said filler

material. 9. TheThethaktbdodf dthiadi M Fheréinasakl ¢arbed B ihithd BBt Ledaaing@AMRS | ses
a three- dinensionally connected structure. 10. The nethod of claim1,
wher ei n sl&fd appriasyofpaiddiies matefigbr i ses bodi es ranging in size from

submi cron to several mllineters. 11. The method of claim1, wherein said
infiltrant material conprises silicon and al um num :

9. The method of claim 1, wherein said filler material comprises a three-

dimensionally connected structure.

10. The method of claim 1, wherein said filler material comprises bodies ranging

in size from submicron to several millimeters.

11. The method of claim 1, wherein said infiltrant material comprises silicon and

aluminum,

12. The method of claim 1, wherein said metal comprises at least one element
selected from the group consisting of Al, Mg, Cu, Ca, Ba, Sr, B, Sn, Ge, Pb, Fe, Ni, Co,
Zn, Ag, Au, Ti, Y, Zr, V, Cr, Mn and Mo.

13. The method of claim 1, wherein said infiltrant material comprises by weight

about equal fractions of silicon and aluminum.

14. The method of claim 1, wherein said infiltrant material is heated to a

temperature of at least about 800°C.

15. The method of claim 1, wherein said infiltrating is conducted in a non-

oxidizing atmosphere.




12. The nmethod of claim 1, wherein said netal conprises at |eas@ BnAN 2004
el ement selected fromthe group consisting of Al, My, Cu, Ca, Ba, Sr, B,
Sn, Ge, Pb, Fe, Ni, Co, 2Zn, Ag, Au, Ti, Y, Zr, V, C, M and M. 13. The
met hod of claim1, wherein said infiltggant material conprises by weight
about equal fractions of silicon and alum num 14. The method of claiml,
wherein said infiltrant material is heated to a tenperature of at |east
about 800C. 15, The mathg d.of claim1, wherein said infiltrating is
conducted in althoHhe Bt ai’fﬁ'@m&tlrrwgﬁ‘ﬁ&@}d nfiirating i pendugted nyderniasuwrdt hod of
claiml1, wherein said infiltrating is conducted under vacuum 17. A
conposite body, conprising: a primary phase conprising at |east sone
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upon solidification in an anpunt ranging from about negative S percent to
about postesidyal infiltppat oy nimpenad| compristgdsiicon ambat Kastuonesothpe comstituchy;

vol une of at |least 0 filler material distributed throughout .said primary
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The conposite body of claim17, erein said alloy undergoes a volunetric

si ze changpacarpby valgmegpnd cation in the range of about negative 1 percent to
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from the group consisting of particles, platelets, flakes and hollow spheres.

18. The composite body of claim 17, wherein said alloy undergoes a volumetric
size change upon solidification in the range of about negative 1 percent to about positive

3 percent.

19. The composite body of claim 17, wherein said alloy comprises by weight

about 40 percent to about 60 percent of said silicon.

20. The method of claim 1, wherein said at least one metal or semimetal
comprises at least one element selected from the group consisting of aluminum, copper,

germanium and silver.

21. The method of ¢laim 1, wherein said alloy exhibits a volumetric change upon

solidification in the range of about negative 2 to about positive 4 percent.

22. The method of claim 1, wherein said alloy exhibits substantially zero

volumetric change upon solidification.

23. The composite body of claim 17, wherein said at least one filler material

comprises SiC.



conprises at |east one el ement selected fromthe group consistidgh ofAN 2004
al um num copper, germanium and silver. 21. The nmethod of claim 1, wherein
said alloy exhibits a volunetric change upon solidification in the range
of about negative 2 to about positive 44percent. 22. The nmethod of claiml,
wherein said alloy exhibits substantially zero volunetric change upon
solidification. 23. The conposite body of claim 17, wherein said at |east
one filler material conprises SiC. 2 6 JAN 2004 34 24. The conposite body
of claim 17, wherein said alloy conprises by volune at |east 10 percent of

at | east one a 0 I SL4 1 i nc,
tin and coppepg‘ngé%‘gﬁ%‘?r%?%ﬁ%% ,e’%ﬁgsfdé‘?%ﬂ@g?@ﬁ?‘?ﬁ@%mm%t eri al
conpri sesleast 10epecert ®f apdsaseone hptalselgited dfons diedgreup iconsistingbof dluminet,hod of
claiml1, wherein . said at |east one filler material conprises a substance
sel ect ed FPoHY4 GPBUp consi sting of carbides, borides, nitrides and

oxi des. 27. The nmethod of claiml, wherein said at |east one filler
material conprises a carbide selected fromthe group consisting of SiC,
BAC, Ti C and V& P methedmadickain lofwherein said infiltrantoinatesial ehnapirises asleass i

filler majé I el .. Nitride selected fromthe group consisting of
Si3N4, Ti ?ééﬁgbﬁﬁ%@ggfg%gﬂﬁg?hod of claim1l, wherein said at | east one

filler material conprises a boride selected fromthe group consisting of
Si B4, TiB2 and A1B2. 30. The method of claim1, wherein said at |east one
filler materiat® cohpmetiod ofiflaigy].guheseinsaideat leashane fileymatepakenmaprises 8y of
A1203 andg MBGhcedbiectas; Jes : 1154 Jpporting at
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substantially non-infiltratable under the process conditions, and
continuing sal 97.' Jfltlé Imterthacl)tdI or}%lacﬂcn ,a\!vlgergiglsgu%natllggslt !:ntm[ ﬁﬂér material comprises a

carbide selected from the group consisting of SiC, B;C, TiC and WC,

28. The method of claim 1, wherein said at least one filler material comprises a

nitride selected from the group consisting of SizNa, TiN and AIN.

29. The method of claim 1, wherein said at least one filler material comprises a

boride selected from the group consisting of SiB4, TiB; and AlB,.

30. The method of claim 1, wherein said at least one filler material comprises an

oxide selected from the group consisting of Al,03; and MgO.

31. The method of claim 14, further comprising supporting at least one surface
of said permeable mass with a bedding material that is substantially non-infiltratable
under the process conditions, and continuing said infiitrating of said molten infiltrant
material into said permeable mass until molten infiltrant material within said permeable
mass contacts said bedding material, said bedding material halting further infiltration of

said infiltrant into said bedding material, thereby defining an extent of said infiltrating.

32. The method of claim 31, wherein said bedding material comprises a loose

mass of ceramic particulate.




material into said permeable mass until nolten infiltrant materig@f YAN 004
sai d perneable nass contacts said bedding naterial, said bedding materi al
halting further infiltration of said infiltrant into said bedding
material, thereby defining an extent olt,’ said infiltrating. 32. The net hod
of claim 31, wherein said bedding mate ?al conprises a | oose mass of
ceramc particulate. 2 6 JAN 2004 35 33. The nethod of claim31, further
conprising lowering said tenperature to solidify said nolten infiltrant
once said infiltrant has infiltrated said perneable mass to a desired

extent, and regpvering .said.conposite pody from said bedding material. 34.
The conposite @od SfIQgE%‘ii of fg’ln;g\ci)v}ﬁle FISAMPTEg ¢ &?F“Sﬁé‘dg?wr%ﬁrﬁ.stf)i t uent
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and copper. 35. The method of claim1l, wherein said tenperature I's no

great er tdeshcdpoent, andbreogyerivg saifirrompesitobbdyffrerh adichbedding enatérimls ai d
per meabl e nmass conprises fromabout 1 percent to about 5 percent by wei ght
of said infiltration-facilitating carbon.

34. The composite body of claim 17, wherein said at least one other constituent

comprises a metal selected from the group consisting of aluminum, zinc, tin and copper.

35. The method of claim 1, wherein said temperature is no greater than about

1270°C.

36. The method of claim 1, wherein said permeable mass comprises from about

1 percent to about 5 percent by weight of said infiltration-facilitating carbon.



