WO 2010/ 059322PCT/ US2009/ 061055 HEAT STABLE FORMED CERAM C, APPARATUS AND
METHOD OF USING THE SAME 5 PRIORITY CLAI M [0001] This application clains
priority to i efit of USSN 12/277,056, filed Vv __2008.
FIELD OF THEW“%\%E@P%%&O[ 0002] Thi s invention pert ai nsN'?P eﬂg?‘{“%&&" >
conponents, nethods, and thermal reactor apparatus using the sane,
denonstrating i nproved physical and chem cal stability in high tenperature
appl i cations, faC|I|tat|ng |nproved process rellablllty and eqU|pnent
durability. |nHHXESE 1 ED G ApAPE AN HOD QI USING
in reactors such as nay be used for t@ﬁﬁgﬁggégcracklng or convertlng
hydr ocar bons, or for perform ng other t enperature chem ca
reactions. The invention includes refractory grade ceranm c conponents that
denonstrate i nproved strength, toughness, chem cal stability, and therma
stability at high tenperatures, such as above 1500C, as conpared to prior
art refractor%@%&é@bﬁ% cs. BACKGROUND OF THE | NVENTI ON
[ 0003] Conventpomdl St@ARpEEAGK &I5mapeordy GO WHP et QAL G USINAGRAYOID AL | €
20hydrocarbons ch as thane, propane, naphtha, and gas oil. Simlarly,
ot her thermal %@H%V%6I§@ s reactors, including reverse flow and ot her
regener ati ve Figa®t OF THRINSVENB®NXNown for cracki ng hydrocarbons and/ or
executing ther conver si ons and chenlstry rocesses, i ncl
processes %hdp&ﬁi QISHOVFEIPRPAARS {00 FRSURIS T RPBROCKTS gﬁ@ﬂmg%éﬂgégﬁgguﬁ?ﬁﬁ]y be
performed in peaventiianak sehealmohdaker ﬁnpr(Hle@ﬁbﬁ%ld&ﬁﬁ@ﬁﬂﬁhﬁﬂhﬁstﬁlﬁﬂ@hh@xﬁg&l and

rocesses 25typically require re co cost speci al i zed ..
2 qui pnent to t rgq)eée}tlgf)ép]?l}.f 1qn8 BB tétnﬁgeg)% rovc ‘process rel}/a’bmty and (Qlulpment c%urﬂ)ﬂlty.

In some embodiments, the components may have particular utility in reactors such as may be
used for thermally cracking or converting hydrocarbons, or for performing other high
15 temperature chemical rcactions. The invention includes refractory grade ceramic components
that demonstrate improved strength, toughness, chemical stability, and thermal stability at

high temperatures, such as above 1500°C, as compared to prior art refractory grade ceramics.

BACKGROUND OF THE INVENTION

[6003] Conventional steam crackers are a common tool for cracking volatile

20 hydrocarbons, such as cthanc, propanc, naphtha, and gas oil. Similarly, other thermal or
pyrolysis reactors, including reverse flow and other regenerative reactors, are also known for
cracking hydrocarbons and/or executing thermal conversions and chemistry processes,
including some processes that may be performed at temperatures higher than can suitably be
performed in conventional steam crackers. Higher temperature reactions and processes

25 typically require more complex, costly, and specialized equipment to tolerate the intense heat
and physical stress conditions, with equipment temperature, strength, and toughness
limitations commonly defining upper limits for many of the processes and facilities.

[0004] In an exemplary thermal processing example, the known art discloses that to
efficiently obtain relatively high yields of acetylene from thermal processing of methane

30 feed, such as in excess of 75 wt%, reactor temperatures are required to be in excess of
1500°C and preferably in excess of 1600°C, with relatively short contact times (generally
<0.1 scconds). It is known that acctylene may be thermally manufactured from mecthane in
relatively small amounts or batches, using high temperature and short contact time in cyclical

processes, yielding a mixture of acetylene, CO, and H,. Mecthane cracking processes,
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and physical stress conditions, wth equipnment tenperature, strength, and
toughness limtations comonly defining upper limts for many of the
processes and | L [0004] I n an exenpl ary ther nal exanple
t he known art“@ﬁ@@(d@%s that to efficiently obtain relaﬂgigﬁ%%%hﬂﬁ;ylelds
of acetylene fromthermal processing of nmethane 30 feed, such as in excess
of 75 W% reactor tenperatures are required to be in excess of 1500C and
preferably in excess of 1600C, with relatively short contact tinmnes
(general |y <Ohowegerebnddeen inefficenk prmmradHatothae eeryinemigl preyeskre forhganpabiory of
manuf act ured from, | n [ -

hi gh tenperatd}gva%%&hﬁgﬁ?%ggigﬁﬁ%ﬁ%ﬁﬁ%ngﬁ%%%e gTLEnggggggneé?gagzﬁg a
m xture of actetppddepeolelB; Gmendallhetdndere mryac;klll}ngenplrd@d@s'@e@kmg\f@ds other
2010/ 059522PCHut FEROY AFLARA HANENEE pcBR (PECO IMALCL Bl GRIPA St
other commerci al processes Tor gener tion of acet ne and as co are

ot her cracki n‘gclbatr@caeege@raé\mehlyaecfeloﬁqvexiﬂtuvcméﬂhghypetamcemlascmhgatms @’r@d&;@se

ol efins. ComrelahlihanAGEhNGRGhdn ha @ 9&99 % @l& figeds
other than net hane. %ﬁ ﬁﬁ?lﬁ)f'g e?éﬁ%%gg% ocgss%g?}r 3 erg g% a%é\}gc
traditional | yduade ﬂl@r,reﬂlezﬂlewehll, drahldecéﬂrecagelp@a@twryomht yeaeltgewil relagd cpebagitvel y
hi gh- cost, - SPeGHLY I PARRMEARLA RS, THAGESSE AR b

met hane to acety enet avekﬁ ; 1reeen egﬁné}%?%? l'y ﬁﬁgftrackg%er@&gagg

t hermal , chenmagials tbmrmhaémvwarcme@r%amycbﬁwmc susrepttbéclecbymigtcalicetiansed
equi pmant 10 | Tht BRIk RREO 10NS & BlembGRRGL ?ﬁl@ﬁt%e%ﬂa(mtﬁ)ﬁgﬂ&&%rgc@{s inERGLRE,
materials, many prior art reactor materials that are inert at |ower

t enper at ur es stely ahdyosracigtienr eptopipringys.c heliosgh yegeheretivat Piplysiy geagtorhiatsh
tenperature, geeeglyneow iPIE TR LS50 F BB Atinds 0L AG AL hgdamea%n@rthw RGeS
interference, such égeneratlon of contam nants th oug3 regenerative
pyrol ysis reé@@éﬁ§08W€m@ @W@ﬁf?m%hWWHhFﬁtFﬁ%“ﬁﬁﬂﬂa@eéﬁbﬁﬁﬂ yoRVEHHPedt i ng
or cracking hydiQeanens wémtesé cta%%rcm ee&lmne\éﬁgzec&mﬁekehy Qlery deShE ead
use, due at least in part to the fact that they have not been successfully
scal ed well tiow dorhiehsdient 1eyled snwrtedmpsepiscdnr sbymere eolatiany. ughessun thei f e
span. 15 ThesgoRr awhaeKoniaalr £8Ylche ou&ueﬁ@% HmENTRIORb B Oh AbL&iRative
solutions, such as in the above exanple, conmmrercial acetyl ene production is
primarily acd@ipl vstdt hyiracaphone eld Aty cHitbh etoRmBE-gRPEIYHr B afBols & Ueticras
et hane, propaggyerA@B)tRAss b PR AfisnDbtosn dhclcper tenperatures, such as by
conventional steam crackers. 100051Further conplicating the materi al

stability and03| i abprthe yomplisainahe mpss sekihiosidachabilitn ispugrige becgypepgspre

t enper at uje SMMIANGS SALORRLEREHE HURdNGhcHBIY Ui S PrAGES PRI essBUCHuch
t enperature changes and product flow direction changes can inpose severe

physi cal st r é/RCHIHR BheRetGAh BOEU Y FEsctiop Shangpecap dFpose BUELF H%%“é‘# ptemgthat

hi gh tenper atid eugMrbebéRindd L& BYPECLARE YnaddiaRi HMidheRRBEALN eMaaRalDEr
severely limted or precluded Such physi cal demands have al so téflcal

limited manufSRECHPIHG MR PASE T C%nefﬁav@fe&f Umiteghas pregiuded Suplaphypicydepandgsnpl e

25 shapes anfa&QRIANBEUIS linSd€ hadFaddiriiglefid udd dr@ShacBPNREESals ANEladidl diRple
si npl e nmonoliths. Reactor conponent functlons and shapes have been |1 mted

for high éevé‘?ﬁpﬁyd“géPWP‘E‘ég“ seet ashisp fiss: sBhcet #idrsuaile splfsmpraiths. Reactor
regenerative cdslmmrfu@he@ea& SWAPEs HAKORRE SiehitbdfoR hidh &vep@tsemceenwr lemtpl@la
filed Decenber_ 21, 2006, serial nunber 11/643, 541, entltl N@th

Conver si on t efPﬁr@%QFl PROEEFEIHYS Foaqioy nEpsse Wi Rvgiop g ined”- léaé’agt ocks
for | pyrol ysi 516?3{&&@%{ 2N2100@lsl@)|ﬂal h1hﬁbe3@1/6d3 54l @ﬁi?ldd Waﬁeescoater;lb[eto I*'ﬁé]?f]er

a I catlon ect) ve contro OCtIOI’lO co usti on w In the
rggct or, t he%{yﬂ%ﬁr - %% & By e g Trpgepeks £or nyrolyie e ‘H“’Pﬁ‘é‘he
severely i ghistleyepeiadetsr &Sthe U'RNPHEtLE efﬂ‘;‘t&ﬂ?@l@&onﬁ(ﬁld tIIiH"ILszltﬁ)abedoh@Sﬁ@ﬁ

incurred durin thane yrolysis, particularl ner ci

osi 1 abl e 1 eXUHBIR Fpon, B et le S CHEPOYS et o eign i the scverdly high

2010/ 059322P(5]f{pu$2@£39{e&§&@t55e dhegRE, agill p@ystche.nrcea@tnbme:drcegh@ Hﬁthﬁi&ypytr(ylpil@ ally
be a ceram c or. é ied refract by natﬁ%ial. sone enbodi pent s, ver,

t he dlscloseamﬂwgﬁ As® RIMEFEPatrde y@ﬂ¥F Bty atliGer m&ﬁﬁﬁ@@%1 haped
refractory conponents, such as a thin-walled honeyconb nonolith used to
conduct process fluids through the react@r. Such reactors and reactor
conponent geonetries nay denmand nmaterials that have strength, toughness,
chem cal inertness, and other required properties that exceed the

capabilities of previously identified or knowmn refractory material s under
such tenperature and stress conditions.



[ 00061For further exanple, the "Wil ff' process represents one of the nore
preferred commercial processes for generation of acetylene. Wil ff discl oses
a cyclic, reg I< io furnace, preferably including F%ﬁ% Hasche
tiles (see Usagﬁéﬁ%F%gb) as the heat exchange nedi um Fﬁﬁever&wg%'ﬁ
materi al s have denonstrated insufficient strength, toughness, and/or
chem cal inertness, and are not anenable to use as certain desirable
reactor conponents, such as for use as reactor fluid conduits, to
facilitate | arquprigoalte resstinerceival inzatpisnly WAl a drsughosieked offracteey thinglilf Tn ar t
di scl ose use gf, ValQiRnfsehdASEOH MBIRE] o§esse§.aﬁg@%'}aﬁﬁ@ﬁhy SR T ik
process for nethane cracking or other extrene high-tenperature processes
(e.g., >1500Gompla00@ed arfthcverrmpprdGCrudhas artbin-voled hangstombbmenliticimed wed
utilizing suc Lol idd B6o2h O i Qpad cLd Qhst, S ‘
i npeded | ar ge&gggcf[ g OF%%?lgfr%ant%L{%Pone 0 %hgnctqlegﬁc?\(g o&ﬁ%%.to It\&/gt gﬂegtl gse&%&ﬁeb
avai | abi | i fy hayr disiagh magarple rtizet b, strongiih teitehesss chppicdl derinensandtion ecqoired he
most critical dSSHeshd: B daping R RRRHO b R0y Udenti ALARIRGH of LG -
hi gh- productiVity, 20t hxecggr‘g U a0t 3%@"%@%91&%% o gﬁ teen%‘gt?%rtg‘léa%
i nvol ved i n cydpsectpipmpdrgtaioging efgpst emditioggener al |y only ceranic conponents
have the pot eghied R, Thek, LhEIBLES Vs GRALAGLAELRGIGS PaRdad.i NosY
aggr essi ve ap@l%@apioﬁs. The Aﬁ%fipan Soc&éty fo :%esf1n5 and %ﬁﬁgyﬁa S
(ASTM def i neomanceesl anipasssay far cdeecration airpeelylene | ulavlisalgses ghaiedeementigl azed
body of cryst@lhld)froRfatRRhtilding fackS oY Bh@hd RE(sS THSLYS 679)Q Hfhelll RSRngdthi ch
body is produced fromessentially inorganic, nonnetall’ic substances and
ei ther is forfeidunrdeeycmsicharterabsdavirdeangoicd dispiisnotreesibltoughucsprnd/er
formed and sidiuhiANRAMSLsYarQlarSHPSRMIBRES Yoo TREMa BBV N8RS bbiBTbnB s, 510G

|y can be categorized in three materi al

heat." Ceram cs_conponents general. N n th
categories: eNdPheerdsrigclr el canduith & fashitag s scdpqopepicibizatiey ovlthaesh
30[ 0008] The t@rBlof GROWIEST LEisAbRARe oPARicRERAABR! hadiO afc@&lﬁﬁ}c@mgﬁa&@fﬁﬂ al s
which typically have very |ow porosity, high density, relatively hi %h

t her mal ~ c&NdUEREY 10y MeBARF ey Yeother cuimIcelieh-tampoenpromse (FEnPhgl C,
Exanpl es i nclydgp-dengievinr mpoef) na drbRryELEXH AR 26203tz dubic ARkeRlL T Tiide
(Si3N4), silicon carbide (SiC), silicon alum numoxynitride WO

2010/ 059322 Pefyreryonydo greoteg! obstacles have impeded large Scale implementation of the

technologies. Materials availability for high temperature, high-stress applications is one of

the most critical issues in design and operation of large-scale, commercial, high-productivity,

20 thermal reactors.
[0007] Due to high temperatures involved in cyclic pyrolysis reactors, generally only
ceramic components have the potential to meet the materials characteristics needed in such
aggressive applications. The American Society for Testing and Materials (ASTM) defines a
ceramic article as “an article having a glazed or unglazed body of crystalline or partly

25 crystalline structure, or of glass, which body is produced from essentially inorganic, non-
metallic substances and either is formed from a molten mass which solidifies on cooling, or is
formed and simultaneously or subsequently matured by the action of the heat." Ceramics
components generally can be categorized in three material categories: engineering grade,
insulation grade, and refractory grade.

30 [0008] The term "engineering grade" has been applied to ceramic materials which
typically have very low porosity, high density, relatively high thermal conductivity, and
comprisc a complete component or a lining. Examples include dense forms of aluminum

oxide (Al;O3), silicon nitride (SizNy), silicon carbide (SiC), silicon aluminum oxynitride
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(SIALON), zirconium oxide (Zr02), transformation-toughened zirconia (TTZ),
transformati on-toughened alumna (TTA), and alum numnitride (AN). These
mat eri al s us I ess high strength and toughness, been
dramati cal | yu@t&ﬁ%ﬁg@e fzto the degree that ceranmics are now&@\géﬂpﬁg%b?’% t hat
can conpete with netals in applications 5 previously thought inpossible
for ceramcs. Strength is a nmeasurenent of the resistance to formation of a
crack or structural damage in the nmaterial when a load is applied.
Toughness i s @AEANr eneortiurof  axivis r@sOs)t ameesfomatidretongiced akirwoiapr OFEgat i on
of a crack or f F

engi neering 5;431?5&%%%55 gﬁec?g(gq%glgnrde co I{rzig%lla ng&a[{l/lg%d% L{é?\e? %?'TE g§ %é}g&ngt h
of over 345 NPellyaosesi mmst@ngihEfrcztoag@eavahﬂcabh\@ tieen tiemhticstly emgohd tabiove
690 MPa (100 I rrﬁig e OHQQQ S r m 2,
which is an odr%g[gk s %ap%‘”ﬁuért Gd Sk%fraﬁltc P\tgér{lt t%%lat f%cgvﬁgerg%@gﬁ% ér&ggnrr}scs
Even t hough mﬁgilmbrthmgh@md@b@efoa riregichalecngthpe ringrsusemahgf the andtanoughness
at relativel yg r p er ock
resi stance (bgllnﬁl glﬁ rgﬁgrt g&tt%%lrbﬁne s’? ﬂle;aee(hﬁ%mﬂ?\r{lyhé%a gg D Bﬁeﬁ To8 hﬁ%gnot
limited to bos ﬂd@@surftz@nb@m@rewambemftthq Idetsrwért%pmmgatlcs’ccrf@mr@céldry:xtsnbacm & at

hi gh tenperatypg.. ¥R i @L% ROt Fp; 1%34%@ & Ahclifie Bhad AEC ngn Q@ SiC_are

t enper at ures encount ered with some pyrolysis reacti . 0091The” second
cat egory of cemnanicallayalablglvath & stiongth|odoyard4gilthe apkPiaNd el TIkhire kvaifable
typified hy r\ﬁ{hagtr'eﬂﬁﬁsyabmf@g@ooﬂﬁ’g’ﬂ()T()Mcpm BYm TRy 7 RAYGials! HAVONT STk 1BE
grain structures %n are nore porous t @gl neeri ng grade ceram cs, have
| ower densi tWPaafn Whigh iy gueeeer inﬂalgh@rdﬁﬁllghé guthag ofjopyventignal @ﬁgﬁlﬁ‘éeﬁmg
grade cerani g %lhe%hhé‘@raﬁ@@&hrh&b'h&ve Shak %@&%&%ﬁg@ﬁég@% Qqut%my%ware
oftenfabrlcate 0 various forns such as ri boar ds | i nders,

papers, fel téemﬁteé%?‘tffﬁ‘i dhey pleafskdvey noad irghaapl éISOCk NEH§jange e(b?fi‘\l wigngth yands ed
for thermal R HhRY) A0 nfdhy @a@e‘é%@f@&t&m&ﬁﬁﬁﬂé& E3borAbC BarBidest Phdl iBiriddORChot A
broad range of porosities and pore sizes can be produced, depending on the
i nt ended Bpplcheicdlignstatiuet pigh germearayre. | Maw arci B n%&“ﬁ?%@@fc‘éﬁmhth% highnd to
be rel ativel YerRRFQHS @&ﬁ@@g@;,@,@og}gpﬁg%@%wdﬂg grade ceram cs. Porous
ceram cs have nany o en or closed internal pores that provide the thernal
barrier propé®Pks. Toy tespnd Gisee oh st as r&déffra%n ig sulaipareryls cemics. Waich g
porosity of grealiey 1&1@@«)?:13519 ﬁ/ﬁdmsv{%;aﬁlﬁ’an‘}Qﬁ’ﬁ@‘?ﬁbé’ﬁﬁr&@s&r&s’ﬂallﬁ%&ﬁ%@aﬁﬁ s@fctRQ gl -

are used for thermal i nsul a i on ere extremelg ow t herma conduct|V|ty
(<0.08 W m K¢ Bofcepfiipyselian FRERSFERS 2fedS Fratieniycadaec: dmsiberaadivge igyircal |y
llack the strugtiiabn@li@Rhih apthclincihRnalantiQuahiess g heReedicf@fantidiind
internal conponents of many pyrol ysis reactors and processes. |nsulation
grade cerani EQMRSHIS EAPRGS arﬁ@ftﬁ’ééﬂ&gﬁa%a%@ﬂﬁa&/f%s stich a8 gigidatoatde r aigeass. or
toughness of phiRgs ftiRaRe@RQUblafkeKPShd I%Ma%%omﬁ 22PGrihh P20 /06 1B ( 27. 6

MPa) and often of |ess than even 1 Kpsi (6.9 so, the insul ation
properties offSHaHWA clostiehicEsciiest Wh 2y & @eld% é@rqaﬁéar)@épégorﬁﬁyebfﬁnﬁl

Wi th coke acw@uizékteme otod Q] &Bﬁa&ldhggl JndhIRei&d dpyl Jdﬁ&pgm i% §eh AL iBGRHn O
ceramic materials is re ractory e ceramnics. ny refractor grade

cer ani cs ¥ypBRds C§amigy dengdp dsi Itewweéx PRI9HE RS CRPRMoiegHBES Y INgr 25 pder garamics.

i nt er medi at ep§,QuSesmiPy FRENM S DpbdoLOBIAGREINMGPE:AHE ARGdd MS WleahhiAn Ry ade.
Refractory grade ceramcs typically have thernmal shock resistance

properties sPIRPHHES t Q1Yo AE!Y PREUSLETBYFSgTiglEs Eerabivéns uRsith o Rtk Hah 5O

engi neering g436@ns e5ARbAS -cvGOIVELEE!of 90" R HRGEONd F6rafiBmRe iR Gsh WigEcal Iy
| ack the strength and toughness of en%l neering grades ceram cs, but which

properti es exteddlytlABderapl qondusing AR08 Rauke Bragiied . HowReyapsulatiopiepds | y as
strength s,  ceramics typically lack the structural strength and functional toughness needed for the

internal components of many pyrolysis rcactors and processes. Insulation grade ceramics

typically are recognized as having a flexural strength or toughness of less than about 4 Kpsi



1()increases, thermal shock resistance and rel ated properties are
conprom sed. [0011] All relevant properties must be consi dered when

selecting a cg,roazmﬂ%wfsgzr a particular application. Oher [reflueéy(ﬁgl/am&gram C
properties or charactéristics include but are not lim t e 1S Maxi"im use

tenperature, thermal conductivity, nmodulus of rupture, nodul us of
elasticity, electrical resistance, average grain size, density, porosity,
and purity. The 15 maxi num use tenperature is the highest tenperature to
whi ch refract@fy M and eftencdriesh thaexposlepsvi @ hdiie). délge. dekainsudation Phaperigs of

conductivity | he. lin neat  tr f I MH R &R § .given applied
t enper at ur eyg‘?"Z‘H{“gﬁrﬁ %ic%’_ﬁ%& F%%& dgéﬁ%{%tﬁ%qoﬁ%em#/%) ﬂ{)%ﬁ%r%grg%?&enak st Irogngt h
i's the maxi mui#fFa]exufhalthist gangtih rchetized sficgay of yergeic amtalsoancfinktoysgraded

before fail ur(%ra%icsf rl@%ﬁegﬁ&%g}%{aﬁe c&gﬁiﬁg Itﬁ)i HJLVQZ}OR{SY%}, Qﬁe ,lzﬂlcy%uglgness

el asticity is a materi stant that i ndi cates € variation Sstrain
produced uhderropsrticapipicirediatensisueh IpomditicAve ragiacaingi gradsi 2ed saktiore gradne
porvoryst | |RHBkndl Bl S PR MR RS TUELE R PRI B

vol ume. Pur i tigsulasion hredpesranaen tag bighdyyhapehgjtering gragagetamicso fonydrissn taftactory

[ 0012] As Cogpgxﬁafm%%taﬁnés fﬂy;dé'éaﬂ& hQ ﬂgrsggr?gtrpﬁ{d%ﬂg%ﬁess BPJng%éngy rﬂi%@&%?an%gim cS

tend to be st ronger ross broader tenperature ranges.” Refractory glrade
cerani cs al sovigenereedrlisp cxesad those pleinswdntien gendp seramics.t Hov et rinticadibige kiranstin
engi neeri ng GhadR.CRERAM GRck FRWBYR ang }m!réd%r%?e%s £r@fcé|3rﬁ§rhﬁfs¥d.9r ade ceram cs

tend to be sonewhat inert or chemcally stable at el evated tenperatures,
sone refract dPyllyr adel cdevant exp@Eesomustc brewpisilerog whrly eplecing e eaigrale| fpr a

unst ab | € at e[Jaﬁx\ééltate pti&lﬁpﬁr@&lW@QV&nl{ engsit ipﬂﬂé&i@s%ﬁc!%%&%&kﬁ&' iﬁchfldybut are not
applications exposed to chemcal 30 reactions. Exenplary chemcally and/or

t her mal | y undtugisdéo mexignincuse itgmreragse. degrmali qendyctiyiyagrodgps of maigre, podilereef,

carbi des, andiRiidifyl dR3wicA ROstaRQMBVEELT @6hO0LiYe, UARHE, GEFRTY, ChdaFRIHKNOMR O
possess |lower thefmal conductivities and coefficients of “éxpansion than
certain otherm¥&hymaetoieraniEnyithrobishery tegipayiire Br Wiitle sofraRenr eetey cagriade
ceram cs are Qhsed KARMP dbRadaBd 2PALLDSRER G/ iyﬁ%oml%é&@%%&sﬂngé‘rsrm arca

alterations in crystalline structure at el evated tenperatures. Such
al terations den® gesuperlict tEmeRGEe gradicpul kha Brdites ohiefrc@iORbeiLsTpssHieak

producti on ofs&lofefSthE A& F1cRDE Qfength QRN a88cR)-ARESMINI Gh EBRake g6 the
material's strength. Sonme exenplary, conmon high tenperature refractaor

. ;. )y
grade mmat eri db8q ACFARECHEEEr ¥ HEE S| PR P B° Maghies i CERdy, 519 matclida0) ,
and zirconi a chkddthat ih@OA3]RONBa @ADLk ftnﬂgucgd{ aeiRr 2 4pPlidBcBllc Bhi CRNr&e
ceram cs may provide superior flexural strength, but their thermal shock
resi stance i $"4ybdFe Mpiies A rfcddn eI e Iy CETANTVERD thyRifrastusie fAdd
Si 31\ 14, al s@oREQMhIHE: SHRRE dferist IMBRGEHN;s ttRUhask B UnittdABLINBL LR Prity is the
percentage, by weight, of major constituents.
[0012] As compared to insulation grade ceramics, refractory grade ceramics tend to be
25 stronger across broader temperature ranges. Refractory grade ceramics also generally tend to
be more resistant to thermal shock than engineering grade ceramics. However, while some
refractory grade ceramics tend to be somewhat inert or chemically stable at elevated
temperatures, some refractory grade ceramics become chemically and/or structurally unstable
at elevated temperatures, rendering them unsuitable for applications exposed to chemical
30 reactions. Exemplary chemically and/or thermally unstable ceramics include certain silicas,
aluminas, boridcs, carbides, and nitrides. Also, some refractory grade ceramics arc known to

posscss lower thermal conductivities and cocfficicnts of expansion than certain other

refractory or engineering grade ceramics. Refractory grade ceramics are also known to
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resi stance in grossly inadequate. Moreover, these silicon based ceram cs
can not be used at 1()high tenperatures (i.e. >1500C) due to high

temperat ure oxjfatiQ,) ssue. On the ot her end of the spel;‘ttlr%%og)oem; he

i nsul ati on grade ceram cs. These ceram cs offer excellent érnmal shock
resi stance, but they fall quite short of the required strength perfornmance.
[0014] The reviewed art is void of teaching how to prepare or select a

mat eri al having a range of properties that are suitable for use in
constructing wﬂkm@n@@@ﬂmwﬂnﬁéﬁﬂﬁmﬁwﬁgﬁm§ats@b%@bﬁmmaﬂhvscdhmhﬁhﬁﬂ@nbmm
cyclical, hi gﬁs&l@fﬁp&l ﬁgtewineblﬂy LBLYR vwhi h&lﬁ‘l Bduftdin pﬁ‘ldﬁ& onr@tsﬁgss%d%‘iu;egsahh/&g

nmet hods connnnly applied to metal s an pol yners are %requen ess usef ul
for testing cepaAgscrancmdich\can Iralbfetht autesialy dengle Spng cxenrilyy, tf@dmmndtlghe of
the total perf.0nmB0GSelddlrl 3radl ndR%alP Hchdd Blle GGG to FUEIE"
conplicating fhg ceram ¢ n%gg}§a laFegf{on pg%cesgﬂkst?EEé%%%ﬁv@O%#mm
fact that,s|ikaOepdrisconnd’ bl yners, the performance of a ceranic is also a
20 function @hid MLt Hofreeiet a&@%ﬁﬁﬁt §1r&ﬁ9e&£]§ﬁ£s ﬁﬂgr&s}ad& Quperior
properties such as brittl eness,” el astic, s Ic and visco

def ormati on, Mexeehasmgthi et here! theerepd ﬁb@kdnwt«esﬁ 4% povee Sopmdiderneehergsegtance.
Qt her i npor t aft.R&S LQhRNGE hHA%iN,S aw}aiou@@ s%m@g@engmt béul mf%&l Jnpgr mal
shock resistance, thermal expansion asti1c nodulus, thermal conductivity,
strength, anorcmt%t:m@%sw@ gac. MB{CGWIBPqSheth@fe‘PﬂhM ¢Wlper4aomoabq used at
pertai ni ng, t Oméheﬂ(e{nf}grgtgfex élrga;?s’do "Sdub 9 mghgé;h REUEL blidat BM@L&&C%M@ s glaysis
dates primarily to the S an ear mever that art y

occasi onal |y crfrtbq/metsmgélnéh@lmswetdml grsctescem‘mlssoﬁéesemwplll@rqffenﬁtmlﬁaltbeﬂslellch as
ceram cs, al Ufbdideyiikt SOMGALRL AR ARGk FL EGARARRA ARG e al's. These
sparse, non-specific disclo Iarg I ncapabl e of

provi ding a |[89kfé- s&épé“%W@dﬁﬁﬂtV®ﬁD@mm@é%dmwggpﬁméaGWQﬂﬁmanmea@tbwmga
process. The Jeack 5&9 Berfds %Qtedn%rstmtm? Onhye &f E&ﬁ&ﬁc\ﬁﬁ fOFun%? ﬂ formin
relatively small scal e speci al tg@g ications that see vast erior use
as conpar &d tbebﬂtae%ﬂg\é/ w&n@upr Qebens dyghs trotergrhyrrbeardbonissy. eaﬁrhoc rreeckiahg.

The identifi qgstlﬁé Tme‘ch%d Qérgm&{ly dﬁﬁf\cﬁltggne@ﬂs Qﬂcpf{dlﬂhﬂg afb fr@({ugl\?}t\%t REY LR %P c
material that has the conplex set of propertiest

2010/ 059322 P&Fting SZOW9Y- 080T Sl qbkefeity prdviflo pnle e iienge diciseof the totd pederopiage or
ot her rmost - dq{rﬁﬁﬂ@?ﬁ&@ ﬂ’a?t&'uf%ﬂ@er%waFtﬂr‘tl&hc&ﬁMﬁ:aﬁ%ﬁhé c%ralxﬁ@%%u%@@é%% Pock aCt Or
for the commercial production of acetyl ene and/ or ol efins. 6h|e

does not teacdhthprepricptang fagt ghat, dike mﬁ@lb§ﬂ¢ pRlyee thy peclorpross of wremw is also a
particul af reagho JfocH@%mkbs Sith OembQhrucUIPLd¥nt" %ﬁgégr up%%%g'tsuéﬁwa@es
and/ or functions. Miulti-nodal 5 ceramcs are also known inthe art, as are
ceranmic conpé§ﬁ?@%hs°@ﬂ$lﬂ%%ﬁ@fﬁénﬁﬁ%ﬁ@ﬁ@lé@&“H6WEVéP“m§§eéWEW@ corrosion
formul ati ons rQfstdh&2GhI BRSy {QLstah&F r@ﬁl@@fﬁi’po%t%@f@ﬁnﬁn&aﬁbﬂg iRALdd GHIA not
utility in high tenperature (>1500C), high stress, chemcally active,
thermal r eacﬂlmte% ?f@a&%h%@e%ﬁ%e B sapRnpigriaTq e, theaat eudigiviche

known art. Ta%m%&ugwqgw@@gm&§mpgl|eved to be simlarly deficient at
teaching materials suitable for conplex, irregular, or functionally-shaped

reactor conpdMdk s. Thhddeafitied @aers aa PPt (eTagtory draaiHse fort Hah-sqvarty

endur e prol oRgeec RGBSt &tehl@khaﬁﬁyvt%rthé Yod0RRE oAUt €HowSkPShAR Rlrely
tenperature swing cycles, cyclic flows of combustion and reaction

mat eri al s, aﬁ@a%@%&rnr%@qs eﬁ?"ékﬂeéehsf%éf AUBYH STy cYTAlS Pish et pargmics,

crystalline sfumital isti¢on rc@ﬂbﬁi%' ved YirbdngBs hetor thaasier maRatiakd!t Yon-gReific
chem cal inertness in the resence of hlgh tenperature chem cal reactions

that is requfifeeuarief éfeegéﬂ agely dpgpablenp Woﬁﬁd@@lﬁbﬂdff&ﬁ“tcﬁleﬂamm"é@ﬁliyoﬁ?fulLack

of materisal sraamai drakiclor hiocPITEEIRE g Bf BE hlt @Jak 81§ Offcdiide Rt ihdbliRGrddiSely
materials for %F‘” n the reacti ve an§ nost severe tenperature regions of a
&

reactor syst &t n@CG 0t pROTIRRSRS Eef soccudtly SRR tG & SanRdcd |9 Hé@ﬁﬁﬁcand

| ar ge-scal e GOBAREGual aPRRIEhINERA sRhmSkEing e At i&BE aRriO ¢EASTSecacBWMYARY OF
THE | NVENTI ON

providing a refractory ceramic material that has the complex set of properties that arc
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20100161The invention includes, but is not limted to a formed ceramc
conmponent and a pyrolysis reactor, including but not limted to processes
rel ated there e i que conbi nation of multimodal gr sition
of the grai ns%m l})fgfff’gght porosity range disclosed her ell%@z@g/ﬁﬁgged to
provide an inventive material or conponent that differs from anything

previ ously known or taught in the art. Though not necessarily required as a
25 limtation, it is further believed that such herein described nmaterials
or conponent sreqiifed feferrndedriat é e fdaetivgoapthst mesrgerhandingaesidreas b highkspeirity | t
is further bel gy F, tod |
denonstrate a nor@ng)}p?%cf s?ﬁ%?tﬁgﬁ{ ?KL&O ﬁ%gté%l Iﬁgﬁﬁgggg%‘:?l 16%19&9%?%2& T%Mour,
as descri bed #edighurt does has tgpeh prleadd Fh&@lllnhéﬂdmmrdsmdosawnﬁblrmﬂoohr ohctbhe
conmponents angr. d S o] r D.d/@ac n

pyrolysis i ndﬁlsta(rg(li gée‘??’%lp'ﬁ% (lhp@ eXare ?Ol?c%u §%{H?I§?Jtagsea%dd&a&%{lgggt |%?\1E Aé?%l n,
as wel | assi nccenkes araraésaskr@f»ntledhm@t,o@yarc TORIK] bampniomswaietng tahepartrient i on
i ncludes a hegy, stAR1Lific! nm]?# €44 QARG MGl 'dg dal
grain distri buti on ?1%16% ICJQ{I ? & Cﬁm ogggo W{{é/o o} 1c;labr se ?iﬁ“?f‘slgqurﬁ‘%wg. ng
stabilized ziipdesh gmperperco@aHeC )gmhnge%o@hgwogilmgctae DEO Mgt ereforsippBedtiang he
range of m%@é%ﬁ@é&ﬁ%@f@ﬂ&%%@%@ &§§n8ﬁ9%5 TR ﬁ&’c@e&ﬁ} iDa5RG MR the
total weight of e conponent east % of fine grains
conprising a BBlrkvésfiaget gr ihahing] @@tmﬁ@% sgjtablat fer Ctbrhalm orfegflagupt hunchenaths0
grain size, ofshs&e SR SEnPoflnl, GhSRET R&As W hikR QG CQRNLES @hALASendiRsSed
upon the total ght of the conponent; wherein after sintéering, the
conponent hasp%l@'t‘&? i axposgte ek everishisewatetres. Fubsienial sermpgragee oivirer eNeles. t o
45 vol . % basc@fgllcoﬁox;/@gf E%E@gonvglc“%ctgﬁ h{1GiH0TRY Q@rmlrret{tl@/ QQQH@@I{G RAZR&CT

the fine grains include at |east one of (i) a stabilized zirconia, (I1) a
stabilizer, afdctiil mcehiyxeyvdbng srbilapfrelpoog]ishheabines&repdritignens chenisal

i nventive fOrABESEH T FreGRPPONGR Roripdalidn i @@M&L tl§1rt E@ﬁﬂ&l?&d(fﬂpﬁ%eus of
rupture, MOR) of at least 6 kpsi and a nornmalized thermal 10 sh

resistancé r a’f“il?ld“&?fpf%{%uc’ll‘é%[sdwlfcdmn*( Ayck Qfﬁnﬁfﬁérdve‘%éﬁi #@W@@Ctloﬁlr?@teiﬂﬁ\f@’nt ive
formed ceraniigeng 8 MaeridBYol P! HAR RBHVERN@Tnodt sch&8%&m réf@élm iMidre
still other enbodi ments may include an MOR of at |east 1 gl'

i nventive corfffSRERYECHeY sy thacnem eTHCH draining el ueh ét rﬁiﬁfflgrs Hm: Rdrg%sqdéft ance
rating of at ch@astcid Optratofthr ARH BBk ahERbYesat. | east five (5). [0019] In
other aspects the invention includes a theimal pyrolysis reactor for

pyrol yzi ng a SEMMARGOFJHE INVENTIANt not |imited to a hydrocarbon, such

as but noj, | |[0ﬂ1%f3d trae @fﬁcﬁlolﬁaﬁh@udcﬁ%uals%ﬂﬁmxt@d"toaef fé)ﬁﬁ@d &ranﬁ@gérﬁigonGﬁ%aa!nd at he
reactor conprising: a nultinpdal ceramc conponent including at |east a

fine grain MR AR reactelp dpedusing: At nofplifaited: e PESERSerliA Htrde TSnBNIYSi ng

stabilized zichepiRht@dnadFombAfoldl rg@algsr %bﬁi SR Sonp gkasﬁbngn@ta%gmbwrész@ctan
zirconia and/or a stabilizer, such But not limted to a netal oxide

stabilizer; WHePsdhemm gbelvid &y prayd & f‘h@"%“eH‘éﬁﬁdr?éﬁ?mi’?’f’@ﬁm@é“ffﬁif% from

porosity at afmm@tpravaimgr@wne)rltaughhﬁh HRNGE Ofhofeht AotdRcdkedriloredaseds @n t he
vol une of th Corrpone In sone enbodlhingnts t he reactar includes a

mul ti modal® ¢ SPEATE. dobrdbrhchsrad tha Bdn gegoribsd, poaferialt 0B sgRpCsRS dtill| east

6 kpsi, and deeistiimt iaz@stutaherdmaih &WQ&J e%bS! anGeruitadd w&ge@:ﬁ ta&t bluaaaérelfqour
In sone aspects,. the nulti nodal cerﬂgldc co onent conprise at | east

50 wt % of t hACERASBAEHA oK COMAIEHTP Hig IS TUpT A Sdtrflpen Hieana b refiance

rating of at least four, as described below. Tt is believed that the disclosed combination of the
components and related physical properties has been lacking in various pyrolysis industries
30 and has particular utility and application therein, as well as in other areas of technology.
[0017] In onc aspect, the invention includes a heat stable, formed ceramic component
that includes a multimodal grain distribution including (i) at least 50 wt% of coarse grains

including stabilized zirconia, the coarse grains comprising a D50 grain size in the range of
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25t he coarse grains including a D50 grain size in the size range of fromb5
to 800 ktm based upon the total weight of the conponent; and (ii) at |east
1 ww%of a fi I including stabilized zirconia, the fine grains

i ncluding a Dg'%zg#@f%%zsi ze in the range of 0.01 to 44 u%cé'j(ésﬁoeﬂ?@(’el&”vmthi n
the coarse grain node, based upon the total weight of the conponent.
[0020] I n ot her enbodi nents, the invention includes a process for the

manuf acture of a 30 hydrocarbon pyrolysis product froma hydrocarbon feed
usi ng a regengomatsiwa0pymobassd sponebciott wsight @rthe @ompndnsiang (if)he labtelpst’obf (a)
heating a relysis reactor c rising a bi-nodal stabilized, zjr ia.
ceram ¢ compolSue s CARiHser A r iy Lt peat dend i sneTnpdhe Dty
reactive regi om, ofWheneishagait dspecesxpoashinghd desconipament! upa @e toetipeigat efitee of
at | east 150G 1o, VO.PO10/050329PCTILSR000/ 068005 f o houre the
conponent has A PO BEFE5T Y S AE A e OB SN B A O ¥ Ap R P A e W HE Pange
of fromb5 to dAbgevdl frdy Shasiédobh, bised bulthe fvahauimelofie bhe companent in dnbdher
feeding a hydrocarbon feed .t he, heat e yrol ysi s .reactor ta.pyrol t he
nydr ocar bon 1 2Ba e an reeLait Qudsf s SAEHE B SRPREAFRE WP el ERen g
t he pyrol yzednhydesolcasdbon feed to produce the 5hydrocarbon pyrolysis
product. [002 nvention incl ude r.ocess

. [%Mé@ yeIB W%Blrgegmt%eogpn?c%sn%% %ﬂvcr&tgfg tlorm%d Ceram11p_ CO, oncn%s ?ﬁCPlLdG a
for preparing a thermal reactor cohprising the steps of: (&Y preparing a
ceram c conpofent! compthi (siodgubpirogals, MOBbPT kizledt 2ikpsiomidag namdlifeld)thermal
sintering,t hesh8§<r %U;Ltgr%fgorgg?n%n&nzgt l@atst %u“ gﬁp e{na(;thjerr%m%]:)di%tenés,eﬁg tinv%? Voeqéor‘glé:d)
provi di ng the sintered ceramc conmponent” 1n a reactive region of a er mal
10 reactor; weemad eongfonents mheinsiude er MR of Hdeasied by, cvitlorplbntet cmiagbdnke
region Co”porlﬁ&' CRAPLL RRSR thUl: Ky RE"BS! Udhe TR H&egq fonIPLENG S GIRGE AL ur e
in the range o %n.r om %‘to 4@ vqe.b% bgsed on ‘taeﬁe bu n%’og%l urreyoF t'ﬁu ¢
conponent , angrpslietethainiayshopcicsistenca réting elistddastsowrd gt plefarehly udeast fivedpi ur e,
MR of at 1 afilo; 6 RSihellfbeRN Y GIARLY ink N8 UAR AR ERE IS MR RhoCK
resi stance r Z[t I nc{:l of at | east _?Qlur : e prsef er a%lr})g,d?s be_ r_lorrrral%ﬁz (fm%her nmal
shock 15r é&si Stalioek, sedhiasgui mt dmitbd st hyfdragatbovsneh gortef ertdiblitpd ta 4real MOR dns  at
! east 10 kps'aikeﬁﬁlaﬁaﬁmﬁgﬂna%k %\!ﬂ,qge Iﬁﬁopﬁﬁw s a @[%%Jdgf et Jcorapo t
illustrates an SEM phot ograph of a sintere (r Ig. la) and anneale (Ilﬁlg.
including at least a fine grain mode and a coarse grain mode, the coarse grain mode
comprising stabilized zirconia and the finc grain modc comprising a stabilized zirconia and/or
a stabilizer, such as but not limited to a metal oxide stabilizer; wherein after sintering, the
20  component includes (i) porosity at ambient temperature in the range of 5 to 45 vol.%, based
on the volume of the component. In some embodiments the reactor includes a multimodal
ceramic component that comprises a flexural strength of at least 6 kpsi, and a normalized
thermal shock resistance rating of at least four. In some aspects, the multimodal ceramic
component comprises; (1) at least 50 wt% of the coarse grains including stabilized zirconia,
25 the coarse grains including a D50 grain size in the size range of from 5 to 800 um, based
upon the total weight of the component; and (ii) at least | wt% of a fine grains including
stabilized zirconia, the fine grains including a D50 grain size in the range of 0.01 to 44 um
dispersed within the coarse grain mode, based upon the total weight of the component.
[0020] In other embodiments, the invention includes a process for the manufacture of a
30 hydrocarbon pyrolysis product from a hydrocarbon fced using a regenerative pyrolysis
reactor system, comprising the steps of: (a) heating a pyrolysis reactor comprising a bi-modal
stabilized zirconia ceramic component to a temperature of at least 1500°C to create a heated

reactive region, wherein after exposing the component to a temperature of at least 1500°C for
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| b) exenplary, mnultinodal ceram c conmponent according to the present

i nvention. 100231Figure 2 illustrates an SEM phot ograph of a sintered (Fig.
2a) and anne ok 20 2b) conparative, nononodal cer )nent not
accordi ng toahﬁ O%Eégént i nvention. [0024]Figure 3 |IIU§?§% 3§&§ﬂ9§EM

phot ograph of a sintered (Fig. 3a) and annealed (Fig. 3b) exenplary,

mul ti nodal ceram c conponent according to the present invention.

[ 0025] Figure 4 provi des photographi c exanpl es of stress cracking of various
ceram c sanpl @9 howadts cgmaeted: land brlankies tneahured ﬁ@mlbietﬂat@mp@atvwm@cmﬂ@mﬂ to
5 to illustragg, 25¢0k ';fas}@%@ém ROBIRNERD of RELIRRoSRORN (LBRL T AR Curban
DETAI LED DESCRI PTI ON he present invention re S to components,
appar at us, anfdediodechogied pmlyabé@wtootortefaal,‘/@tt@blh}@lr@enbamfee@ angheeaisegyblored he
sane. In one agpech,, e, LAy i MLHybO GOIPRAGRS AR d
processes haJﬁﬁg pa?%|%ﬁ1§r ggbh?@%fﬁ%nf?gy gée af ﬁﬁﬂ% he SGﬁﬁg%%giégﬂre
(e.g., >1500Q)drosabeopysolyaneiodust. anot her nore particul ar aspect haV|ng

appl i cation fgpyse Imétm&ygmaaﬁh&tsr g%{v@mm il e &9 U Rg #@;;9?, SARALAL ur e
cheni stry, conversions, cracking or therma yro ysSis o geds such as
but not |imi tré@tqrwomydm&ﬁ»ebwg of ﬂqé penyrenst 4 V@aralgp:éémannhéwame?metmmiaé
conponent s angApRALALMS: US 19 GG VR 010023B2ARCT LS2009/,981055 11,5ame
that may have chem cal and ph y3|ca performance properties that exceed
one or nore oPO¢Ge rﬁc)p@reﬂémg|tb%SIGWCéqu@rmcamm@ﬁgitne@rfiemngrr@w@ of pdhgrmeli on
grade, angy orrfcRfr ARLLOMYardt AHE sOREAM e CRRRAN8MHSonerd (Nreddivh |re Q8 @6mponent
enmbodi ments, the inventive conponents, materials, apparatus, and processes
may have par tERrisEs 2tk perysityhaeasyrad pl Fakiee dempgFyec 4 diegrangg of from 'S to 45

CO”“EVC'a|'ZaklQﬁmﬁ&i&iﬁ@b&@ﬂ&ﬁ%@%ﬂ%@c&%&ﬂ&%%&%p&ﬂQMﬁ{ﬁbg@:Pﬁ&&ﬁﬁ%ﬁﬁgh
Exenpl ary suitable processes may include but are not Timted

hi gh- t enper at(@p@lpyelorpiics MR oF l¢y rﬁ/@saf@mr@fﬁmhﬁtlﬁfé% ¥ easenalizsd dkesnyl| ene

or olefins, apgtkCRAta@BShifdeCALdiAPPIRECNIES p | @k moﬁﬁuhtz@dom%nﬁa@g%&t us
may |nclude but are not limted to pyrol SIS reac ors, reverse f

react ors, ' egevnensg faiee s ablershiie. Niut erefeatble BdlR ivh e 40 kpyis, ga5| f| cation
reactors, anGEEFPBESTIAIPHION OF THE DRAWINGS

[0022] Figure 1 illustrates an SEM photograph of a sintered (Fig. 1a) and annealed (Fig.

1b) exemplary, multimodal ceramic component according to the present invention.

[0023] Figure 2 illustrates an SEM photograph of a sintered (Fig. 2a) and anncaled (Fig.
20 2b) comparative, monomodal ccramic component not according to the present invention.

[0024] Figure 3 illustrates an SEM photograph of a sintered (Fig. 3a) and annealed (Fig.

3b) exemplary, multimodal ceramic component according to the present invention.

[0025] Figure 4 provides photographic examples of stress cracking of various ceramic

samples, cach graded and ranked with a qualitative value from 1 to 5 to illustrate
25 corresponding normalized thermal shock resistance.

DETAILED DESCRIPTION

[0026] The present invention relates to components, apparatus, and processes related to

heat stable ceramics and uses for the same. In one aspect, the invention relates to
components, apparatus, and processes having particular application for use with high
30 temperature (e.g., >1500°C) reactors, and in another more particular aspect having
application for usc with pyrolysis reactors for performing high temperature chemistry,
conversions, cracking, and/or thermal pyrolysis of feeds such as but not limited to

hydrocarbons. The inventive aspects include ceramic components and apparatus using the
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10 reactors or furnaces. Exenplary inventive conponents may include but are
not limted to reactor conponents, parts, or apparatus that feature

engi neered or_oat e particularly designed shapes, f <3
conf|guratlong%zpﬁkﬁ%%EC|es or irregular geonetries thggﬁhggmﬁgn%iposed to
hi gh tenperatures (e.g., >1500C). [0027] Various chem cal and thermnal
processi ng appar at us and nmet hods that operate at 15 tenperatures in excess
of 1500C are known and described in the art. However, due to the severe

t enper at ur e ande tior mew o dhamycah Aydoredlsicat praivirgace prapertitséhatakcest eres mormposed
upon such equ S ) sses
and appar at s oy SRetas i o 2 SngRREy BhiR IR BLR YA o R, SR
scal e, rel atiaginyc kpghorcuist mandle@npmbhﬂsemﬁlNﬁeuewpeeﬂanmwwngop@@@@&Ihe
present | nvenp, ik, LELhAl ARoliQ:s! MREOUEM CRIATLE TRKST Ak S acARRA! Alis and
processes that nay expand or |nprgve upon one or re aspects of

previ ousl ys kreowmenailigatioal of highppapattus pymbdlsmom@meeocoseﬁ Exanpire suitablos onre
aspects the Iy i 9 |

i owur al ot dnorRe: el HERA A o, R B ek RO AR R Sl
stability at rh@%ﬁmcﬁeﬁveraa@tmr@ orgdelponpalredl geoifisyioh mﬂeassett Evenmarrmpeltatbiees of
25 previous Cagﬂl?&ﬂ Mz méiu&hbﬁtfmé BEMRRtS téf?%(/m PET 8RNk 2Rk gtofv }eQH&QVGd
conponent |ife expectancy, strengt manuf acturing options an uncti on.
Such i npr overregegatigycicipry, d?fnrr@fbcombpelonecapteedgqstﬁcﬁtrﬁarrwm prbEessCragiehs
appar at us , £COpRICS: AMMdArgenSEA) RvGATNBSRiALIZ #hl ARLRE HRE AEGSS eRit@ng
apparatus that were previously téechnically and/or economcally

di sadvant agedeaciPieompotsatsi patspat epiaeitus Grdfcesispwaatsd raytharse patilarat e
30manuf act ur %engneussﬁalet m@duaag \é&lﬁgu}aﬂ&‘[ ] %Jacemg@ %P%%%? ge&mbaféat Bk, gaot
limted to thin-wal honeyconb ronol |f d which may facilitaté
correspondln@Xﬂﬁ@t@§§¥MW@@%%@Weﬁﬁs>1$56@Dl|n one aspect, the invention
provi des for [gerpm Waﬁ@&@&l@ﬁ%ﬁmﬁhﬁém%o&@é{& PR RN @Hd %maumu %&n&ﬁt
strength, toughness t hermal shock resistance, and/or chem cal

2010/ 059352 PEIINISPIOINCEIDSS. SVAKT ke tpows andoippaived i Be kivo ke wsTarofucdy he
ceranmics. SU%Q@kﬂ@h@&@ﬂnﬁ&ﬂbbﬁé%bﬂﬂm?ﬁm@%ﬁP@ﬁ%ﬁ@@aﬂﬁ%eﬁﬁl@&&Ehﬁﬂk&ph nat
least in part to one or nore t he conbi nati on of various factors, such as
but not |i ni ted qulvwnenﬁmdterln‘bdmnméwqhd)rf‘én%lhlzésoeheroeﬁ*s% R HDRIGRSS only
particle arrapgeniied BeHirhéch@zaBY, efithdd S@h6aY i ANscaleGEIf® Bf hhalisl i zat i on,
manuf act uri ng met hods and techni ques used, resultant porosity, sintering,
and/ or the pre8RREECHHCLEREREY of various secondary conponents such as
oxides ang mg§@Bs. THE ptRAMRNhiYBorL BERMSCtoCRHPRARE NHMniBYnaRSiaR GWaled, ankior
exanple, in one or nore regenerative reactor beds that are useful for
carrying out PECESEH %téﬂiye?xgﬁltﬂr@ IERETYE MAPD PROARIL IR 2SPERTE Of MReaMie YR lyClEoRf ¢

conmponent s mMaatddiels pBstatul) a6 PHbdstist F@&x@&pene sOthe E@Eﬁs ﬂle@&zij&& m@@ﬁl@ﬂ inp@nts,
conponents, or re |ons of the reactaor 10 system and

substanti al | proaﬁ&s‘ UMPeEPhcogRyREe it fegishs ?ngéhaﬁa‘allécaéfrfﬂaél *B‘Eftk TS i t ed

to spheres, beAdSEMiLORAYEOTD MEk &fhRlSure ! 4b&MpaY tib Uded caRBlel frBSertiddrdreks,
tiles, and other nolded or forned conponents tgat are exposed to the

extreme t2np8iciott ERMPOTHYES. | MR GPRE Y SR Ny hhaiay f4sBiah Bueo B spBpeteaslifss t he

materi al s of etfRerasdybjRbhth] MMRIMcLPRg FBYonB kAY FeletidnOrSuah WhstevenicaRgRayah turn
conponent geonetries Zaa function than was previously 15avail able in the

art. I'n one aSpilt Phécanitnyed oSNt MRDAEBhpTPRUNS @8 nidsBErle2) .

[ 0030] zi rcom@nbxs]aazaﬁw&,tfqlrb@s@s MRl edppahtut NAdt Nﬂ@%r@@@%lﬁt&ﬂtﬁé@l@ ald/or

di fferent tenperat in the i.ts atons are stacke ol
transformati & Wnﬁ'ﬁ %PEBﬁ?gwﬁis‘Qﬁﬁﬁﬁb@F??ﬁ%d%{9§W§Pmép %QE?JXHEPﬁeen

room t enper atdfdadid oAl W ré)ﬁﬁfay ikBiose cal@ubnt SQG, asbut £ Midte€ MBI A0 a
t et ragonal cgystal strue%nre I S tra sformation. i s
neycomb monolit dw may fac itate corrcsponding process improvements.
10029] In one aspect, the invention provides for ceramic components that may have

improved combinations of strength, toughness, thermal shock resistance, and/or chemical
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20 acconpani ed by greater than one percent volunetric shrinkage during
heati ng and equi val ent expansi on during cooling. At a still higher

tenperature t{e BUS.3) rconia changes from tetragonal t(%éb&ﬂg%@mr%ructure.
These vol unetric cﬁénges associated with alterations in crystalline

structure can produce crystalline fractures or cleavages along grain
boundaries. In pure polycrystalline zirconia, this tetragonal -nonoclinic
transition results in a reduction in 25strength and potential catastrophic
failure of th@MBHWﬁbﬁéﬁﬁﬁﬂFQE@wT%H@iwﬁ@ﬁ@hmy,&rhﬂd@QWﬁéﬁmbmmﬂydﬁmﬂmeﬁws
enbOd! ment S, ﬁg@bg g@ﬁ‘ﬁhﬁgle WY l%&s?m [ﬁPﬁ){Q @Aes& nfo PR thégonﬁ)tirt‘ﬁ{m BFJ'&H L‘tfgtgtyr%, such
materials in addition to the zirconia ceramc conponents of the subject

i nvention, sughbiégiol Amitedator dic melinode peibisle sigee arbiiseRpipsedartide tatrenavmsat,
severe tenperabiieshatcfialdselecti %Eér@é Sf §Mﬁl@aﬁ§n, gllla%ﬁﬁctgﬁngc ﬁl%ﬁgascarfaeﬁgﬁli bs
spheres, netal beads or 30 spheres, ceramcs, ceramc or netal honeyconb
mat eri al s, 5 ce¥sai Eswiatferorostixt pingees. oAl ithcherescaprdon escideke, vasiosy betedlathey
are conpet ent .0 ABkNLRh Msi SERYT dnfiYmehMNCFRNALddiYe BRMIMSHARLERY dong term
exposure to the rel evant tenperatures and stresses experienced in the
respective redetigd. fEgramle. INNQEIDIOEGRIIATT/ISROOYSUBLE55:E D2 teherE cal
addi ti on of afy b8R8 kcoREIPLIRRGT £ERHon ( PREINVEHIIDLrREE C&Mohe R mRPEe Rd T €

of CaO, MyO Y203, Ce02 or m xtures thereof to the zirconia, based upon the
total weight ©PSUUECTCRaPSeOgRaicTeafaAIsNbPYEEnts EPRNany rSaiRih cAde fhde; nmay
result in,forgBbhOthdahay@bCotiubstatiySt My s%ttgw&%wn%u&,h@l;m loB sHIBE Such as but not
crystalline-stabl e over the conplete tenperature ragge and 5 does not

undergo a phd§@iodriasRessedsooneBioen maieedniubes. PHEMed maelEts. Pidsttilenandrol e
percent of ONEK®mdIRIICHOhrikeRQor¥Bnts YR Bare CRARPlo e XLHERS dnlpefbRls. afided to

the zirconia, based upon the total weight of coarse(%raln zirconia and such
addi tive shallPBect sf@eifethdtigerngss HPROTESei he Euterigh cAdlr tubésct inaFitenappiended
hereto as "stablidd ZRh #iids QM. of LPond QeonXdAS afdeBRc®Un MaX tills B cdifiRlyeof
are referred to herein as "stabilizers." A stabilized zirconia thereby 10
includes & |1#EPICGRECHE! & P rHEAIIORYREEDIIIPLBINS M4y GIREL ZRpBE(4iEnt s at

| east two nol[goeer Cemicof istcARialling @latcriaN®lativd QLIS b cRAIROGH ARBES rdnpstaald | zed
zirconia may .include at | east four mple percent of such stabilizer. For

exanpl e, addi'tiBh 6 Lhalms 18¢ 2ok BopEEdift UERETIATR) Zr BYT (Zicoris divh )

general I'y fuldhghoSitrdbdlblyvkizesirdchite Bith6QNoBmaRApSRkRSaddNSost bRt Ur Rp&MbILE OVer
the relevant, broad tenperature range. OQther stabilizers require varying

per cent ages POt aBiidppigeponvads e & dtragorad absygidl zerugtupd. r c Ghis atranSormdtiont ber
exanpl e, aboyt.of IRLELPEEGE harYne P VOl Rt DS dlkO% RERY hd8Re iR
crystalline st?ﬁé}ure‘ﬁﬁgt jsmgfgg%g éyer f%@ fé%é%%nf’%e%be%afﬁ#@kggﬁge,
such as up t ¢x@pgoCdumpg gooding.| |Atfayptilhbighes xigmpdreturet the peiei ziicerih changeefipmat i on

of MO is ab@é_ﬁtagcﬁ-,%l PL&uRer &8 e, ][ﬂ]ey@wox%%b%ar?g@;mh&m@m Ifatiggdin

zirconia may include a fraction of a percent of at |east one of suc
stabi | i zer astrsaHioe Hewciry eaotpraskicofrydalisrfveiwres of clatvegtiafone ragulshyndaries. Tn

pure polycrystalline zirconia, this tetragonal-monoclinic transition results in a reduction in
25 strength and potential catastrophic failure of the component.
[0031] Additionally, if desired for some embodiments, the reactor system may also
comprise other refractory materials in addition to the zirconia ceramic components of the
subject invention, such as in reactor regions that are not exposed to the most severe
temperatures, €.g., materials such as glass or ceramic beads or spheres, metal beads or
30 spheres, ceramics, ccramic or metal honcycomb materials, ceramic tubces, extruded
monoliths, and the like, provided they are competent to maintain integrity, functionality, and
withstand long term cxposurc to the relevant temperatures and stresscs experienced in the

respective reactor region.
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20stabi l i zer, such that the conbined fractions make up at |east one nole
percent of the total weight of the zirconia and such additive.

[ 00331Zi r coni ng sufficient stabilizer to rend or
substantlalIyagﬁﬁg%g%gicrystalIlzatlon shift to cubic s?%a@%%ﬁ%ﬁhﬁm
zirconi a having an excessive amount of stabilizer is considered a "fully
stabilized zirconia." In contrast, addition of |less stabilizer 25 than the
amount required to create a fully cubic-crystalline Zirconia structure
renders the zI0&Hni aClermicat pddittonaofndt ieagt encofole wbicentdpek weialgaterasinie oplas eis
and/or cubi ¢ AR dretRARRAY O8I or PRIAIAS theflof GO 3EGHRL AR RGo P HENotal
limted anount of stabilizer additive such that there remral ns east nore
t han an i nci degigkilof esawse grinmishidietd niceniamd) weh tl@tltrVag@%aIIGSldfr Iyémmdgon ofs
referred to aﬁlbl@%ﬁa'l ?tjrdcﬁﬁresthﬁt?bl ﬁlbé%@séhﬂhg 91'%1@0 erTlQecoPn [cf0 tpxﬁllgetr ?lj II% ¢ and
stabilized zirconi'a is thus defi'ned to include su sta ﬁ

st abi | i zed’ zi fasdnAvtanddiga @ plzase Ei@nsfoélaﬁtonoﬁechmllcémbeﬁ%wg Qﬁﬁcasftcabmqlmccmt an
insuf ficient gmpugt mple oticabl M 205,00 RN i Quby &@éoﬂaawfo%eyak%ﬂa' Bed
zirconia over the rel evant, broa tenperature rang

2010/ 059322 PCRPn IS20BHHOBHOE T oprongainTHisonik vt sugh v cbm@rﬁhblébv\eeémefdub liny thésnd
partially stafidifizgsh Ql?dqthgecleﬁrn§ Qﬂ);ﬁh&e\ﬁeﬂe{fe@c{ R @&DilgePLeLAH | T PNAS di’ Agrans
of the m xed conponents as a function of enper at ur e, and i s soneti nes
difficult to @HBersetyeghseeharc yirsed & hoafém oy stabilietis. A< $iehilinep piscosiaghestiy | zer
di sper si ony OrindThack RYica@l onkNBoIPHESENGE sRbilRLNES oMMl ARRdNtsZdtNEhst two mole
contam nants. For purposes of thls 5 invention, it may be considered that
as the percedﬁéﬁ@‘éﬁm‘Pé%v@#ﬂéWhWﬁ€W@§§@@bﬁﬁ%ﬁﬁ#ﬁ&gﬁﬁvimﬁh@dﬁﬁéﬁé%%f®@Mard

an increasi Ngn&t plbdnt QK HNBIRE esoa&@nﬁ)w LRSRABALNG: | 107 GRReAShAR heat | on
toward full stabilization, the key strength and toughness properties

general |y teﬁﬁoﬁGmﬁﬁﬁﬁdvﬁﬂﬂHHBWQHdﬂﬁ@*ﬁ&ﬂ@F%Pa§¥HB@¢§ﬂ@ﬁﬁﬁﬁmﬁﬁﬁﬁ%0W¥ﬁﬁbver

at some poi Ntrcl@RRAL RRNkRADHHRS LAl | Ghékt507BL 8l 8irE Whiife Eérb’e%h%!:J df%t%ﬂ@é} or
full stabilization, these inportant strength and 10 toughness gertles

may tend to defrydibilisnedianiaaleidughe e dle%lhiééwéﬁnfffémsoéé@@r \HFﬂ }Zr0,

conpared t o0 WGP bRRBE LiyeSlIihd stthcRAS thhdb kb1 baRivhd RRUark kdnfRbAe ¥ah§et siigs a
m xture of cubic, nDnocllnlc and/ or tetragonal crystals. Howeve

dependi ng upd P 2 %ﬁﬂ?lééﬁfﬁﬁ1h$¥%e¥%mﬁ@t%ﬁ“ﬁ%ﬂé”ﬁﬁﬂ??wgﬁéﬁﬁ¥1%e@mﬁﬂﬂconla

may still be musebetent onn tyQteadoBIefv‘ egehiarpdtill econink @ if@lde RRYcOE RER
applications the g gnerall still tougher and npre fracture-resistant

partially std&BiF}t2 @IT§EWF66ﬁP%U%WﬂZmH@dﬁP@?@r56‘%1“?Hméﬁﬂﬂ%FH%“F@fﬁé@ree

of stabi | jozatsabifizer! €h $tad el doABfhed iaEAINL Fake RE L REIBAE BrolBBYer@hSEF HE total
affected to var r&}%ﬂdegrees y other factors, such as particle/grain size,

particl e/ grai’ff! T PEPTHAL gb%‘ﬁﬁeden3|ty processing additives, and
other factor30034p Uggtboelcaitiinink NI stapartd & Qend@xe@@rhﬁlatleYOm&}bsﬁﬁt1alﬂ§ed

i nterchangeably with t " as the termparticle typically
ref erences tﬁ%%?%%&“ﬁﬁ @ﬁFﬁFg%HgCa%CP6M§FﬁPE?FH&“”JHVT%a?ﬁﬁmﬁéﬁﬁPQW%Qf
typically I’efst@blﬁme§cdnbﬁeﬂ@@-lfat"lﬁﬁllyes‘@abﬂfzbd?ﬁlr&hﬂt"eflrl Béhtradt] 4dAQIeg b 446 BrabiBifdn
di stinction is not
25 than thc amount required to create a fully cubic-crystalline Zirconia structure renders the
zirconia structure a mixture of cubic and monoclinic phases and/or cubic and tetragonal
crystal phases. Zirconia containing such limited amount of stabilizer additive such that there
remains at least more than an incidental amount of monoclinic and/or tetragonal crystals, is
referred to as "partially stabilized zirconia." The term partially stabilized zirconia is thus
30 defined to include substantially any stabilized zirconia that has at least one mole percent of
stabilizer but an insufficient amount of stabilizer to render a fully cubic-crystalline zirconia

over the relevant, broad temperature range.
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necessary to describe the invention, as both terns generally refer to

anal ogous el ements. [0035] The detail ed conpositional ranges of fully
stabilized zi (£oni 3. partially stabilized zirconia i 71 cal
addi ti ons of %gfﬁhﬁb%§9Y201 or Ce02 to the Zr02 are knoqmqhﬁggwgﬂﬁPled
artisan in the ceramcs field and provided in the Arerican Ceramc 25

Soci ety nonograph entitled "Phase Diagrans for Ceram sts,"” by Levin et.al.
For substantially all stabilizer-zirconia conpositions, it is generally
appr eci at ed t WA341f ul The sxecaldivisiondutvcien folviand hartiallyestahilizadtap bk owelfithvadtroy es

t oughness and t r t, lally
stabilized Z|?Joﬁ?éh%§d%(ﬂsgﬁhsgﬁ?éh%ﬁ@qug?#ggﬁgoﬁgaﬁggg?g%ﬁgmgggbl?ﬁzed
zi rconi a may ﬁ@mbn@ﬁ@ﬁ@bhEHF@H%thVmSwQQWHWmedﬂEhﬁtmﬁn@ﬂdByda@drd@ﬁﬂe%s
CaO, MO 0 ir i

t han t he annuntggglstag% Sg%cfép§?$€%a$%&@%ﬁ{l%%g%h%gﬁabﬁﬁné %yppﬂlthe
zirconi a (&. ginyentipl izmappe ewsitcraﬁghat aﬁdlcallcygntmceqfetaémzy ipgregsay Ebm|rowahht r ol
of particle siglngedli SLLLBUL Q 1 Xt Uhg

1) 050325 PerTaamsh) bl Skl 8 &H%wr&%%cs?e A bRt Tt
monocl i ni ¢ phaédéizatrat ovandefull etapilinhteph. ﬂwd@vuﬁ@%ﬂn@gh@e@@eangoth%eyedeTh|s
s referred tondielibRvahndeR Helphal Yastt ARl haRT HEAM Bomd g%;f@ DAGideY
material s properties are i'dentifi avi ng significant ortance

regard to hi glibseyially eoqmpieie ¢®F0rm}’récéll7@f101b@lrfah$‘@@113%10{1 H@*ﬁﬁnpogjﬁﬂwg@th elct or s
and their o 5 GQHHES B%%@Qm@weﬁ@w clelgltaxe fRewARRlcl RS bRAd tethpb@fuBespRGRInPas
thermal processes; nanely, thermal shock resistance and nechani cal fl exural
strength. Ot HEPPEES e Puchasopcaise in aPatiabrisiehilizast zispnis thet Aes imuHuE exfsebiat ur e
and t oughnessnafglifd %ﬁ)d/bﬂgpargg)ﬁ"ant:ry?fﬁ‘lg Aty ep%efegfﬁﬁé gﬁfn@ﬁ’c e\’f!‘ﬂﬁ&t@@ lRChig an
appropriate cerami c materials or “components for an application.

[ 0037] Ther mal M Pl sfaddizat zitews gry sfiltlr wrtbfos depuprdat cpnifiatioe. weife faedanys t he
maxi mum 10 capdgplichidng @H?:egeﬁ&ﬂlﬁ}ﬁsﬁmﬁh HeP EndRbR! R lurCARstMtt ﬁﬁdﬁ?@tdm&éaout
failure or excessive dana? her mal %ock resi stance i s an eval uated

par anet er “butZiagtis ¥ithhe age eé‘lblepr Bpetditipn tpdagres ph ttgvlizgfion, ey vigtilizeth gigonia’s

resi stance Mg E@REROMMPARD SNBRE¥PR Pryihdh 8RS bw@lkxefacte@m@m@mmﬁﬁgg%r Y,
and strength as well as on material properties or factors. Sinpli

mat hemat i cal SEKpRagisdy/Ema distbption pagkite denyiy proespsipg additiigmpnd ot TE‘zvéﬂamoe?mseo|

to describe nBdEfckd, tHeaeREhRk RADGRUDHRY bR us%@tmtélfch g&@lyt\blﬂﬂtﬁe term "grain,”
Al ternatively, much nore conplex anal yses may be ornmed. usi ng nunerica

anal ysi s met Rod% epeprrade fywwﬁlﬂséfcgqr@ﬁﬁeﬁntbc &8 H?fqﬂé’gsmg't foaiiferigamils e term

However, foor it 8picalls rdp@édcey cﬁa@ﬁﬁc&paﬂa@%m&ﬂ pﬂ&@&gﬁ%c@tcﬂﬂ%dlgtlh@th§n&r
di rect conparatlve anal ysis is al so useful é nore_ practical. Thernal

shock resi st ARES2HEY dﬁ%@llwa? RERiIgnsy bhdgias 5@6@&5 .red“elvt%ﬁf@#ogaw%%wms

experinments ge038] as Thé Idéﬁuécatc&elpdbnloﬁﬁTth&S&Sfuxwh%uméed 2RoshogN slammge
f.rom bui | dup of .t hernal sical stresses,

results in a erjal n

usual l'y duri ﬁéﬁ‘tﬁ 298 AL %&ncﬁhe%a. ¢didiget 1rigO- Wé’p Popr Gettdp ih5140¢ &€t or s
descri bi ng t keswiko §hekd raagarstraﬂ@a:e@m%t had nad pexRRASH o AaRFiEdnCc&ithic(a) ,
el asti c nodul us gEﬁg?thernal gct|V|ty (k) trength (of), and fracture

t oughness™( KPE'St GiPhs ASKIRY ¢ 8psst Ringmps T Eramedd By Hedt ¢4ah ng'™ and

E and by i nckeashiglyKall @fdbmamknl&rﬁa doBR3Bddnor itexapmkrily tdpereSFEM GdSRDly
thermal shock hfSlstance tesH ne@hod PUI|dS og t he %eri ntal principle
of rapid quef@hIHY Giconya has relahyslyi Iown ipcturg toughngss agq refatively lgpseresigipncs 8acm x
2.54cm x 0. 3Zapacsguat@ired tOpar@ily 8tabNiaéedrcbanpatathet Br ﬁ]@n;@appﬂ;ﬂe@i@@pah[h!ll? a

water bath at r. erat nchi.ng specinen is
dried and dyé?wgﬁ%QQQﬁ UM% ﬁmﬁ%géed%ﬁﬁ@ 8@H38§@W0%ﬁd38P%ﬁ@ﬂg%ﬁégigﬁikor
Instance:mZyg%szﬁC6®vm&&ha?%&ﬂ&wew‘ﬁ@zﬂ&ﬁ?fb@ﬂ&ﬁnMHMnbﬁzu&ﬁ@toﬂ&aﬁhﬁx g
zi rconl a sanpl es t I ca el 1 ow, pln ~Provi i Vi
depi cti on OPP8P5§€ 5ﬁéﬁﬁépp§¥HW?f%E8ﬁt?yfgx@Wa@ %?gﬁﬁ%gGQﬁVguﬁ 8°grai n
boundari es. Metdabtisbst euiefuiedoatoi ofipagic ey Bidridtifiong aed prb@bdhg, aliagks bemgt h

per unit area in each specinen are known in the art and may be determ ned
by scanni ng software
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WO 2010/ 059322PCT/ US2009/ 061055 el ectroni cal |y aggregating the | engths of
all cracks, backed up with visual confirmation by the technician. The

el ectronic sc ol ution or magnification is gener J.tical,
e.g., fronlas%@§§#§§g rom 50x to as high as 1000x. The ?gé%ﬁaﬁﬁgﬁé onIy be

able to differentiate actual cracks fromnere grain boundaries. As with any
specified paraneter, the value 5 determ ned nust be nade over a |arge
enough region to provide a statistically sound representation of the entire
sanpl e. The twabdizeg cabik nhesegetd e rungnble rmneshrrmyhabe this t v erivaydhigly dractare

sufficiently | @&@&%@m@&edbxh@a%@g@&ﬂorﬁgrea A PHBLL i ¥i-84 AHaRGr of smaller

regions that collectively represent a statisti 'sound region. A whole
conponent mayl08¥] st ukivekkyonatesiss roepertiss ercridagiibersasrhaying sigeifigdnyg anmdtancEveith

studi ed or rel.gyan }ﬁ§9§69ﬁﬁ§) e an& gf%r%rlfég)q}i)QH%El g@xebp%a% Si, @&ﬁe@f a

"conmponent" fof purposes I'zing propensity of cracks
observed ih aorreEnGR siiirRifty EOhépnhlqétman lyhpedelor theimst areewsdsonanaelyp dharinglul ar

region or cor@ﬂ@&@%bﬂﬁ% he agémwz@&uan@n&%' i Qﬁi‘ie‘rvp@(lyﬁéstp%gogu%g’as Scla&tllcgs

from1l (the | east resistance) to 5 (the nost resistance) as summarize
her eunder : 1:stabfén atdrlﬁbtleglp%w@uermﬁw@hwwe ebaarpertanzad nvsne ehoded! ehacks.

3. Sore clos %glegt[r%%ﬂ %pprgpna'te' (,Ief-aln@c ﬁdt@ﬁa% orc&Bﬁﬁ&l%nts 501" dh@p;ﬁlcﬁ%s [ 0040] The

appear ance of various degrees of cracking in rapidly quenched zirconia
speci mens or [8&pondiegnagsigck rraisienceof p egppisEPRHEOIGUe bsaécifmed asiby matinzed

ther mal shpckpigsiis tdpeRinkNhDRhe Watdig! foh QMnltabPwRhA Britutd &%&E&&@éﬂdmgﬁ gure
4. Arating of is | east acceptable while a rating of 5 is nost

accept abl e. THEmpé plsick regisgiaeois e cyahipted trapacieb by det ¢ magalirgperty.y Brseaptiop

produce a norgrehigad sM@R e§1§5ﬂc@ gm%f dSpend upBR e typEOofdHRRhdI f K c RN CRGRRAY Of
cracks observed in a thernal shock resistance test specimen, dye penetr at ed

25 sanpl es WEFERNSHE Pltdaitlleygt% BRNPER QrfEeteih pweetes ardacitisi vagiiehasthenaical

conput er  sof t¥ak@idRs Q8K AR ufoRl a BXAIR! & aBuhRlodl &F akkudcgngt MesB®e HBichiaar ea
of the test specinmen nmay be neasured by use of commercially avail able inage

anal ysi s Sof tmfé?l@dn@ Hder acyep plesendifignso i pmatiyly raish Masg cqnpl Faapysep mayrhg

cor r espondi NGegaARA abihy nWhdridaltalBydid hbt&Edsa3tdVA finBES R fand @YW Srath an(u% her
i mge anal ysis software applications are also available to simlarl

measure the tHMSFersior gkl éﬁ&){lﬁdw 09%@%%@4%# 3 qualitative or direct comparative

analysis is also useful and more practical. Thermal shock resistance may be evaluated by
mcans of rapid water quench experiments such as illustrated in ASTM C1525. Thermal

20 shock damage results in a material from buildup of thermal and physical stresses, usually
during rapid heating or rapid cooling. The major materials factors describing thermal shock
resistance are thermal expansion coefficient (), elastic modulus (E), thermal conductivity
(k), strength (oy), and fracture toughness (Kic). Thermal shock resistance is increased by
decreasing o and E and by increasing k, oy, and K.

25 [0038] For example, the ASTM C1525 thermal shock resistance test method builds on the
experimental principle of rapid quenching of a test specimen (e.g., 1"x1"x1/8" square, or
2.54cm x 2.54cm x 0.32cm square) from an elevated temperature (¢.g. 1100°C) into a water
bath at room temperature. After water quenching, the specimen is dried and dye-penetrated
to investigate both open and closed cracks. For instance, Zyglo® water washable dye

30 penetrants may be used. As the zirconia samples are typically white or yellow, pink dye
provides a vivid depiction of cracks and helps differentiate cracks from background or grain
boundaries. Methods for determining the cumulative or total crack length per unit area in

each specimen are known in the art and may be determined by scanning software

- 14 -



WO 2010/ 059322PCT/ US2009/ 061055 TABLE 1 Il lustrative exanples of nornmalized
thermal shock resistance (NTSR) index or rating, ranked from1l to 5. NTSR

| ndex Measure lokoses ack length per unit area (ernicit ioberha of
total crack Iglrcl)gatoﬁjh%%{ctul ein) 1 81.2 >50 2 25.6 >20 - <‘%§%‘/'§%Oﬁ"rlb~3

electronically aggregating the lengths of all cracks, backed up with visual confirmation by the
technician. The electronic scanner resolution or magnification is generally not critical, e.g.,
from as low as from 50x to as high as 1000x. The tester need only be able to differentiate
actual cracks from mere grain boundaries. As with any specified parameter, the value
5  determined must bc made over a large enough region to provide a statistically sound
representation of the entire sample. The total crack length per unit area may be determined
over a sufficiently large area or by aggregating and averaging a number of smaller regions
that collectively represent a statistically sound region. A whole component may be studied or
onc or morc rcgions may be cvaluated. The studied or relevant region(s) or the whole
10 component may be considered a "component" for purposes herein.
[0039] Utilizing propensity of cracks observed in a test specimen, the thermal shock
resistance for a particular region or component may be normalized and qualitatively scored,
such as from | (the least resistance) to 5 (the most resistance) as summarized hereunder:

1: Open cracks and many closed cracks.
15 2: Many closed cracks.

3: Some closed cracks.

4: Little closed cracks.

5: No cracks.

[0040] The appearance of various degrees of cracking in rapidly quenched zirconia
20 specimens or components and their corresponding qualitative, normalized thermal shock
resistance (NTSR) value from 1 to 5 arc illustrated in Figure 4. A rating of 1 is least
acceptable while a rating of 5 is most acceptable. The herein disclosed inventive
compositions will typically produce a normalized NTSR rating of 3, 4, and 5. To quantify
propensity of cracks observed in a thermal shock resistance test specimen, dye penetrated
25 samples were optically scanned and subjected to an image analysis computer software
program. For example, a total crack length per unit area of the test specimen may be
measured by use of commercially available image analysis software, e.g., Clemex Vision PE,
as reported in Table 1, and corresponding generally with the illustrative images of Figure 4.
(Other image analysis software applications are also available to similarly measure the total

30 crack length of the specimen.)
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16.5 >5 - <20 4 3.5 >1 - <56 5 0.01 <1 5[0041] The stabilized refractory
grade zirconia of this invention preferably denonstrates a total crack

| engt h per un ter quenching a test specinen of l.ve

mat gri aIO from%)lzgi@ 0 a water bath at room tenperatur Cqﬁhlz@m%

greater than 5 crﬂcmz, that is, it preferably has a NTSR of at Ieast 4.
Still nore preferably, the stabilized refractory grade zirconia of this
invention denpnstrates a total crack |ength per unit area after quenching a
10 test specinen of XARLE{ dBustptedxpmaplesen moimpligrddbsmel sheadkrpastance 1100C i nt o
a water bath at room tenper atNiF&)titdgk of gtipg: edbsedefiiny | frot. greater than 1
cmcn®; that is, nore_preferahbly has a FI'QP of 5 __However far sone |ess
demandi ng appl i cati oNs NTER BNV e ? : ad’é f’»_f"f§%°|kate crack

| engt hs in excess of B Y han 20 cm cng,

t hus denonstrating a t ended
application 15 deter h. An NTSR of
at |east 3 may be acc or—sone ?ij;p. —cat+on ing of 4 or 5
is likely nost prefer the—Tore (Hﬁ'nullm g condi Lkpllb and conmer ci al
duration. A rating of =3 or tess—oftermr may be presumed unacceptabl e for use
with many cyclic high thermal stress applications. However, the inventive
conponent s5 ha@e4l outimetahilidainohatoratgede ermok df gnginkentiof prefaeh|y HramnSirases cnP.
20 [0042] As ]‘ASH -04. .1 f e ock
can be assessi%taﬂ)ffﬁ?rﬁegg%t? ing t 5}6312%5 ch%cc)lrl\&?g t%ft g;f(‘egﬂne Osfitﬁr}elﬁ%}%%ﬁg
produced by rfam d10§8E i mgtcobath ggpors peprrensthisat@diasr tss Sanvargéatas,

t emper at ur es f t,akd ki of venti on,

r eggr di ng quan{): i teédgﬁ{/%gﬁe%?ssﬁr%ﬁﬁgﬁf ;stélf Y &ﬁglpgelf%ﬁ)cﬂ ﬂ%ebg%bg[ “Ii?eﬁlaaorycgrm{) cal
t enper at ur e iznrenyaf thmyvebeom&rmnmmmh 119;&1 arapletdrugttl|p©muxiihartha°tenm1a¢ncmlng>aur al
PLrenath of S BRoAELSFTLNAS, PP TUED: 25 Bl SIRPYE, sk BARL 400,
of a steady Strapeeatmrenipem@taﬁe*r@lyimﬁtfgmae:nmsIWntdmzrtha 1s;eroamprefcbbij'ylam NGBR
ther ] expanglion LATRLED BRLEEN A RhIFY RREMRy, RO KRR eyt oo
guant i t at i veldgmdstraete mrdlqbldngtbs mes:cm aht embfn’ ducprekmibly mateatathart 20 eepeat ed

or cyclic ShQﬁu%sdemoQ&§atlng a corrers)po% %{grﬁﬁ;’sﬁ ho?‘t op Eingh%rs t The intended application

15 dctermines the range of acceptable crack length. An NTSR of at least 3 may be acceptable

for some applications while a rating of 4 or 5 is likely most preferred for the more demanding
conditions and commercial duration. A rating of 3 or less often may be presumed
unacceptable for use with many cyclic high thermal stress applications. However, the
inventive components have routinely demonstrated crack lengths of less than 5 cm/cm?.

20 [0042] As set forth in ASTM C 1525-04, the effect of the thermal shock can be assessed
by measuring the reduction in flexural strength (MOR) produced by rapid quenching of test
specimens heated across a range of temperatures. For purposes of the stabilized zirconia of
this invention, regarding quantitative measurement of thermal shock resistance, a critical
temperature interval may be determined by a reduction in the mean flexural strength of a

25 determined amount, such as for example, at least 30%. However, the test does not determine
thermal stresses developed as a result of a steady state temperature differences within a
ceramic body or of thermal expansion mismatch between joined bodies. Further, unless the
test is repeated several times, the test is limited in its ability to quantitatively determine the

resistance of a ceramic material to repeated or cyclic shocks. Thus, it is preferred that the test
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WO 2010/ 059322PCT/ US2009/ 061055 be repeated to anal yze the effect of cyclic
t enper at ure shocks, such as may be experienced in a regenerative reactor.

[ 0043] Fl exur a o can be nmeasured by 3-point bendi A
illustrated ihnigﬁﬁ%%%Q7. The test specinmen, a small baﬂquk§@hgpggcross
section, rests on two cylindrical 5 supports in a conpression test

machine. It is bent by the application of force, at md-span, to the
opposite face of the bar fromthat resting on the two supports. The bendi ng
force is appl bedrdieddo ataiyedthe pifeardeeycli¢ denerpioe shodys.tsheh atntrerbe tewesyiented an
prescri bed coy&%g@hﬁg@&ngntil the speci men breaks. The breaking rod, the
di mensi ons of the specinmen, and the test span are used to calcul ate
flexural strel8ti. 10p0044Tdnathgemee arsodd hehpeint iredipe stent illustuextin 68T May

| nclude heat gfabl @, {eg{rb ImEE" AT 88%}0&?9&% &spgécﬁmyrep(g oldstﬁ)coué liﬁ(!tﬁ:cgl as
in a thermal or pyrolysis reactor. |n othe en%odlnpnts, t he |nvéht|on may
i ncl ude a {hewumedrispy® ednypssion escmenhingopy bast bigthe apnisriontod fardratt midyspie to
useful wi thinyt BeJiOfct SFRRTRE Bof HEALANS B ths HANsHBAR OFiR: b&IREGER Qf the
invention may be used for construction of various cgnponents 0 reactor,
such as but nplicdly 4 ihiil celindeio(idepibrrpomibneden tyohatraensetcnbedsonier rate ontd theor
reactive regi s‘BQoim!:rf‘@llc'!ﬂét 194 3br€%ﬁﬂé Qfd, A% diBGInO BRI GRS Qﬁcﬁtﬁk st Ebecm are
process, such as flow conduits, m xers, heat sinks, or quenching
conponents, depERdriayataperalEcysty ticul ar process and apparatus enpl oyed.
For exanple, [phuspne RSBRE lembbilitchDURNhiV& GRARRRNCRALS 1iR¥e BRaUSEIL! folPed
define the flowpath for the reactants, mx the reactants, and store and
rel ease react®EMihedtPorsit thainawl susafid sich apiny theatrlor PyRbsearrsivredn pet he
pyrolysis reagih@nints Qs ian{tiBQ%ﬁ? itRudt R8h il JYRHy o SRR IO pridifEchfpBfdnt v €
region includes at |east a high fenperature or high heat-exposed portion of
the reactor dft Pyphcary ki adididempHoye coRPoene’s raRats. afwcas obdicat ed
Wi th the flovunhadgod RMEEbAEH 28t BhstuBRmt AVhSods hRpSHasks W b Rétot NEcH fakt A6t

m xi ng and combustion of the reactants, storage and rel ease of the produced
heat for EonsiRSEiDrrOMROrAE] 4 BRFAG Te GO0 oI y'8acE Ve Bgioni Brulatingy apéortas 25
of the pyrol WedcBioda®eshRchi9RNRS RLASK, RIcAdYaSS cddanRy eikeaN deak iara W fudhdhidhe
reactor, and with quenching the reaction products. |In other enbodi nents,

the inventi off°RBS THCICHAE ESART BF PHEFHUPGPY 26t 2PYREP §EP1eY LodBomemr’s: Whose
primary functoh@Bsptd, HEMOENivE GorhSRkdl Bay bOShRlLIARE thOTBRLPMSEr MORfLHRst he
generated heat,, and/or which provide nmechani cal support for those regions

of the reactd¥Xt! %f“%?@&d?W¢%WFym?Hﬁ@Wﬁeﬁwﬁﬁn6F“p¢GXWWﬁF%af%‘%ﬁ%MP%QGFion

heat.  30:010Q48més b teesasiGs PRtiRhE alFol Surh&ad 8Oihc iclasmaiERSdin, PGy

i ncreases as a_resql%ﬁof pore shrinkage due to the sintering effect caused

by the heat. "G 8Py ahifgstadigh femppra fgh hepeheped Rortiogyqf dhereacteyyand

conponent s t B@iQi maRlidcydg tidke baERhGN ME: B¢ BRbCIREDRith IFITRNA4ddl iftcfabfdnQIT OF

shrinkage, resulting in a.g]ight decrease in bul k. volume, but with an

increase in CGRBYNSHE 2ndNDO107 EBYR2 BT BRD B WET0Y 5 S TPERYE gAY as a

((:er a;ri cis hea':léa@?jclpfthé ?rom&lh&ﬁ f(ﬁfcoﬁsmﬂf)t:iti’nan ﬁre&qmmg@}a:: pyfdrl]%k‘él' z&Jtio&tnﬁ(ﬁ/BﬁEr?m

MOR) may typica al so correspondin increase_slightly. However, when

t he hot céraﬁt@em§%@ﬁbf8§kﬁﬂﬁ?ﬁrﬁ% @P&%%1%“ﬂﬁ@é%jﬁﬁﬁl‘W65%§6@HDé§n@ﬁ§hmater

quenchi ng, stiiesising taGtdtEes pldiyctd eini Alidi AUEEB et eh e hbyctidhl Shapdndudsaaddcani ng

or reduction in the mechanical flexural streq&%h. ) qu conbi nati on of the

mul ti modal  gFAPASYANEYINESFEPBLITY ORIy et SJPHEe 9 Fo'deeliites O a

lattice typeostmuetdohfind hatgepsraed des, idder iwihomedds ieengichl, suppat f&tth@ss

di ssi pation and handling characterjstics, and cyclic thernnl stress

resilience. Tﬁﬁ%%%%ﬁ%@@gﬂﬁgﬁéchgﬁ ﬂnYﬁEﬂHbWé? *Wﬁ??ﬂhgnﬁwwﬁé8ﬁanica

fl exural sstr@ogsih ( MORker&tmaterial is heated, its density typically increases as a result of pore
shrinkage duc to the sintering cffect caused by the heat. Sintering may result in some of the
ccramic crystals or components therein melting or undergoing other high temperature fusion

or shrinkage, resulting in a slight decrease in bulk volume, but with an increase in component

-17-



arc of interest in determning the suitability of a particular ceramc with
regard to the present 10 invention. One is the MOR neasured after
sintering at enperature (e.g., .1500C) and initial i to

anbi ent condlgkgﬂgﬁk fiot her MOR of i nter est (al so neasu#ggﬂggﬁgﬁgggnt
tenperature) is the MOR of the sintered conponent after further heating and
quenchi ng, such as via cyclic reheating and quenching. The subj ect
inventive conponents denonstrate substantial retention of the clainmed MR
and thernmal sHcokhr d8ispanceapicopbraddess abdeys dovpiureIbechaical dbxusil ntrenging
and further t P REER S4B %0k &pShdingANRGELE A8y ASofdbt B8 I

bel ow). GCeneral %ﬁk?ﬁg& Sggt?esp%%gggn?urf%e% % er%a pro%é@gﬁﬁgmg%%
(anneal i ng) ais euliestedge efécttmlytqhah co@ngpacicenta vatssquendimgs sichs praypey minelss
after initial mﬁ‘&ﬁ'ltc&ir {h@rgby @ﬂgm E\ e&?%%lh% oxn%tduétl%ﬁsin tﬂt%C(&]ﬁﬂlgﬁ ﬂ%@ﬁrﬁfem‘en%ﬁss

or in sone enbodi nents substantia e sane or even higher strengt

t her mal shock!rcessmbinaierecfghopeltirods gaafmbeandahrmmwtﬁ gemadne oiar sinfaping results
consi stency and, GLRL iM% 4 BB QST Prprd N8 shbitTedac R ANY '
shock properties #e?g&¥s ct gseﬁgrépe#tleéndetérﬁ%%ed %fteﬁq?nﬁ%ﬁg{g%
sintering, udﬁé@§%§$éﬁ%@wb%h@ﬂww§@tm#$$wﬁm§@5ﬂﬁéﬁcr|bes the process for MR
det er mi nati onaold)04 AEKROSHIIEOvol IRr AL ijrngc%gig@an?l@hr&l%tr&%m)@\ﬁ@f{ fgs i n
excess of 1500C, such as iIn excess or at | east urther
process the cGARGRES! in Aotarnrieing de ss@hév\mfta ReFiEsh sg eRiEmiE o i ripRssd tiOrﬂ@F prsigeh
further ther MRlciRERCSRSL BY MOR RABRRA! G mdTRE IR KA MnbULEN shB e he
strength and thermal shock resistance of in ntléé conponents a
reactors oveﬂmﬁ@ﬂ@mymmg@?mn@mﬁﬁwaW$mesAaWHﬂﬂﬂ@&pé@ﬁaﬁé@bpmmmﬁe@d%ehbmm@nd
herew th thattcr‘né;élé‘h?t%f LR SRR h@ %te?édrhto @8&9%1’?%5&1}1%&@% h &en%ﬁ , such
conponents after exposure to higher tenperature for peri duratTtons,
thereby si nulatiingydliserchesud @nct\guensmngorf%n@hpst aenting cemmmnfm@moa@@te
Thus, in an0tsb@s’ianﬁﬁ@@t@ﬁtlon%fftﬂ%rclfh’ﬂ M %athérﬁllgl slﬁBa@‘re%LtQ&c% %{»eﬁl%UP &'%B{h such
as through commercl al use or sinmnmu commerci al use at an exenpl a

t enper at ute oitigtsiniesg end BODE th%ma&wem(sg ‘tahecatingy’ nesdfuitieor émC@bQémwent
demonstrat es @qtefah QS ler HIRLL BlocL SAP BLALMEE) drdndt}fealRRAUR 1
from5 to 45 vol . ﬂv%qz[%ltfl Sty s o AR G g)sé nu%ger? the formed
vol une of salpﬁfcélﬁdﬁ“éﬁb‘ﬁlt suckspetpetionpianitisl dnteienged end fsqueatlengt pysethar Hirce
strength (MORL..af 18, beRSind elﬁ'[?)%!ilme% %L@smmlw @E bsrﬁ@%f- el Asg%t stré'h%gl pgovi de
a thermal shock resistance rating of | east” four , preferably at |east
five (5). Théhoumm shpexigpighnostrenseich a&?f aopealing| tﬂqwa%n fozwrma%ﬁnaye gty used

for reactgr %QHBQQ%&%&.%ﬁqgﬁﬂhﬂgﬂh@aﬁ$ﬂémﬁﬁ¥ﬁﬂkkﬁﬂm§ﬂ@HﬁQsQﬁﬂﬁ&ﬁﬁ%?&1&ﬁa”
or equal to about 6 kpsi (41.3 IV1Pa) after initial sintering to at | east

1500C, such d&sternpipgd adienmglabsinegie, gplcisstitad oftgryih A ST 1aptidesese Higerrecss
qguenchi ng t o rafabrNttigAPRRat ure. Also, the MOR is preferably greater than
or equal to about 6 kpsi (41.3 MPa) when the sintered conponent is further
thermal |y coh®4fl onéaposgfﬁ@ﬁtfﬁsﬂmﬁf‘ye SRR tEReET#UEh ETIXAYS 0B W0 C. antietl ed)
tOSlm“MGM@W%&M%Mm@@5M%@m®W:@@mmﬁ-&whmwﬂﬁ&&@ﬁQN%Mﬂmng
may entai l reheatlng t he conponent to tenpera?ure in arange such as from
1500C t o $806TGrhaparaiegsys &y arnctiprst os%of@@ergmr@ﬁk BICRGPPS Chafyredimet wisy
inventive cogpRagpt ﬁmﬁ&u;nw&leyugemﬁghr@ltdethamwmh@cfk adsislaB@S bf GhkRiknt(l. 3
MPa) after further thernal roceSS|nq The conbinatjon of a normalized

t her mal  shocROTFRFRE AMLIEAGHS P rerayifeingy daeRe 4\ fisiEse e eovided dig laad

herein as a meBWARIhMIRaRd SBRGKH SRl aReRoRnAPSId tRSsatdadormbenen® Bfter
necessary across the required broad reactor tenperature spectrun1to provi de

for |ong-t er FROSFE? é}l%her GRS | (B PFOdH d e Wimp BF P SEYIFg| g jresulting
chem stryspr esgssess e candleshr &d | THhe, Bysbecobsptheafie@agtnraneanmpenaot .

[ 0048] A commercially sized reacéfr accordlg? to this |nvent|on may

typical ly i ndPHE RHRBRGLS Tt altiouet SAPBRER §5aPT SAYEET OrirRkey, et an

ot herw se DOSieTrﬂinlﬂﬁ‘fanideEdmr@ of BelcheABHEC RP t6O®MBurdNtle Fhal defafi@tdhponent
mechani cal |g g% t o accommodat e such arran? Ft over epeate .

heat / quench ILalgs g reIneE AROPISY 31 3mpPIeRE BB ANF RNt @ng%ﬁﬁﬁnﬁét%ﬁsW@aét one
year, preferably at least two years, and nore preferably at |east five
years. Thus, the MOR after initial S|nteﬂ$ng shoul d be greater than or

equal to about 6 kpsi, (41.3 MPa), or nore preferably greater than or equal
to about 8 kpsi (55.1 MPa) and even nore preferably greater than or equal
to about 25 10 kpsi (69 MPa). Sone enbodi nents, however, w Il denonstrate
MOR of in excess of 30 kpsi (206 MPa), while still other enbodi nents nmay
denonstrate an MOR of in excess of 100 kpsi (690 MPa), each while retaining
a normalized thermal shock resistance rating of at |east four and
preferably at |east five.



[0049]Wth regard to MOR retention, e.g., that of retained strength after
subjecting a 30 sintered conponent to cyclic reheating and quenching to
S|nulate oper at.i ditions (e.g., referred to herein

"anneal i ng" f@b E@@Jﬁ% y), the preferred apparatus and cogghﬁ(ﬁyaﬁoécordlng
to the present invention also includes an MOR that is at |east 70% of the
conponent's initial MOR flexural strength after sintering, when neasured
after two hours of WD 2010/ 059322PCT/ US2009/ 061055 anneal i ng. The

anneal i ng nawmb@wnenﬁbrﬁeﬁahrdemqpﬂeédp@ﬂwmeﬁpéie@u@emmﬁmeﬂbe§sm@ﬁﬁm5@oc
preferably at ﬂe@uﬁt?&}%ﬁ%ﬁh‘&bﬁ&%ﬁ iLds e k&lf' %férgtny dthlgist % ae&u? ?rogﬁg Eﬂrlénlﬂgl
conditions, but typic e execured at & t enper a ure n a range of
from 1500C t (ﬁhQ@O@@ta@g@ﬁma@f fapleagt imur i prferably atdmhve 69 edhi MR dlerxanpl es
provided her es'tr@n éﬂ %Lﬁtﬁgodaj Eﬁ?coﬁ;afc%ﬁhlrﬁo&seh %}gfeac{ser%u&ﬁeﬂeﬂﬁ a%iﬁ%?on S nay
al so be eval uat eternl ne commercial suitabil such as t

after, says f onveesrmloeld bo gecatgp i ondquelyie khapt pkpi &blsi w@a)( dienaatlal sigipringoher
preferred enmh i r ?@}% t o S at
| east 75% of t aQQGb@ggg%?aEQRﬁgﬁm?keﬁﬁ?%@%?é f%%e%?ﬁﬁg% &%{@Q?%h%%
preferred enﬁ@&’rqiretiﬁimel atufye Aot tic MR MIRfehdy Rrbatsetha o eeaetto 8% ©kpst (4. 3
initial MR \gependi g sHRA AL S Bk Ao AR LAHHAR: such

pressures, and tenper atsur eég C%?\s?l{r% eIE etgt ; eﬂr%L ésouglfl:océlaesr?tC nsu%rrgrégx?gs nﬁ[er mal
cycles and stauesging Ha#igeagncalyd) tmeﬂetar%ﬂ@pwtleeﬁwdemnﬁ hdiorgkangifectke thermal
resistance) %mrmnrgoaapaﬁm &1 QfinfBRG E&%nﬂ%% BASSatR heAGRAudeLERTiNe

| evel of retained strqu (and/ or shoc reS|stance) t he conponent coul d
t hen be eval UaPEH PolB0PEpprueehenteveThe e 3AYbhe n$l§pwl>agwaifu§e dfventive

subj ect i nvenhinfthen PMBUAY derRbRerAD L WEDPBE Q%a‘%t% E}J’sp(ﬂ'l qu[i)ei)faﬁerdﬂdftﬁ’ér e fior
the rel evant 15conponents” and apparatus beyond | evel "t hat was
previously a@&WFﬁE%e'mﬁ<¥ﬁ%“@ﬁ%1qumﬁﬂﬂﬂmﬁﬁﬂ@ﬁé“d@ﬂ%dﬁ““ﬁﬁ?§fﬁﬁveﬁﬂ@@Wh

i ncludes a ragsR erre%thve rd gk Rl heRY & y&rﬁmr a6k hd @mﬁrreh%c%mg&mqnﬁnt S
for pyrolyzing a hydrocarbon feedstock (e.g., petroleumliquids, gas, or
coal ). ThE t érerﬁerﬁrtﬁ%%cé%éiﬁ e ES PO CHART (RPCEIEHT PRSELTWR (P e for lopgfetide
virtually anxormﬁ@rcrar:ammmggﬁ téﬁﬁgaﬁegymrb@héﬂsw%e@es sibst anltaliky

car bonaceous feeds such as graphite or "coke. EXenplary hydrocarbon
pyrol ysi s fe&ddt ofchsrerqieiiconagichtave particul ar applicability for use in the

present invengosgn t WpdehdrofalGONRGI SR%r AB&r@fig WPME VAT BHab Aptcal i GhL1 RS
net hane, ethane, propane, butane, naphthas, gas oils, condensates,

ker osene, heAHPFHEISTCrAMIE FRBRINSNt /gt ARRKEHOT oficEviFePasTiogys MR fheFaser

distillat®, b&ew¥d 9@81dQbthin nilRAMCIMAREKEDo BRSmAoliat@ Adn LB S MBS ovel 1Sl Q1 |
crude oil fractjions, atmpspheric pipestill| baottons, vacuum pipestill 25

streams incl DEAGEPEbEtCkmior drrewyer%lﬁr agGepighla Lify sl @a reat erEamBreiragi at

refineries, YAGUHEVERS aft hére ph@dalsy btflbﬂbt mx;&m@ esheUde MERYN MA%ASint&RR! |
graphite, coke tar, atnpspheri and heavy resi due and h drocarbon

feeds. UndesHoulsite eerfifa%ana?ﬁaqrr - %waé knisk &4 b MIPa): RBBrOTePrefRably sedter fhaans

may opti onal blyecpe th @HAAY 8 UpH Y 5PNEIPAY ariiRF En BRSO b tafl YESGuallb aBdut t O
30100511Thi s 1 nvention

feeding a volgg | e fragﬁron |gto t he reactﬁ
i ncl udes “But !9 §PhEY NP U0 iedEneg . hsirpnett dmoayiie PR 1 8xer o0 and
met hods di sclq,«ssez%nvrpayaﬂmeuﬁu offE@yioUisncPR RN dempRtrhe ak MU of thREceydfinet y Of
each of mhicg hﬁ reln by ref re cluding (i) US
appl i cati on S (697 NRsar 07BN GG BeEhDREt B eORITR el
"Control | ed Qﬂﬁhﬂ%df&@blif@ﬂeﬁeg&l’ler ative
[0049] With regard to MOR retention, e.g., that of retained strength after subjecting a
30 sintered component to cyclic reheating and quenching to simulate operating conditions (e.g.,
referred to herein merely as "anncaling" for brevity), the preferred apparatus and components
according to the present invention also includes an MOR that is at least 70% of the

component's initial MOR flexural strength after sintering, when measured after two hours of
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WO 2010/ 059322PCT/ US2009/ 061055 Reactors,™ (ii) US application serial

nunber 11/639, 691, filed Decenber 15, 2006, titled "Controlled Conbustion
for Regener at | ors;" (iili ) US application seri aI /_643 541,
filed DecemerY)gfﬁﬁ'%%% titled "Methane Conversion to mg&o?@/fﬁér 8car bons;
"‘and (iv) US patent application serial nunber 12/119, 762 filed May 13,
2008, titled 5 "Pyrolysis Reactor Conversion of Hydrocar bon Feedst ocks Into
Hi gher Val ue Hydrocarbons." These patent applications teach and discl ose
vari ous appar gnegingndhqrsnpedidg miap e pfyfoa)thytcitﬁg}_f teptieddicapbonrefivebsssiaf 1pP@VEr se
flow regener aﬁ&fé&b ygtoét Xé{h rdtGRChE thine 'dql% 1(”1d¥h'19 s%ﬁa%dr d&rﬁ%gb%g&ﬂuglﬂ %ﬂp
control |l ed heat positioning processes. The inventions sed inth

present i nventypigslyresy tsexeuiet abt emportutesie awingh obliem riéQO"Clthn-QO@EICtsoclr«eefgrt ors
as disclosed { yhQ:t heg! oagtﬁvedqy%hea&%@g@ tbOB8 bl S s IR AL FTROL S o1

i nventive conponents and reactors rise reverse 11 ow regenerati

pyrol ysi s ¥eatwaion MQAR shanges mey elsk hfgC‘@htathéQ dé¢tprmincepmsnpehialsysabeig, sublats may
utilize defergedhtomRUSH BRclathpf, bRYRSRE AW f RGO MeRt o R
core. The term "pyrol yS|};s as Us d& her et?% % %’ |ne8a gi%c?ﬁég e use
of thermal er@ﬂlg;‘lm%e@%rmbﬁ@du@@dwcﬂlM@Bt ¢f§ﬁr agwhnaﬁiabyh flukeaticBYoprf the
indirectly S%Hlp@t?@npy MbR ﬁ&?hﬂt@eﬂ rﬂngen'f}ga ét@lnmm‘%cbng?é}‘?etd' Pbodf en@e@lg rétglﬂ&iSf er

froma heated nedia, to cause mol ecul ar conversion, reforning,
degr adi ng, ga¥PRisbaild bnat lepst w/a@ﬁéh%gnt@f MR enerdindyenen feseusicotek aiphigasion,

product sty eagssafref¥s 2R 'te@rg)@lla Wesl REHUAE BURRHRIBNAIIPHF tpé{”mgﬂ%clgg affor €
of catalysis, hydrogenation | uents, and/or strippi ng agent s 005211 n
t

one embodi merttresst dengenyentie oirengie (undds thermalhshosk ressinae dstharrgmpprsetse 20

provi di ng that,,4hes ﬁc%?édbssﬂotr@ach'a%tehﬁﬁé (VB0 f P& RGILEN S (W/of SRRk 'ré@gtaﬁce),
hi gh-tenperat yire region or “heat bubble" in a reactor core, such as via a

two- st ep pr odBsMeaécorlh st by §Va(lqa;°dataﬂ@alaeeémpheTlﬁe@mpp@Fnr@rﬁ-né|apnﬁr@fh°e¢fna|
reaction (e.gho s@REPUSLARR) hoRdlr, tREAndcRatciBOUEHId HiRMIREDRHE tHé ?eléintS' tu

endot hermi ¢ pyrol ysis reaction. The inventive conponents provide the
st rengt h, 1% hePrapicat gedanpaaius beyagthe davel thai et pigyiowhapivilable/intheqii red t o

enabl e comrermgq] I zad bad a%fectsuﬁdﬁm%énﬁﬁﬁﬁdl@éey% @Qé#leﬁﬁ%c%%m RIRRELALG at
tenperatures of at |east 1500C, and even in some enbodinments in excess of

1 600C, in stiePPrEther COHBBITER PEIODRING ke bskocatbon fecridad (cgzowtolewndians-even

ot her enbodi RNGS catl). tBINEHALMFRSLHA f&m&ﬁsm? bé&@%a bréhgy lhMeIndd M&uauy
conponent s, appar atus, and process provid or a |arge-scale, 91%; ic,

rever se- f | ow?h%hudresertopaceeim feqdznd imay e fipgludg sebsspts Shfeebogppeauscasame i al | y

desi r abl ezosc%h@hi@d'lgr tdike ExaipRiy BOirbQRRA] pytdlysBONBIsRRO diaMBRY havd BAGLL:
conponent s nay ITPI’I se one or nore reactor. nonoliths, such as a novel

design or fi ﬁﬁl%licem ity dpr Wit steRl BTNl merises one anmasediyarosgryons
enbodi ment neychi a@eﬂeuﬁlﬁe fethans, phannebgadeOnapa@nd yed dlmgcdaaeﬁs&t@mﬁéfb;ehé MGatil

| east one of yS| S reactant, a pyrolysis. feed, pyrol ysis
pr oduct throﬁgﬁp Ehe %% okt Fisphs: wafzb%@o%é'@@ﬁwwz@ ofEUEECE #Fm

"nonol i th" asildsedsibesiriticios, 8edd dlerhcBsRadhysphémclipudiinBotdils, Viekunt pipiskigd to
an apparatus or cqnductive medj a typicall gﬂgaw n mJI t| | e substantl ally

paral | el ¥ oW ERAARRIERS PREGEHTIE R MY H PYEOREen ¢ mnﬁ@e fiengs, yepuum ych
as a gas, al gmpilsueh s@lhﬁlﬂ\faeﬂ’ &51(:1@@ Beavy dak&l &, @ra}ﬂﬁh&@y&@ﬂtbt QMG)Bph%ﬁc Eé@lf&m@nl y

[0054] The ot A5 14500 BGr i e BEphEArS CaHB AT STicaral B ohuleh patar i
i nvention comprftaier@inahdyi ()vaﬁdnaﬂyfb@(i)dﬂh@/eaf[bsi odé or pbef ’paiio tsdhafquésl, pest by at
| east one stabili i onent/material that includes at | east one of

bilization c
CaO, MO ValtingE gt S rig e reactor

30 [0051] This invention includes but is not limited to use of components, apparatus,
reactors, and methods disclosed in various, previous patent applications, the cntirety of cach
of which are included herein by reference, including (i) US application scrial number

60/753,961, filed December 23, 2005, titled "Controlled Combustion for Regenerative
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thereof. Preferably, the stabilized ceram c conprises at |east one wei ght
percent of the 10 stabilization conponent, based upon the total weight of
the stabilize 0 I n other enbodi ments, the stabi cC may
further corrprg'géb{”ﬁnﬁgzddl tion to the above stabili zer) Oﬂ#gﬁ%?oo%{lgyom des
selected fromthe group consisting of Al, Si, My, Ca, Y Fe, Mnh, N, Co, Cr,
Ti, H, V, Nb, Ta, Mo, W Sc, La, and Ce, and m xtures thereof The oxides
may be nerely incidentally present, such as via contam nation, or nay be
pur posef ul | y Rediess." (% Euetpliagion oeiigtpuober LEGP0H0h pledpecemles 161 2A06estlede. g. ,
such as procegs; It [Fatﬂ be<g
deposited as a g?bdﬁfi o@%rgws{from ege&h}eu{r%ngled%?%c lé) grst &gﬁ%g&@%@%ﬁl}uﬁbm
present. |n nbgt3énbddédieerembertZhe209 aislet i edias Caoersian tralfiche onsidersdd a
refractory grade; o] qFPy ] I t h
stabilized Z|2ralgo t;)ablgs&é&t aak’ph ybgrfﬂggﬁn@gté@gﬁ%n?g@ 2@3 %)(g%l ﬁ%%d ts
will inclutle sehofs aRqaetptl abivgrswnabif] iHyalgbcapon r @fsqdafed@rylngr adighati r\éaber a.
I n some enbo qdoth
part i al 1y st b T e S talonl &bl O WP AE b Fefipac?) o,
enbodi nent s, fohpyrslyahg Ihvctre@rbpnrf@@mrarem flow Ireedecrativs toatsilisiszeagtozs, iesdiniirg and
separatel y a &hahllbdilriobioAtoRA A Ai00An Aol SRS TRNGy WELANIRREFRNT Of
stabilizer, such as m xture of 'sta f zirconla and a neat stabilizer.
25[ 0055] | n oribis aspa inventips mayberuifable fpmsply@@@uanqtélmﬂ%mm@m fodisged Br ani ¢
conponent ,, t higese GRARADESHIicARAPT ISIRR: entbollchis ML &A1 BmflbRhfs] dla&'tréa%rs
including (i) at |east 50 wt % of coarse grains including stabilized
zirconia, t henwwmesvﬁaqrmﬂ%rﬁmqewﬁgpserolmee regetay §ysismg.anglydingeut mgiidpaitash
from5 to BOQUEH E@Stet%@stﬁg rHa%D{?th%chﬁfe@co%ﬁdng 1rp£1 rw}?secfﬁﬁp%&&t to ﬁélg tt(e' i)
at least 1 w%of fine grai'ns conprising a D50 average grain size not
great er than "&¢r fc8igr t e HEmDPYrol3n” g ased hsrepemay be Hefireddp Jeclledhy use of
di spersed W tfiRait BRrGOIMSBIFBINREd RIS sHROR ByOh@hachvel GlircQfy LRR as by
conponent; wherein after sintering, the conponent has porosity at arrbl ent
t enper at ute iSHODEEIGIAHGENEPIPYEHAL BT byt Umsies Tomgphseedimesta. ihemsighemelegrar he
conmponent. | RoRRAtdRCfRRREC Elegradm@ 2R IRZLRERE L SRAPSLABH @e%ést&cmq ntblane
grains include at |east one of (i) a stabilized Zirconia, (ii)
stabilizer, @FIUE, jtieympngd HpveertioRdbeitlud ooBlsTeRtai i 9t orapes Oé SRRy,
particle si Z%y%g&ﬁﬁdrﬂdﬁleﬁﬁ,ma@f 8fispitLagtte di ameter or geometric size of
i ndividual grains of the matrix conprising a nmultinodal grain di strl buti on.
The terms grdﬂ%zl gr it On%r?&lbﬁefrtcmuﬂe r‘Pé(ﬁ“tWé iHlBersi hEACOR RBEABT Yod PHRSCHer m
"nul timodal " phevigief ineagk Ja@tlﬁtcmtgaﬁhehﬂﬁtm RPicAd dyeasting mgmﬁ&raﬂﬁc gpRMps of
particle sizes, WI in the conponent matrix, including binodal, trinodal,
and ot her mi RecheAgyBRlcon aﬁaar%qre?ré WPy asevia Efwertie Pé?@sw%@tt%htat psr(bpadded to

crystallites ﬂa:méd Rk @Al ieBdiDn €Y SdodlbSstolR bin CARSL) tdtoPe @R ki el §iaOr
grain, although a grain .may be conprised of a single crystal A single

grain can corfpriUsgdedewhe péi?"lyssev"@i“élf’“ cr Yst greiy ¢e§°mll€’“€?t9 J¥ofids the Séré‘l“gth

conpri se one tfms SNk &bsisenys bidd Shemaldidbsittpleqhigddng efub&ohhretdiat-QidME L@k t hat
has uniformstructure. A grain or particle is the i nd{’%l dual ceram c or

stabi | i zeP gPBHEMHEeEREr 1@ AREF 8 FEIPEHITS O id 548t 50X Gpd £HE BePEii ¢

conponent . Thebgi@bds inddxcabf il €loes, iarsgll $thot ehRdirde jhekisdot ag@tsthemoat
grain boundaries to create g?d;ormed ceramc corrponenteif a&% mc lig

scattering a I h n un tter
A MRSE™ PIGhEMBRATPTUE AT GANPEHES s I%s S1F&S s é‘tffe%ttffﬁ

techni que (Me&hfnERS aPpEHbis, aad phResy eslided fsted RFd¥ fe, adyemoag@e@ambw%moﬁl ze

and particle size di Str‘LMgUt' on. M crotrac %H} i nstrurre g%n asure

particle si z&YHhGiiyurroMdpreshic s« sg06° lzaﬂﬁlrﬁ%w g, Gefyele:

i nstrunmenb- t SRSt I LMBte agcABnERnt reaStafTﬁd)rﬁpdn%t§afﬁp|<ﬁm@g§ee@mt more rtsictdﬂnent

i nternal repeat ﬁml [ t‘1¥‘ and Ltl cle distribution brea . 100571The '

or average pdPEYE yA<S ‘£§ F%&?“b‘if nqHgL e SUFRyAY MRy f’ 8??6[hthr?e"t“hoén| s 20

one type of Mp&@ﬁcr’@l&fd’im&ﬂt Qlaﬁlrlz&lddf ﬂ@\(tj esantlechr g&t;i[ﬁﬁlg(bﬁ”trﬁ]i&ﬁﬂtlﬁlg a&ﬁ&lst&fnc The
D50 rt [ t t [
st 11 but P onPRbBSTFTAGHEY ERTaNE: Fepradarpi Ty tehuB el dPane: or

which is the 50% vol une or weight fraction value after determ ning the
m ni mum and maxi mum si zes contributing télthe integrated volune of a
specific peak of a particle size distribution. Simlarly D90, DI O D99
respectively



25 corresponds to the 90, 10 and 99% vol une or weight fractions of the
particle size distribution. The average (D50) or any other particle size

cut value canyhe determned by mcroscopy net hogsEl\/fugEdaPt Fﬁﬁ%ﬁﬁ@ﬂ“én

m croscopy ( , scanning el ectron m croscopy (

el ectron mcroscopy (TEM. The average particle size values neasured by

m croscopy nethods al so can be converted to D50 val ues by net hods known in
the field. 30 [00581 The particle size distribution of the coarse grains
al t er nat i vel ytetnarmgrelithé tag pyeid endinby definsi dvedly] iaglsding betrobhmitet faed .appanattshi s

case mesh si Z6 &)ﬁ&hcg@s Hé(ﬁg tfhicafly gm&%’ gﬁfgtsu {%anggly f-)a%l[?el ﬁl)%ech%gls-tﬁmu%h

obt ai ned by S|1 evli ng varl ous si ze rou one Oor nore scree
(mesh) . A nmesthe npprbses fondomwlaties ¢ ﬂmdnuwbetﬁ agdas,open Channn@ls scg. eemeq@mrc

square | nch.  ino)in QLA QoRRFRS L HBA8094 cﬁ%%@on‘?ﬁ&t A8l o140, WYL use

a screen that W res per I1near inc or|
vertical ofi efnedricon y| el di ng 100 opem ngs per square |nch A "+" before

the mesh sizaniegrt i6kousiize), LpRCabeRoliat WALLIALESALE FELA! TRL AN and

are |larger than the sieve. e nmesh size e size)
i ndi cat es t hecopmrisd éﬂa@b,z@éa%lomhr@dghe ameferable sabillzed byt ﬁahast Snt hgebgizetiam,  For

exanpl e, -170, §&n{(;ﬂ9tleﬁeﬁttﬁe§ 15{%@(169‘34{ fida "g &2 Heé0 tm@u% aft%oareﬁldsrg&ur&r

t han t he openl ngs o sieve. The“vol umeé or “wel
fraction of tthecqfarRicleradl, tth?a&tabplggé C@rﬁmmgmmlﬁ@ relsdst jose wahbs@wt as the

particle RASSMBLEEAL cordpBndnbi iRsdiBlAR Ine %olaa@ \ng%? t%Y@r{eaQﬁnl%é tzhc.cdn?a SHZ8mS

determ ned by a cut dianmeter for which the I ciency and the penetration
is 50% or wheywogigientst He setilinee eranigingdnt fwthesicorapisar i efldiomrte thapbenced

and hal f penestarbaiz@r) BH@OJ ﬂ&%%ﬁrde§b&é€%d%ﬁ§&%fé&@t&&%ln gmye& tge@QSY ko be

nore accurate w th er sized rticles and may fi'cult " Wth small

particles, sléh Niscq’ (§§s it HarY, 20 M‘{ 30591145 apd %ﬁnq inﬁﬁﬂtl‘i?ﬁéeré)faﬁm exidey

particle sizepgi b%tnﬂér@gtn'cfa@ntgfy ﬁ&@&sgﬁ b0k bt Btnioh C&@Ad@ 19 b Ap B il 7 dd&%d
Starck's Anpere 827,054 G ade /7 zirconialyttria, ag ? oner at ed” and

si nt er ed) 15useachfdort0 PRBAG R D amb@mwaﬁ%fe% anblbasgweRstebillyatiring memndaduist ant

invention is 015@!3}'”5@-% BRedl Md TRPSBe® as ThE-pRRAcONEH a&eﬂ@aﬁenl ﬁéc%bbsar@eot% this
exenpl ary coarse stabilized zirconia grains is 37 t. m Particle
Si ze US St anditgialsi grgsnisi F» most embodiments, the stabilized zirconia mdy be consldered a

refractory grade zirconia. In many embodiments, at least some of the stabilized zirconia is a
partially stabilized zirconia. Many embodiments will include use of a partially stabilized

20  refractory grade zirconia. In some embodiments, the stabilized zirconia may include a
mixture of both partially stabilized zirconia and fully stabilized zirconia. In still other
embodiments, the stabilized zirconia may include a stabilized zirconia and separately a
stabilizer, such as addition of at least one weight percent of stabilizer, such as mixture of
stabilized zirconia and a neat stabilizer.

25 [0055] In one aspect, the invention includes a heat stable, formed ceramic component, the
component comprising, a multimodal grain distribution including (i) at least 50 wt% of
coarse grains including stabilized zirconia, the coarse grains comprising a D50 grain size in
the range of from 5 to 800 um, based upon the total weight of the component; and (ii) at Icast
I wt% of fine grains comprising a D50 average grain size not greater than one-fourth the D50

30 grain size of the coarse grain, dispersed within the coarse grains, based upon total weight of
the component; whercin after sintering, the component has porosity at ambicent temperature in

the range of from 5 to 45 vol.% based on the volume of the component. In another aspect,
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Particle pass %-88.0 pm-170 mesh 100% | ess than -63.0 kim-230 nmesh 90 %
-37.0 pm -400 nesh 50 %-20.0 p.m-635 nmesh 10 % 100601As anot her
non-limting | e particle size distribution of fi | 1jzed 20
zirconi a grai ﬁéazwgg’gﬁzaTmY Grade, 8 nol.%yttria stabi I@@E@%(’cl%ﬁi a) used
for producing a bi-nodal ceram c conposition of the instant invention is
summari zed in Table 3. The D50 average particle size of this exenplary fine
stabilized zirconia grains is 0.58 um

the fine grains include at least one of (i) a stabilized zirconia, (ii) a stabilizer, and (iii)

mixtures thereof.
[0056] Grain size, also called particle size or grain size, refers to the diameter or

geometric size of individual grains of the matrix comprising a multimodal grain distribution.

4

The terms grain, grit, and particle may be used interchangeably. The term "multimodal” is
defined herein as including at least two modes or groups of particle sizes within the
component matrix, including bimodal, trimodal, and other mixed modes of particle sizes.
Grains are distinct from crystallites and from the various crystals that constitute a particle or
grain, although a grain may be compriscd of a single crystal. A singlc grain can comprisc
10 one or several crystallites. A crystallite can comprise one or several crystals, a crystal being a
solid-state matter that has uniform structure. A grain or particle is the individual ceramic or
stabilizer granular material that forms the solid matrix for the ceramic component. The
grains or particles are sintered and joined together at grain boundaries to create a formed
ceramic component. Dynamic light scattering and laser light diffraction analysis using a
15 unified scatter technique (Microtrac® 3500) can be used to determine average particle size
and particle size distribution. Microtrac® instruments can measure particle size ranging from
0.024 to 2800 um and provide good instrument-to-instrument agreement, sample-to-sample
agreement, instrument internal repeatability and particle distribution breadth.
[0057] The "D50" or average particle size measured by a laser light diffraction method is
20 onc type of average particle size represented as D50 or mean diameter. The D50 average
particle size is a value determined by using a particle size distribution measuring device and
represents a particle sample cut diameter which is the 50% volume or weight fraction value
after determining the minimum and maximum sizes contributing to the integrated volume of
a specific peak of a particle size distribution. Similarly D90, D10, D99 respectively
25 corresponds to the 90, 10 and 99% volume or weight fractions of the particle size
distribution. The average (D50) or any other particle size cut value can be determined by
microscopy methods such as optical microscopy (OM), scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). The average particle size values measured by
microscopy methods also can be converted to D50 values by methods known in the field.
30 [0058] The particle size distribution of the coarse grains alternatively can be determined
by a sicve classification method. In this case mesh size can be used as a measurcment of
particle size and is obtained by sieving various sized particles through one or more screens

(mesh). A mesh number indicates the number of openings in a screen per square inch. A
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WO 2010/ 059322PCT/ US2009/ 061055 TABLE 3 Particle D aneter Frequency (% 4.0
pmO0.0% 3.0 pm 2. 6% 2.0 urn 6.9% 1.0 pm 21.9% 0.9 gm 5. 6% 0. 8m

WO 2010/059322 PCT/US2009/061055

mesh size of 100 would use a screen that has 10 wires per linear inch in both a horizontal and
vertical orientation yielding 100 openings per square inch. A "+" before the mesh size
(particle size) indicates that particles are retained on and are larger than the sieve. A "-"
before the mesh size (particle size) indicates the particles pass through and are smaller than
5 the sieve. For example, -170 mesh indicates the particles pass through and are smaller than
the openings of a 170 mesh (88 um) sicve. The volume or weight fraction of the particles that
pass through the mesh is expressed as particle pass percent. In this method, the D50 average
particle size is determined by a cut diameter for which the efficiency and the penetration is
50% or where half the volume or weight of size particles arc captured and half penctrate the
10 mesh. Sieve classification, however, tends to be more accurate with larger sized particles and
may be difficult with small particles, such as less than 40 um.
[0059] As a non-limiting example, a particle size distribution of coarse stabilized zirconia
grains (H. C. Starck's Amperit® 827.054 Grade, 93/7 zirconia/yttria, agglomerated and
sintered) used for producing a bi-modal ceramic composition of the instant invention is

15 summarized in Table 2. The D50 average particle size of this exemplary coarse stabilized

zirconia grains is 37 pum.

TABLE 2
Particle Size US Standard Sieve Size Particle pass %
-88.0 pm -170 mesh 100% less than
-63.0 um -230 mesh 90 %
-37.0 um -400 mesh 50 %
-20.0 um -635 mesh 10%

[0060] As another non-limiting example, a particle size distribution of fine stabilized
20 zirconia grains (Tosoh TZ8Y Grade, 8 mol.% yttria stabilized zirconia) used for producing a

bi-modal ceramic composition of the instant invention is summarized in Table 3. The D50

average particle size of this exemplary fine stabilized zirconia grains is 0.58 um.
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2.5%0.7 pm4.2%0.6 um4.7% 0.5 pm6.7%0.4 pm7.7%0.3 pm 11.4%0.2 pm
11.6 % 0.1 pm1 12. 9%

WO 2010/059322 PCT/US2009/061055
TABLE 3
Particle Diameter Frequency (%)
4.0 um 0.0%
3.0 um 2.6 %
2.0 um 6.9 %
1.0 um 21.9%
0.9 um 5.6 %
0.8 um 25%
0.7 um 4.2 %
0.6 um 4.7 %
0.5 um 6.7 %
0.4 um 7.7%
0.3 um 11.4 %
0.2 um 11.6 %
0.1 um 12.9%
0.01 um 13%

[0061] The zirconia ceramic composition of the inventive composition comprises a
5 multimodal (e.g., bimodal, trimodal, etc.) grain distribution suitably designed for close
packing, and corresponding high density, optimized porosity, improved MOR flexural
strength, and thermal shock resistance. The inventive multimodal composition includes a
stabilized zirconia ceramic coarse grain mode, and often preferably a partially stabilized
zirconia. In many embodiments, the fine grain mode is also comprised of stabilized zirconia,
10 and often preferably a fully stabilized zirconia. In still other embodiments, the fine grain
mode may be comprised of a partially stabilized zirconia, or, in many aspects the fine grain
mode may be comprised merely of a stabilizer material, such as a metal oxide. Thus, the
component matrix comprises a multimodal grain distribution comprising zirconia in at least
the coarse mode. The coarse mode generally comprises the mode providing the largest mass
15 percent of the component. (In an analogous view, the coarsc mode might generally be
recognized as the continuous phase of an emulsion.)
[0062] The multimodal grain distribution facilitates closely packing the component grains
which provides density and commensurate MOR strength. However, simultaneously the
multimodal distribution according to this invention provides matrix porosity within a

20 determined range. The porosity feature of the matrix provides some microscopic flexibility
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0.01 um1.3 % [00611The zirconia ceram c conposition of the inventive
conposition conprises a 5 nultinodal (e.g., binodal, trinodal, etc.) grain
di stribution j L esi gned for close packing, and c i hi gh
density, optiﬁ#&% lRi|b!)(§‘%%sity, i mproved MOR fl exural streﬁgﬁﬁgggﬁgh&%erwa
shock resistance. The inventive nultinodal conposition includes a
stabilized zirconia ceram c coarse grain node, and often preferably a
partially stabilized zirconia. In many enbodi ments, the fine grain node is
al so conpri sedma Bt aphitlpy whiley dlpe permiting digsipatian of steass penetwratipisy(partitwlidyy
stabi lized zi g goRIAc b AnSkihk a0l HEFoBRO HMRMHeSherhBtbdsREn@hRldn TRML. IRy be
conprised of a par@fg1I§'§&%b??%§§%gzgggonia?&%r% fnuﬁanngspéb?g ?ﬁ%q?ine
grai n node mayoveesclogprirfed areerfed ynnodved heatatbbdrptioar andudissipiatdn, aswompaed &
metal oxide. Jhusy (ERSHATRARER i Rlchistc RATRESES FhePldsiyRdake 9ral;
di stribution gghp i$§g§ z??%onigu?%g%ﬁ F%ést.t e coggge.ﬁggé. %%3 5@%?ge
nmode gener al | Yitle piopidingamptaved thodes! presy icdch gestshiacd &y gbibitingwesk fopatieemd of
the conponent,q (i} ik GRS 1EBWhprdvitein L ORLRRd TR TG nQRNEHArdrtre DE
recogni zed agn?hé@cont?ﬂﬁ%%s phésg %?rgn é%ulsjon.) LSO@Z]Th% nﬁf?%ﬁﬁghl
grain di stri butliohemytipilicatons dhoslesdy prettd argintheriiapdnesr mgingingg after
whi ch provi deg,desE Ly a@é?q?j&)@ﬁﬂg?xﬁ%%!ﬁl &n%sﬁ?e&ﬁ@%erah@é’\ﬁ%ﬂwst 1500°C for

al dis

simul taneously the nultino tribution according to this invention
provi des mat rdtcapioeplitujesylp ipme gmbotieedy. hnairostvgec of e srdrlasd rofrapteat ur e

of the maty i XorROWbHESmIPME MLBHOS GPRER rfdo8%F Rivkiick ¥oroM& (Isay for example, 5~45
2010/ 059322PCT/ US2009/ 061055 anong the particles ile’also permttin
di ssi pation ofl%tpasessy.cgndett Fat’h opesitpaleiosity drthyp befigwsd te gipside thooverall

arresting cr aﬁlgmp&pmga&li R, pdrdEhhdé REd LR Rkt ShFLSS pERNGERId 3&}%@ and

al so provides high surface area for inproved heat absorption an

di ssi pat i on, PAYCEHpRrBEMRhogkFEdcy disesbingring ¥l pyRlEe Agtlicgtions.

hi gh- st rengt oy amivgste phRRURAY,Olet ¥ivhRALWEE plober@bd hdstt 8khrackriidsNof the
provi ding inproved thermal stress crack resistance by inhibjiting crack

f or mat i on'“and™@¥FEEt FHETEL AEI S IPAGALT dIF, CleRerdt fr/tbwdmg EEHRa fHERIgn
service |ife gnBnldHYEr BiRORES AL QsibiEWR ichidbNEDSRE0aRAR Bl LRl ONGze iR IR GhRsel y
packed grain distribution s also maintained after sintering. E.g., after
exposi ng t he %dieponéht0t smaard He othichgode aperadt diptebyfongecindsa DSBS RBr  at

lleast ten m RuLRR.sizk th GOPREIMBALATRNhS onehSurR ELPSEAUBEHESINQ ze bPGe coarse
stabilized refractor ograde zircon al so include a sel ected range or

t la m
| evel of por &&iityTs égﬁ 21811 @scayipitentiaky g\gngf disbursed within the coarse grains. In one

20  embodiment, for example, the fine grains may include a D50 size valuc that ranges from 0.01
to 100 um. In other embodiments, for example, the fine mode grains may include a D50 size
value that ranges from 0.05 to 44 um, while in still other embodiments the fine mode grains
include a D50 size value that ranges from 0.05 to 5 um. For example, in one embodiment,
the coarse grain mode includes a D50 size that ranges from 20 to 200 um, while the

25 corresponding fine grain mode may range from 0.05 to 5.0 um. In still other embodiments,
the small grain mode may include a D50 average size diameter that is not greater than one-
eight the D50 size of the corresponding coarse grain mode. In some embodiments the D50
size of the fine mode grains may not exceed one tenth the D50 size of the coarse mode grains
(e.g., not larger than one order of magnitude smaller than the coarse grain mode), while in

30 other embodiments the D50 size of the fine grain mode will gencrally be less than about two
orders of magnitude than the coarse grain mode (e.g., the fine grains are not larger than about

100 times smaller than the D50 diameter of the coarse grains).
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vol . % porosity, or 10-30 vol.% porosity). Porosity is thus believed to
provide the overall inproved thermal stress performance and hel p inpart
superior phys ) chani cal properties and thernal Stance
desired in naﬁ@%%vgfgeﬁgyrolysrs appl i cations. [0063]Nbﬂ§ﬁg§? Q@ﬁparl t he
advant ageous properties and/or characteristics of the 15 nulti nodal
ceram cs are based in part on the close packing of the ceram c grains,
wherei n one node of binodal grain distribution includes a D50 coarse grain
particle sizelWdlt heThearige picking orh Saine IBEOMyHimodrdraride alistréntiomdeilgftegr ai n
di stribution ipclugdes ayPa0of] BE F5al BiPal bhfilafdshZGd 3 t

| ar ger than one- fcourtte n%? Ogig’cgr d%n ré?%kgize §¥r ﬁeﬁgggfgggaggfﬁp The
fine grains awemsuh@ramtp@nwv evtﬁkyﬂﬁﬁsbmﬁeﬁd<km$hlwﬂhheﬂe@amye graisits. 1 n
one 20 embodi pEnd,, L nﬁﬁﬁlm'o%’blz%'a?ﬁﬂé Qfﬁs géfr e Gﬁnﬁq PEldRs & 9595 ShafS:

val ue that ranges Yfrom 0.0 I'n er embodi nents, " for exa

t he fine nbdedcigieanadscermmyc icprapanget monps@8§hdz@ayat10ﬁ0f@hedt foralnﬁgelsccrrmmmrmb 0}5 to
44 um  while ot ek aPEd?ﬁﬁmSE’bsQQE g@@apﬁmwfan fopgermglg%% Q% érgr%lr Sm D50
size value that ranges fromO gm For exanple oné I ment

t he coarse grcarpwq%é@rqcmmd@@ paloesoofglrez@mrmematrlaﬁé@g fqrmmqm@@o@g@egtm

while the 25rn&9ﬁr5@§t&%@n%m%ér%rcg5f@c'r E‘m@ﬂﬁ? mnIQYhor @36 i:rhﬁ)i@ 4 49501'[% pas@ gm
In still other enbodi nents he small grain node nay include a D50 average

si ze di amet eront hapulksohge djikeafornod spmponme (x4 ghrsed ¥ren BOValime obthe cpramic

Cor r espong NGy ARALSKE ekl JFOEEerdnDias PIVE sﬁi&@%@' G BT d B8 D Bonsohént 9F Tihe
fine node grains nmay not exceed one tenth the D50 size of the coarSe node
grains (e.g., ot papyerreierdn tsriescopligr wpoirenifc tide Semsaioes oetvaigd brighe
coarse grain QRdg) maﬁﬁ@'ﬂoﬁldnﬂ of B0 B} cntee{mngmtn%etﬂﬁly%@u% #€ nBf- nIaﬁ'ﬁ'( fine
grain node wll generally be | ess than about two orders of I]%nrtude t han
the coarse grX$FPYHEdesions. qf.the paveponst sud i the thapughthetes. hrgysis: infitcaibes. 100
tines small eretd han kg1 D30a dér@rﬁﬁtt@(fe of phﬁﬁtﬁ&%r%aﬂérﬁdﬂ@})eﬂamto the solid or
2010/059322PCT/U82009/061055 OOGiJThe close p acklng grains in a

mul ti nodal® p&ERlaTrEosssetipngertions ek fupg andalges nehalidede grr%tgérbpﬁghe%lng t he

coarse grit S [8665¢ OMARE §brdsRy Sdr&kAr nNGr AfnoBH | e a1IBPONRERAI ¢&AAT S EprBfcALR
enbodi ment, and facilitates increased density with correspondlng requisite

porosi ty. Theupstanfitlly; peifprely dispsssedsing thy ingpnis Sergmics GamRISHian.of Thif SPEREIS o

grits provi desrodity @RGEs Ao haEREM p6@ FBFinSibRABPANANE] REARESHoL R feskRal ol be
preferred for use in conponents or reactors used at connercral scal e size

appl i cat i ons A B HEFIYF ﬁ?‘ﬁ%"shioﬁh*“fle pBt BT iHee ey Fradk R5PPagyas Apdifecilitating

processeszn TREmPRLOS ddfordhtisNer GeIaMHE stklré.X Fafe drhe fif andRdihe h@Mbdween
conponent neasured, at anbi.ent tenperatyre, after srnteérng IS 1.n the range
of from5 to A& YT anghPrayadsagioss ating e IcRITBPIHRE Bh Rasking Brsky Fdsresshnt
(e.g., based mepmgérhebeméeuna)ae% tie @ *haBcel Qdmednt | bonding A ediféddgl ale OF

i ntragranul ar or € fﬁrcﬁ‘ he formed c ragic conponent . % The elev nt
porosity ref &MY r“éé“\%f‘fu ht lﬁﬁ?ﬁ'é‘g FRECEN G Sty élsPé‘b B Partly
occupi ed by tdporsileasi Mgmmnrltyenra@mpzbm&rc@ﬁmtJﬁen@mm@eammlaa&nﬂ@e@nnot

necessarily include he non-natrij X occ i ons of t onpo| such
e the 1 1 oud b othe SHAR PR e R e s e e p R g dson

ceram c tubea sf)é’bﬁiddeoﬁtSltj‘z )prdeﬁley Riifhat 4 ORRciBibd YanREstdl BSfrdnd 5tthes sol.dd Toe
15circul ar-cross: sectioned s.of the tube an oes. n |nclude t he
hr ough- bor o ZERATEI | BERERCahe B B e T CHT T RO RG TIRTl BSel y
packed grai nsdngs opfreranﬂ” ﬁabfl%/vcﬂﬂb&ir@aliﬁﬂ:raﬁli/ Yn thei rhgerdfyfroth $Q&F d@6lolion, drhore
zirconia cera Siti on. opt i or 0S e is also at |east
in part respBW6 mﬁ@?“?%ﬁ%&U@% fﬁé@ F%ghgyﬁmrbgﬁggéﬂlgwﬁng%E‘f@?@gnla
ceranic (zorrpoa-arhlccmlmpwﬁh s faycsadom@atihg) the orosiss may ac kap hop@giatcionnard
facrlrtatrng for trix structure,

orits it wbiieS PRE b Syap S B DGt TR by RS o830k ng
and corr espopdbsig ihingdsupedakintgend enpetayireshittiecxgoditgSsadtstablieed drgan tnabattwee n
coar se grits e a h fter sinteri e

i The estiTAG aREeReTTuRaT OSBEI R £ SRy P BN 5 B PRas:
partly responsrble for high density and inproved flexural strength of the
ceram c conposition. 25 [0066] The stabiBized zirconia matrix conprising a
mul ti modal grain distribution includes a specified porosity, preferably
within a specified range, such as from5 to 45 vol.% The zirconia ceram c
conposition of this instant invention can be characterized by porosity in
the range of from5 to 45 vol.% or preferably in the range of from1l0 to
40 vol . % or nore preferably in the range of from 10 to 30 vol. % based on
the bul k volunme of said the fornmed 30 ceram c conponent. The pores
conprrsrng the porosrty may or may not be |nterconnected but are preferably
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WO 2010/ 059322PCT/ US2009/ 061055 one to six hours, such as about two hours.
Porosity describes the fraction of void space in the material and is
defined by thg fracti of the volune of void space over <sOr bul k
vol une of rratgroizglﬁ.%‘ 3% oscopy mnet hods such as optical ﬁ%ﬂ%ﬁ@%@b(’@/} and
scanning el ectron mcroscopy (SEM in conbination with inage anal ysis
software are used to 5 determine porosity in this invention. Alternatively
ot her methods can be enployed to nmeasure porosity, including water

sat urati on neetedesix rewrssngh as pbaubBicdiwupso Powpitsedessyibesithel fradtion ogend gase in the
P oM o EORL AES: dBhe B B3 AN AL ERILIAL 07O FELARLCHCOTRONARS ar e
generally known in the art. [0 I'n one non-linmting exenplary form a

mul ti nodal (evadume pf moidadl) Nicwseopy h@thdids such g topada! oficrgraenyi @My ast whidiig ed
zirconi a partiglgs W.kb..3, GRELEE L U AlrhasdZ 6 il Stk BULLQD | " m and
a fine grain és?clgg d?ﬂgtogfogﬁtgngop %)%%5 at% .lur n a&%% a?bepﬁttlftvlv%gzread? u?% g’ti Il
yet anot het edetampingriprastiboditivennvengonhi ididmbtivdlys pthebmethods ofn bt abbloyxetd
zirconia partj, Ry 8 F AliaSdZBedb B Ad ol G 20 4 um
and a fine gr a%ﬁﬁgip%&@’sﬁ‘?q?‘g‘;ﬁ%é% g%”%.dl 'g(e) %éurﬁrgygéluﬁb@ﬁz%géﬁ%g}kﬁﬂl

yet anot her exeggsh anyadsopign. aldshieebalfordiosesity deteingration o cepynic icpmponzis @oni a
1.5 particl es, Wiy @GR §€.Qr @i n size distribution of 40 to 200 umand a
fine grain size di'stribution of 0.1 to 10 umare utilized. In still yet

anot her exenpP#% f drnenca npi-hodak eicsplainbupitona ofukimepdl| {eed binedebnirain
particles y t hofnGBR6F G IsRAbBibZEidbi] pdBlils A OdoarkOBralnin Uk riluRoREh 12
fine grain size distribution of 1 to 20 umare utilized. 100681For exanpl e,
in various miPtinpdand edmbigran sien disfiontianaefi GUfs toedrbodingene stilizche In 201 PO

| over 1 t afoh 08B R Bndh @bl AE &t S8R bR, BSi SnBh Rl R 07
0.5 0r 1 or 5umin Ihparrgﬁg)&)&m%\ |€)rgctqlﬁca1b &%lgﬁgm%r Izlcm%tI (1:)1n1ptdﬁeC e?i“ﬁe agr ain
stabilized zicesngraingizaidisgibiiam gy BX¥hodimienfis gnray sibedigbbuion©f .1 tmd u@ ai ns
smal l er than Q,1..U tend to he of |imted usefulness ip. man , N
2ppl | cat | ons ‘o iR TRkl S s 2%l K FOpAR A ATESn PR risors
evenly and t gadictco with & doagetcher sanditdnbbnefi4t © Fonper ad griacngaibhadc ar e

of about the sanme .siz S rains.that are at least 0.1 urn. The
otabi i zed o FRORE AR Topal Hnoe S YAt RGeS b B, 1 umm
in dianmeter tiygiabd yf @Gudilned ziedangertisle? @ithlulchbdg: @hin izt eltriduidnaIti1ngto sdoer eas
t he nanoparticles r’?ay tend to conbine into larger particles. For at |east
these yeasoné{m%qﬁlé‘ fﬁe#@“gsr‘%ﬁ%t%ﬁf@nﬁﬁl‘ﬁ&ﬁymb%bt&fzﬁ%nps of the subject .
invention m gigesNot FhNElakRe, NANRRA! huEhRdHRBMSIngCor@ bl vardiN 88SodSHGE, BRde S
purposefully introduced into and m xed with 30 the coarse and fine grain
modes as ¥ t M¥P0dow lotiheirthairpesraivsithitrmdyircominmpabs 961 e hHes) ver LpiTewi a or
stabilizer mayqggner ad hyc@al ¥sPeweonsit Sehe n@gralnn@viiizRe-i8bah BraiRds: Rinyt he
mul ti node structure when such grains are of sufficient presence to conbine
W th each ot lsabodipgnte gmpbe 3032 PRCIN.USROROJEBle0HEn Od Lpsrmis ded B 9 ofdingtedi n
mode after siqani0g LRaY AneYtes GhAidhs fh @hatl §38L oy hot MsAhLE"
sintering. Tﬁle D56 uppe?} Iaﬁ{mgttoos Fﬂg)d@!ene gtr.aign sta_abi ???eg%gi rocoﬁ?%hﬁay be
100 or 44 or cg@bpgndigndgp mel tegethgr gid cpmbimeiinfo dinteradtestins e OFRbPGWRY safmien t
of the coarseg, grai L ' [ - . Or.. 2 2 : 40 or
700 um i riod Srar ol befhERhe Eihatod PR, InCRRE I SR Bt Bl
zi rconi a nmay obet BOO abaut HAQmoin AYtetartyditllyato B0 chamgt wizelidanes eraftef GiQ6EHE,N
still yet anogther exenplary form.t D50 .average particle size, of the
coar se” gr a naniy B Rt M wh% Ralb RS Bl dblehe s SRLAE IS BF%, he
fine grains irssabobd fifk Sain mode bimanyatdbedimans of therkibjaeginecneinm ndghy ndtorandet he
D50 average particle shze of the coarse, grains s about 50 um and the D50
aver age part REIBGHS S3R% R bt G ARY BUBshdy BRQYhcel iy PP ACh W

30 the coarsc and finc grain modes as a third or other mode. Commonly, nanoparticle modes of

zirconia or stabilizer may generally only be considered as the fine grain mode of the

multimode structure when such grains are of sufficient presence to combine with each other
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10 yet another non-limting exenplary form the D50 average particle size
of the coarse grains is about 100 um and the average particle size of the
fine grains i .0 urn. In yet another non-limti ary form
the D50 aver agv gl(e%{}rdfgf‘ e size of the coarse grains is arbl%tﬁﬁgﬂgg‘lmﬁ‘iﬁgand t he
D50 average particle size of the fine grains is about 5.0 um [00701A
non-limting exanple of a nmultinodal (binobdal) grain distribution includes
15 about 1 to 20 wt% of fine grain particles and about 80 to 99 wt % of
coarse grain fpardvidclaeie ghiotoér af&ubihahhgghamwididsmiotdb ggm»ﬁmﬁbat ofuwa aiemodal
grain dlstrlbutlon C 8 9 .M % 0 ralns th the
average partic e IzTg (1#8'“ fm ft%eﬁne %fam*“@ 2 mfinl ne ¢ Iﬂgl n@ *such
as wth a D5015aveoagﬁorpammlucdhanamze‘heb5atmut luﬁn3fuhﬂboaY£tgraaﬂﬂ§ﬁH’iRzrcd31ﬂ¢dn&b| e,

non-limting ex%rrple of a _binpdal grain distribution includes 94 to 99 w %

of coarse graPHs®® > PP0Qich 0540 G5 10T IAR 1\ B ARgEiharhs RPburprr imig ! Bpsearse30

um and 1 o g@al%t%hﬁiedfz[r%wgrﬁ@ BR800 SH50D RS0 1100 Br 00 BVEEAGE. particle size
of about 0.3 um Another non-limting exanple of a binodal grain

di stribution ¥ udds s&lt vetemetherguemplag7oyp.oieo P35 Guiraes riFtalngzamt the eopase
average partiglig Sh76 a)fomaﬁp&{h argPthd 'Bso%@ga%% gaﬁlci% s\{\ge%fftﬁenﬁlegé’lﬁhsnlg bt 0 athe he
average particle si’ze of about 0.3 um non-limting exanple o
exenpl ary bi rodalln groglien ndm—bmrtlnbLW¢mwiafy2fErm,rtbd Dd@asV@&ewta%ctﬁomes@ the adamsewi t h

a D50 average p artlcl ize and 2wt0 rain ar |cles W th
a D50 aver agegrp%frl e ue s'i“?(%no?heégggwr?%e PRFIEIE SlZ%Plo on2 1% aﬁ?"t ng"Sx &l e

of a bi nodal gt drbthenednt thésnB&empoyabrg, olar 35 @emgmpamdidrmmfaheemagegrpﬁs tsi cl e
size of 100 u 15 wt% of fine. raln an aver article size of
S o um Tre b0 s Ol ARG Gl M B RRET 1830 4 VS B
fromlto 20 woRdiatitidgtc@crhsi%oyvibiH, Gic [ZS(I&erllgé)/pc@ﬂicl@uieibf:fﬁkﬁ%am ghldsheabroemm ng
grains constituti n&the coar se %ﬁl t ar of her %PSI ze distributions, such

as inter nmedi %041t Py hEegnRartics tite o Jheripe SFAPSMACPIOHYP: zi rconi a particle

m xes may MQEQLO/ %a&zmg lé@a”{ﬁ’@@b@@]{ﬁﬁﬁmﬂdw\(bﬂ@dﬁﬁg@ﬁi HRumLERNSELYesand
porosity conbjnatio |nter|rg(dthesab| d zirconia matrix

conpri si n§ tHO%.lﬁag&WT@r%ﬁ e @radt pericles A 2 %M%??%/ R SPTICEER BASicles:

[0071] The pardnotkesiithile, hbe lifktaRickdrgRéotzd Higodmil graﬁmgmmu@@ RISy 8590 bh e/t%
mul ti modal grain distribution _can be substantl a t(ﬁy shape. In_man
enbodi ment s, CHCHFEEH R HCERAPEh 1R AVBEEe Brtifiy g b%ﬂrybpv 0 fgrﬁésésmtlﬁéﬁ% e
subst ant i al | ys BRGKI &2k a@@nmmo%p&@grewéidasﬁkedifq@&@ bGMNsn t *?@trhnemassqnsﬁe cal .
Sorme non-limting acceptabl e exanpl es i nclud herical, ellipsoidal,
pol yhedral , @Pstigting@xaptes %‘am‘)dﬂléédﬂquh@té@lt@n IHi 6% Yhlo, 99dtt of cpasep grains,
pol yhedr al, shaped iR Bfag £EEHANIM Ao BELEANSET B 6 WU %aalﬁ%%ch as
el ongated, etc. The shape %? Ine grain particles may general
i mportance t math ¢ ﬂéO shape piitidoarzs ef gbaitr).Jpant i dhether @Hemmalexaa@éﬂ séa to
grain. s ParLLEHLALLY REASTLELELIB oYL 000 A5, AAEKLD G SNR hyw QRLT MU
porosity, 9 V\%lf) er processing and bri‘cati on.
preferred sphatitlealze sﬁalpm G@ uhheand: das gewtq(r ﬁnengnaam wit tbdavcaqt eritizedidywfan
aspect ratio | ess.of than 2.5 or refer | ess than. 2. or pore .
oy for abiy | 88 PR Aot HmEhRe e Gur Lt SRt Aol e al so
be pref ersediRfdeoPRedod@ GLidivig HBYI NGrddl Ghkivicislzt 89Yd am, st TR, Fhapes.
1510072] Spherical shape refers to a symmetrical geonetrical object where
the set of aBrRINgStiNes it alPndeecrgpnmanid %ﬁWIOfQéa%%GMPOWW@WIW@WamWé
di stance R f (ool iRRLB! 8 Ohuh BBLoRRACH WRGh Sy Rud:SafticROgdrifo 1!
nunber called the Oraé’ﬁué o he%oec1 Q%ﬁe asp ect T %espa IC?BH ° %opﬁf;‘ t he
rati o of it saldoigess ofa‘iﬂegranmwnth 8n g‘#’ma@qaglttlclamzs pf ll'hem;asﬁeo»tt%rozftﬂneoﬁr@fgram
symmet i cal Qbl &6k, MR 018 GPE.AERCELR % BYwbhS: T LS9, Ob, LMPLTBALSS
(e.g. |engt h"4AntHPEIETENS g

30 6% with the remammg grains constituting the coarse grit or other mode size distributions,

such as intermediate distributions. Such exemplary multimodal zirconia particle mixes may
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20 aspect ratio can be neasured by m croscopy nethods such as optical

m croscopy (OM, scanning electron mcroscopy (SEM, and transm ssion

el ectron mcr h@ in conmbination with i mage an fraare,
wherein a tmoa§ﬁ§@ﬁ§%gﬁal shape is projected. The ratloqgﬁﬁkﬁm®@ﬂ6
dinmension to its shorter dinension is the aspect ratio. [0073] The coarse
grain in the stabilized zirconia matrix conprising a nultinodal grain 25
distribution can be either single crystalline or polycrystalline.

Pol ycryst al | i mevidoarr singmailansitsandepeosss coraiyatiomaftiresnteinggheattitiiized zinpanke
varying or i entatik 0nyN bAHPERnQh st BRALS FordhAb ARG Ut 1 11 zed whi ch

i ncl ude but are not I I'ﬂ&tgﬂﬁmo‘%g I"oner ated and §Fﬁ@gréd Sfused and
crushed, and ¥pHeér odihzaurticlen i e *ﬁczbrlmpd rieongoattse Cgflnﬂi“ﬂﬂgl e aggiroerel ared and
si nt er ed POWAREWhiof N 1 6 LBUERLL DN SRT BV atfen® SHOBERRLO

consi sting of ?Pneo owder s ang gq%gnF§ inder and 30 éaﬁseque%t&glﬁiering
| n anot hers f othee mﬁ@lccm%éhagrdm i%t@ntrfalhfsexdlcawcﬂ OCW%mkicrl%lrbﬁmcg&wdwced

by fusing in a i t Kk ti t her
formof the d?@%&%gﬁyeggﬁﬁgm%&gﬁgggz?gﬁﬁ%rgngﬁﬁg%blgggﬁ S%%Haﬁ eh!g?o uced
f

by atom zati orhdpdralggiseried aplwcajsiilﬁfgrt%d pllinsoidal. fdiarisd nolyhedspr shepade angular,
substanti al | y..spheR! Q&}ah&bﬁpﬁﬁdﬂ@@{&d‘l GlfSated, WO, %%l@ﬁ%@%@%ﬁ?gﬁ{n%%%@e%/n@a@lo55

[0074] The inventive nultinpdal, ceramc conponents include”a substantrally
uni formy di sioneriiiit bjofplsysoisipprjance thep dhoathiege O $0BFsh erae Peksigfe %ﬁhcmaéﬁ@%out 5
vol .%to @bmgralf}ib \Qticiarl &Ab%ﬁblﬁﬁ&opﬁfn‘g%l&% Mekile Mnlily, toPahuth ARE&iIBYadD

e
defined and may be provi during manufactufre or preparation of the
fotined cerarf® bfpdyingi oW dpyrreesatiteond fabricdet: aﬁnpre%ﬂr?am?ﬁwi ghapagt éhe

preparati on RLAREEhLIESN bS @&Jaac@&]zmy 0PLspbdt mt&)qstb to@tlﬁﬁ Q'Jnoﬁﬁ@@rabl}?‘ 1&@9&11
nmet hods and energy, extrusion or pressing forces appl ied to the forned

conponent , si&it &F FRE Relffpep desiiendry Greie, widraenerpbr sooleprusiacqrea Rt icon  of

the for med C & Sl oS CERURRND oRfrs Alivid OhiShINtrRL LGP sHijch.i ze a | ower
extrusion pressure or conpaction pressure than is traditionall utlllzed in

manuf act ute d#0hgi r$é}é¢‘r‘icﬁlg>h@¥?ea’6@%‘i0 P pEpERb spanpstitet aiget griserete sg of all

ceram cs, WhgheRyinGiad MneARALih RP)swmmre Qf €h€distaBccAV @lofh M@Bg@ﬁﬁ@@tﬁ&ti on.
The preparation properties and net % be adj usted toTéleI a formed
€ r

cerani c conpdh¥fit Visre RestRasitive Frat minw@r%i the ﬁ@uaé% theeBh$orias pPgst HHOPES] | n

addition to tbﬂ@eapméQaﬂld ot 8d1E0P AUONES it9EhRk @ RRAL STHESBkCE Ehtlﬁto'ﬂl%yrhhlé@lcﬁlhe
zirconia grains at | east one nol e percent of one or

MyO, Y201, c@é@ctéﬁndeboﬁWﬁﬁ%%d BhibF eieyof typ acagugsi(F-p ety ?rrdcwl%rée%m c
conmposi ti @n QEpctOrEdas wmaam&dsb@ﬁﬁ&sgéb@gmwo&h@cpra@s)@mal InIERLHYP (omn
further conprise oxides selected fromthe group of tal s con5|st|n

Si, My, Ca, wanplélg ewﬁtmINImwreﬁfopb( Pv[{p an|dtf tranemlsNBn eﬁe&trmwmg@cogt ():’ 1§nd Ce
and m xt Iu res cbﬂgl&hﬁ%%l V\élwgﬂndgh mh;lymsoﬁoe@faém%gl; a wla:ts:hnn%m&M%so smfﬁly 105 mcjg%e@ but
are not Im to C |

Cr203, Ti oz,trﬁfb*é‘ooff% “g%frﬂmwg@ *T%fga r d m@m@mméabg@mo La203 and CcO2.

These net al s [g97d] oxrrd@sOaﬁwgub@upﬂhe&emlzd‘drmrﬁmla@rx d¥BipEsiBO N ERBwodsUGRinas i n
the form of an |n5 el ect ed dd|t| a con&ngnt ff the zirconia
r 2

S
or anot he? adifroug Cd&%ﬁ&f’@?er PEBE SBFBIRE LbRP W*&'t”ﬁ‘é SV PR §FhY
processi ng amdtdébﬂhzﬁfylsﬁ@ller-Eﬁ@taHﬁésbhﬁﬁ vafyi@dridatidnn \xaheu&weblor toasd griid @ani a

0,
For med_ component, ey, ANGF, { LOYAd: AL ¥ L2905 RLEREN R | el Snd @l ©"

and spherodized. In one form, the coarse grain is agglomerated and sintered powder which is
produced by spray drying of a suspension consisting of fine powders and organic binder and
30 subsequent sintering. In another form, the coarse grain is fused and crushed, which is
produccd by fusing in arc furnaces and crushing of the cold block. In still another form of the
disclosure, the coarse grain is spherodized, which is produced by atomization of agglomerates

using a plasma flames to fabricate substantially spherical shaped particles.
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25from 0.01 to 5 vol.% or in still other enbodinments fromO0.1 to 3 vol.%
based on the volune of the stabilized zirconia, formed conponent. [0076] The
nmul ti nodal st i irconia ceram c conpositions, for

conponent s, g’ leog)(?%%zfs of the instant disclosure posse@%sr%@g@%d t her mal
and nechani cal properties as conpared to previously known ceramc
conponents and reactors. The thermal 30 shock resistance was determ ned by
the rapid water quenching test as described in the earlier section of the
di scl osure. TH874or riliciiredtitdrenitrmbda horknic exipotheartcieclode ¢ hlébtaré'faﬂaumi@fyllygr ade
stabilized zi (Elctﬁgﬂt@d égrosqtp%lémﬂg%thgll tﬁé:lldg? u(ff?ro'ré %Et § goq@t to a! gw‘c 4@@8’1 %
preferably at l'east herein scl ose normal | zed scal e.

provi ded por o&istad pange, vatleevisubst amgé alay ybeudvifhet and gy be provided for durmg
2010/ 059322P rj t Aok} grain
grains help Seyrnbgd% g‘gegar S;}%ééu& Z)tsfsth%?étljnﬁg érgga[&épgf lﬁg%bgg}rﬁldyy CEIFPOU % Feﬁlﬁgar
cont ri but es t ongwéistupeg foorprensop mopertics, efslch [d@(b?lt?]nimémg@dam lsraze dize.i moorE a
ceram c conpo, o Y

posaoss f1 oxaparBaR EATPARaTLEpr ARG RAEL DR o HF R E R
kpsi. In 5 rratnlyp@m@demltesetc t Fres enmw@mmrap@dw@ﬁh%foamﬁmmem g)rmmycnt nodrude a
flexural strepath.of. at st 6 kpsi QLLespQ zed i

t her nmal shockgrgelsfstgan ce &? : égét %Isfpn%l'ﬁe cl ose%agg%(ﬂg) i rr%eu ns ts
provi ded by ttrditighattycetllizest lromh@trfamptof ivogiaderige @fade o sven pupd t‘ﬁﬁra@tgrYd@siprl bed
in the eari %eraﬂﬂ{sagﬁ&%%rﬂ cAn%@ﬁonR?EJn‘tt@llléd%om&%p%r@pa&:@od %@E)}ebggm%UCh
attribute. [0078]T The superior thermal shock resistance, relative chem cal

i nertness, i nyprsviesd athleﬂh@%Wdlbegﬂwéﬁb@mel%ﬂ)rﬁie@wrmﬁﬁ@nmnam@l wirethsthatndi ng

capability ofm&{;@eb {h@\ﬁ@b@[teh}ggmgdyr coni a ceram c conpositions, conponents, and
reactors of the Eresent di scl osure renders themrel atlvely heat stabl e and

structural |y [46thhd dndeditien ¢ itheatborhdisied| corppinds iop rricmentst pphér stabilies thst
1500C and hi ghelnia sUHE (B8, HRabQnd FQGerct B Ene A mdrb oBOKE, I\@ﬁ@oﬂkﬁef’gég olp toO
2000C, particularly as conpared to prior art refractory and thernal
conponent & artixtuggcteieed). ths suilizedt Pt @HMEH FOPPOHENT Pledormgd Cﬁmﬁv‘i‘%é f or

conponent s and.d:&a¢ tPhs p?é@éhtt I%Htlcfne&h%l%e%&%ﬁ%%'&fa@i seﬂ&f&ﬂ?&r@meeﬁ?
also facilitate uses of nponents, reactors, and processes in relatively

| arge scal e dm%?%lw&mga)éﬁlqs@m Srts Yt FraMondr. éfOp%\"H SlisYANhde MehVetabte. " I n

particul ar, thechesd mphatl tﬁereéfomqlnﬁﬁr{gaé%ﬁpl‘w@%aaeml&b Mafacd Qe dut 080t
processes corrprl Si n t he (g escribed nultinodal, stabilized zirconia matrix
78

may find partif‘éiﬁfiéﬁ LBpPieatieOn Y?@FalFrﬂZ%M“HeN(b@P&nC@éﬂw TighdHPea(20s

processi ng, angdoQtrhgy;, Mboh weIBevALEG, énB@ch?-lTh@d@%dt&saatn'd@Q@cs Iﬁay be present
non-limting, exemplary [ist of suitable uses includes key onents of

pyrol ysis, rdiP8r 8& PI JRIC pRgestetushidren Bf Phelr 2 HEpywRty, ?éélé'%t additiyee pudi ng

for exarml e, cbRporciedi @6 ZReRNRY 600 HIP B@liditeh Snd/@NdpeapRk@XorshipRde MRS, |t
is believed that the inproved conbination of properties provided according

to the presedtrith BOPSEDE andhalteringi (¢ é(?‘ém%’éé’ﬁﬁlﬁ? & 4p bgaaﬁlwdc@rca@ﬁ.fefage of
greater than cdmy@aht mdyOfan @XMk BruBKERonY Prdséht aP@ito 18 0¥ 8RS some embodiments

25 from 0.01 to 5 vol.%, or in still other embodiments from 0.1 to 3 vol.% based on the volume

of the stabilized zirconia, formed component.

[0076] The multimodal stabilized zirconia ceramic compositions, formed ceramic

components, and reactors of the instant disclosure possess enhanced thermal and mechanical

properties as compared to previously known ceramic components and reactors. The thermal
30 shock resistance was determined by the rapid water quenching test as described in the earlier

section of the disclosurc. The normalized thermal shock resistance of the refractory grade

stabilized zirconia of the instant disclosurc is at lcast four and preferably at least five, on the

herein disclosed normalized scale. The provided porosity range, the substantially uniform
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[0079] In one form the nultinodal stabilized zirconia ceram c conposition
di scl osed herein may be prepared or nade by application of conventional
ceram c powde e ng techni que such as mxing, mll j_ng or
extrudi ng, si {rrlvtogzrﬁ)ﬁ]gs’%gfnd cooling, enploying as starting ﬂr‘%&&éﬁ%&’ég

sui tabl e ceram ¢ powder and a bi nder powder in the required volume 30
ratio. Certain of the process steps nay be controlled or adjusted, as

di scussed previously herein, to facilitate manufacture of the desired
porosi ty rangdstabwiopedft br nenoéy, parmlpecraniceg‘ainFminemmplseeve tcherrtshotrers ¢racke
nodes of powd / g inaball mll
in the presen@é&%flt aﬁqggtglgdgﬁg |(C:|03L:[ 'tetéﬁﬁgieet ﬁgllr?]%lppagellnﬁept ane for a tine
sufficient WO0Z010/0598RERST.II8ROGHNO6 LOB0sitons Whwbestisadidyreditgper ste t he
powders in e d i , . emved
nd the m 1 T o pavAGP oSSR LRAEh SPAALE e ARG pllS RN 2 TR
extruded, f orrmmf Cmbaéllrr@nf@,rth@tnherrtw seafigroyedorionts anay iekbsicragtbxslhbgengts €t as
nmay be referrl Q & I o

intered at touserafurds SReginRttomy L8 LR shdo MABEH PRI Buf PR
1800C, such aosklyrpaghed| gaist progidedribnibesimodaldorofthes nmﬂmnoctail e tiywib_c;raim ¥
rangi ng fromc%?&f%d hQ J‘@aﬂ}&? drShneRQUt [%amllpg&{tﬁ% Qa ~ ctﬁﬂ@‘bht%at' ons
even up to 4 hours e si ntering operation e per

oxi di zi ng at ni8&Sher éFhCamp@rwerttlcr@@lnﬁ@phe‘ﬁsestanm I@ha@r Clmuwnncrmms efmermmde
the oxi di zj ngyALAPSRAGIHE a&PRigh GertbdrarBt PHNQRRNg tcaﬁb iget th@tlﬁpeaatkegﬁcoﬁan be
argon, and a reduci ng at nospfiere can be hydrogen. O sintering

at nospher e, teipes aerapsitiopn orpongnEngid sureelt ofnthy Paﬁtsslé Cilmqstbfdue@iewthé@s (as
di scussed pr er¥'a9x!-éﬁj Beaf\ @RI 4RY sﬂnﬂ&ﬂal‘ﬂ%um%aﬁcal t%%%n@'l%ﬁ a@@n%eﬁ{ures

undesi rably, a contam nant or desired/perimtted constituent of

ceranic corrpdﬁelﬁf)o CTinelr kighoreyuch tahélpsfpnk789€d 188%¢ 05 Hamrmvé@b%m@%lup to
typically to z@ﬁ@temm&lmgldg b&mredwsn&%lréwtowna thlQbﬁﬁot@ﬁ’tbQ% &led to
provide a desired set of performance properti€s in the particul ar
conponent !5 15Pgh a@uins|aad Psersisy MSATeigE PR yOPPAYIIdEnd srecigrotiiptheapfrenlegeger
ceram ¢ Crystgh@n@naOfctthoridd OfdeSodRdi@idi S&edr cQQiﬁMeH@ TBYorRl QY pARedsQr inor e
granul ar type texture. [0080]1n other aspects, e invention |ncI udes a
ther mal pyr ol'§8ivsly bt rler gymmsysis| 402 IW@O&S thab #stooBIRVIORYi Fola achiyeblp ot In

limted to ahydnecarhRRs st fodRd RMkmROdontpbMntse fhaliOrs 2ihdArkRREs c@brRlrgene,
an aromatic, and/or coal, the reactor conprising: a nultinmodal ceram ¢

conponent  20hS ﬁ@wa%@w&tquéwfab%q AECgPaMAriolY AAY PaTticwar arpligitiennnnode,

the coarsg grr@mgrm roGIRIREaL, S IchGniSdl aBldcésZ@E. Zhd Comi nd thgerddi@e n@fhadin
node conpri si n east one of a stabilized zirconia and a stabili zer

such as but /Bt 1CPtf%‘Ft eY neyligitiget Grmpleiyglist of awfableuses inglydes key qgppponsgts of

limted to apyplykii @v@g@ A8y, St RRIh 2 E6r oth K@i rafctRy, iSlyatR! thNGeanbRE thin-
conponent inc or05|t at anmbient tenp erature in the range of 5to

45 vol . % bad@ edownﬁvff@ff@dwﬁ%th&fan@ ﬁ@ﬂpl%b*eamﬁ@rﬁt It ippeltessdiptythe tmféove

mul ti nodal cosmeingth & 5RP&APhioSRISd Actdr@¥g el ths tkRadt scsu@dt mheaadiliteKPSi
and a normalized thermal shock resistance ratl ng of at |east four. In nmany

pr ef er r e enSYBPAEH ETVigHETIPof e5pleT e LYt 19f SKEMRIF B AP LBRpoleRtrs.

conprising (igo7at | easde HEmWhYorAfitihHRl GRBIiSR Grcahid el dshipagtist akéibicaed
zirconia, the coarse grains inclu |n1?Iéa D50 %raln size in the size range of

from5 to 808°PRMYHESEPATBAR e O BRRAICaRAR; GG GRUACCraaHC OISO RENESS NG nd

(ii) at |eaStech&{VIe%ﬂfasamf(ﬂnQGmgﬁfgl 15}855111@@)[” bl;dma@agsgna&idglaa@doozmgcea@n@mgtalae
fine gralnsmcludlngﬁ 1graln S|ze J[ﬂe rngneof O 1 to 100 nm or
preferably 0%61"¢ FUANMH SYrEpSrews FT g e afal?%ewa R VHHSE

upon the 3ot ationwaieghih @fthd hocBOBPAN@RE be controlled or adjusted, as discussed previously
herein, to facilitatc manufacture of the desired porosity range and performance propertics.
For example, the two or morc modes of powders, oxides, and/or stabilizers may be milled in

a ball mill in the presence of an organic liquid such as ethanol or heptane for a time sufficient
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WO 2010/ 059322PCT/ US2009/ 061055 [0081] I n ot her enbodi nents, the invention
i ncludes a process for the manufacture of a hydrocarbon pyrolysis product
froma hydroc using a regenerative pyrolysis rea 1l process
conpri si ng thgkgﬁg%s ?' (a) providing a pyrolysis reactorﬁ&ﬁ®wmapfeactlve
region that conprises a multinodal stabilized ceram c conponent, wherein
the ceram c conponent has porosity at anbient tenperature in the range of
from5 to 45 vol.% based on the volune of the conponent, and conprises a
flexural strelgtbstaofialgtdispernsthe Gokgrsd in cahcrther.nbrerwlve 2adertroederaind §hgdkmay
resi stance raéltg:g1 oly f g c [ (g a

t emperat ure o% 0 ea%;d %f gg%d ;g)‘&{%i%%{?%i Eﬁﬁetdal? ed&?g%go??lv%ﬁdr/ rﬁ?sg(g e(R?T(J: A,
feeding a hydﬁ@n@#b@ﬁ(ﬁe@dmwwf@hEdh@a@éngyﬁ@myswhd$@&$bmmﬁt@dmwm@Py2@1the

hydrocar bon fﬁ)%g "a'?ﬂe G4, ﬁﬁﬂ% ﬁlaeelp%%(gJ thﬁgl &8@1}33 q{ %ﬁ‘@&gfﬁﬁe f ?%g ’leaQtn%Oé‘%) and
gquenching the p ronze ocarbon feed to produ e ydrocarbon

pyrol ysis pro@m@mﬁﬁwmﬂﬁz@¢%19%fC0wH@%féhﬁdd%ﬁ®mm§mmhh@dwﬁmeﬁwhmmsanﬂbdes a
process for PLERAI B9 Bod @' ALl RAGLA! wmwg an b&nfg AHiER R n®Even(B)to 4

preparing a ceram c conponent conprising bino sta 21 rCo ia; and
(b) sinteringhauive Eoa aniecnmmy@iwermambe aeltf@”mp@nfatdmroeldmnga@tmoaélste 8 NB00C;

() providinghhe, Vﬁb Y Gh&S VERIAMES, %ﬁ?%nﬁl@%xﬂd[}ﬁg a'%rﬁé?sgﬁe!ré/ Ean" 1R oQ§geﬁ

t hermal reactor; erein after the sintering, ceram c conponent

reactive regithn U&?@nﬁ@ﬁﬁﬁﬁmc@ﬁﬁ?@l e, anpul fedpro sinoyphrisaganr leed hydrogendi ‘Elrst
t enper at unge 'snntérhlg Jtﬁk@ﬂ)ﬁe@ tbtrrpgmu@e t8d 430 VL irdfim AR ? A8 ;nnsd&wd&ld\é@' &grfBGOf

t he conponent preferably I ncluding a flexural rength of at |east
kpsi and pr efdscasr pravidugidi fiseeim wer thel foranenherirhal detieklk @é@ﬁ@@@mbeasa

20rating of aJonJaﬁﬁﬁﬁt I)P%blrec{/&%%éi Qo&ﬂ%eﬁXME %Eﬁémrce@&ltl&lhetﬁ oA IRE the
segregated reactant flow channels may be provided to facilitate deferred

combust i on. THECeq bﬁx}ychaWéﬁéo tpal taisepy rcswé@t apAdtiogd nprreating Miedevdilieg t o

the present iRVBRAIRD w0 SHE: Adc¥d I&Bﬁﬁér%%h&ﬁc& Bﬂoﬁerw@l lh% paRRBBY &R Rnent.
nmonolith type structures. The term "honeyconb nonoliths" is defined broadly

and gener & | VOr 2Emileyy SIOAEr GRRINE RaynRyPViEe Tqrj 45w B (T g L@ xac e arystels rod rran-

structures a%mé&@mﬂ%ﬁ%k&%bMn&%&@%mhﬂh&ﬂﬁn&@@ﬁ&mgﬂyﬁﬂgﬁ§%ry such as in
catal ytic converters, etc., ca able of conveying a fluid through the

franmewor k of [M489hneilsothqspecsy e ispisydpitistes ; iena yipbet repciondtypyibrEien t o

refer to any JfraEBWOLEhQL bENBNRGLS) o LRYROHBRRSs1Rh a£B RS 1BaRH PRl IKBEONEL 'Y,
that includes multiple substantially parallel flow paths or channels and is

not i nt ended 2% |aﬁ13t°n°éaﬁé~ anljop; epaly the &actgh&%or%g w%mgpdblam%r:%mponcm

geomet ri CyShap@udinkh® RHRANNGLS RAC holBYin AV &Rk aghih qaédcr tHRNYoa kst 0g$§n S«ﬁ&kl onal
shape, although a generally symretrical cross-sectional shape

preferred. Eéeﬁp%}go%t%btlﬁ%ﬁwuﬁépwéﬁ ¢ gt RAAHERS atée&r’féwe@ﬁaﬁﬁ‘él%ed or
mul ti pl e chanpednfs and. «stabillz89) Suchl iy BAr &5%imied (LY 8l Haysanisc0fsuahamehs.

dependi ng up%?lmttecri1 eto sdlnzy%mgfoxgdgestab%qzte; C#}le?enn a tg'osllrlltter?r?g the component includes (i)
porosity at ambient temperature in the range of 5 to 45 vol.%, based on the volume of the

25 component. Preferably, the multimodal component also comprises a flexural strength of at

least 6 kpsi and a normalized thermal shock resistance rating of at least four. TIn many

preferred embodiments, the reactor includes a multimodal component comprising (i) at least

50 wt% of the coarse grains including stabilized zirconia, the coarse grains including a D50

grain size in the size range of from 5 to 800 wm, based upon the total weight of the

30 component; and (ii) at least 1 wt% of a fine grains including stabilized zirconia, the fine

grains including a D50 grain size in the range of 0.01 to 100 um, or preferably 0.01 to 44 um,

dispersed within the coarse grain mode, based upon the total weight of the component.
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WO 2010/ 059322PCT/ US2009/ 061055 and reactors utilized therein. For exanple,
in one enbodi nent, the conduits may have a dianeter of only a few
mllinmeters, eferably on the order of about one mJ||ineter. A reactor
may conprise gggPﬁéFQ% mul ti ple, or even nunerous nnnolf?jégg*ﬁénﬁﬁnoliths
may be further arranged into cells or groups of nonoliths, wherein each of
a group of cells is dedicated to conducting one of the two simultaneously
conveyed materials, while another group of cells conveys the other

material . A pi08§igr r dd oftonohbadiments; dregevesnen wrlbdes prpedestelol tw mmetstureeoflaos s
or drop duri =P r ence i.le providi ssary
pr oduct cont adEr et BregBRiBRRkE okl BHBEERRC K kg Pl Ty
pref erably alwsetqribypodess adegisaieharitss nf (of prohdéing o pyrelyeid ramtoewitah scaafiteer
exiting the [ - i - r Lon . ition
to providingmggg+8%#§8ﬁd%?faéﬁgggﬁgﬁ%%ﬁ%ggfg%ma%?ﬁ%%%@ewé%?gé?%eg%gg

mat eri al i 5ol @mporenblasppwsity {temgicnt tapettiignn tgeingast tondud ¢S well %o.shasedon
prevent cross roem Xl L, rtand, .8 ) d
mai ntain a naF%&@F@QSf@%ﬁ? 8%%%2%?20% fﬁ%?f%é??‘%? §§§?§&&§§3%%§%éﬁagther
until mi xi ng dosngigeihemmadishodurshistersacation ohitdest the; (b3 bfatihg the eracevcangpdreto ai n
pyrol yzing meth £ RCELY Y RURRLALMESSOfeofth: | h
15acet yl ene canﬁ?ﬁg%%reag%régggjggﬂéeggeg fbegﬁég%ﬁ p?%gg%%§%§gg§?“§§ﬁ
ethyl ene or pewiy itersatcd 0p8l}is raactoviveryeaitys dicniyrtosarbdofecdsmimptags a pielyzed

| nvent i ve,ConpaneRhch A/ ad (HAGLRETIIHE BROVEACH AGARHT koA KldMce the
arrangenent with an average wetted surface area per unit volu that ranges
from about 5@VtocaberyatisirraBO0 ft-1, nore preferably from about 100 ft-1
to 2500 ft"qoﬁﬂﬂ Sﬁﬁ#&0&@55%&%9&5&?@5Mw&ﬁBHMQﬁQHLaﬁQ&x!%F&e&nggQ%nﬁ&'11
based upon the volune” of the 20 first reactor used to convey a reactant.
For a packed '®ler sPmBptne ihg afcrp &€ KEhgropaimei i Peamic tampenspe e isygriimedalar e
woul d be det g Biin&M iRl AR yncpﬂo)tsnl@erﬁ? et Cerfth@NBhBbint KOK t&nfcPRAGL QF aP&dst
conpri sing honeyconb nonolith structures, the relevant wetted area

di mensi on®i s léiﬁiﬁ_& yoItmeyvidiag Ithe Hntekh S pRIRRANTT dN BTV Freitaping ermal
Preferred walilaclohl Ghka6aS.rQf (RONRAMNGHS QERMMOBRIohéE REFHOL Yédith t:&nzﬁsotﬁ@nt
present invention is less than 2.5 mm nore preferably | ess t han 1.0
down to a pr GHEPNES HiMInRRTPsHE Teappt Rinisadenb ferprstatyre 4% the agecent dirme 5 00 #5mm
These rel ativgly, bbd owahd sulRneIeRaS & BYipddis:, Shd sRALILly LReIR! 2 SBAcK

resi stance properties, and relative chemcal activity inertness of the
i nventive corfiorEntisat ket dov apf @rcfgiebdy inchdingtaapprmaliZenitharmpd Phogh: woippecc of
the present invedtioosiBy: be i deal at enabling use of relatively thin but
strong reactor flow channel walls. The relatively high density of the
conponent s al¥§3he| PsomsExemplppygenctor SRERUEPRfeSCREERERIFtCHY §Y-chiRls tHY dGgh

the conduit @foviied @o Wadikitte dui@ret SlopfbbdBhY MhOMoRUIhAGS AhEoRBFiscURrimi¥ol une
values facilitated by the hi gh nunber of relatlvelyfsnall react ant pores or
ayl

condui ts ar e “PTRBFYS preargie e PEs e imndah et Eltwhathi-wel s hpnpgomd

rel atively guioaditk RpBgRuckilest ENDRFAY IRy @FBh@BLitht'E 8BBd Broh@ A1 DEenerhily, SOME
applications, quick WO 2010/ 059322PCT/ US2009/ 061055 t enper at ure chan%Q is
pref er r edt o "pEFHIE DHErLPS FBITS QuixERInerrHBin STreGURT asie Relirahy kaewe fethe

r ﬁact [ Ion L 0 RagMRANhdEHEatEiNg diﬁ Qklytid b@lvél?&lr@,—te-tc\/,a:b%qblm cgmoﬁ\]{wfn%al flusd Sldught y,
thermal shoc resi stance, a eat t”rans er .capanl ty the 1 nyventive
material s engﬁﬁ@mﬁﬁﬁgwgpﬁﬁﬁg?éﬂﬁﬁ%nbﬁ@ﬁﬁggmhﬂﬁ ﬁUF“Q%8%§%?@%nHﬁF@FW§PY
fail ulr e or dagﬂha@laki&ggniu@em, OrefR@EIBHF Sﬂ@ﬁbciéctgfnalstgé(ﬁ\_&ﬁrya thut Jiﬁ)@l&:@h @ 4 rﬁﬂ’ﬂple |
exanple, in some enbodi ts, a reactor may be provided wtl ow channel s
and ot her i St curg P I O¥PP é@rd‘:héﬂﬂ?{?cfﬁngh*t”é’t g??agwéeﬁfnﬁ\éﬁ%%tﬁm%gh% t he
present ismvent ugnpdrhiatari gdehetdeShapehi gt viehtiebidhcmheatvet sranshigr agoebid ci ent

(e.g., greater .than or equal to 0.02 cal/cnBsC, preferapl reater_than
tbou 0205 carronbaee Stk fensir sr by g gkt S o HAANOY 20V Bl MREEE)
Wi t h corr espoadinigoliwhdyasdsdeanteld dafideQw &l ohinpele 98 tiuRiptr dbPnels, 4.0, Bayve

operating te rature range consistent with the hi ghest tenperature

oot ored” BTy F L SETon CHRAGD: PPt s Mses of e PHBE Tl TERBER, and
have hi gh bul k heat capacity (e.g., at |east about 0.10 cal/cnBC, and
preferably greater than about 0.20 cal/cABC). As with the high surface area
val ues, these relatively high volunetric heat transfer coefficient val ues,
hi gh strength (MOR), and chem cal reactivity inertness properties may be
suitable for 15 use in various reactor enbodinents to aid in achieving a
relatively quick change in the tenperature gradi ent through the reactor
These cited values are nerely projected averages based upon the prospective
volune of a typical, exenplary reactor such as nmay be used for conveyance
of a reactant in a process. 100861C her applications, for exanple, may use

o . e o o v o



[ 00871 Sone exenplary conditions may include a residence time fromO0.001 to
1.0 seconds and may typically include, for exanple, a pressure from about 5
to 50 psia (34, ¢ 4 Pa). In some enbodi ments, the re j1ions may
be at a vacuuﬁoﬁﬁggsﬁ%é such as less than 15 psia (103%%%5?‘%§Q635°5ur poses
of this discussion, the term"residency tinme" refers to 30 the tine
exposed to tenperatures typically in excess of about 1200C. For exanple, in
many useful reactors, the residency tine at such tenperature, and nore
preferably atandemgséaratiilized thorcimx Fes sxapiplel R0QT, critwdipreaf, sheagringuitsewsy hharn
about 0. 005 sggo C WoLdD , , 0 egonds,
or within a rangggi\l‘)off O? &oﬁegs%%nfﬂ G{Eéépég%&%&g‘%&g{? %égggﬁggeﬁ%\l/%q}eqmﬁ%ﬁ' a
2010/ 059322 PCFU8200 30 061G indowavisiple, ertvsent mmgtout imeroliths. tThe mogelghomabled
system coul d g, l.0NGRL FHCLIESD: B dernddblifs, QR GLeRAds 2F ro%heo%%gﬁhs is
dependi ng upon the quenching proces anqunreact or channel Ier%gt . e
regener ative ¢oficabd & sondecing one o dreemp iyl raeusly renvsydl vetaridonvifisedsthock t o
tenperatures |f, LXCRAS «Myo kRO GihePRFELR! YA hRrHXE GRF0IRE a8 end W1
processes in éerxé)ess o?clﬁf%sc. I_ne 5 some react | ons,olgt arr.a e\inet.n Eg}r&%e
preferabl e tdoneassurhisf eetiep fuingvercipnishoradueti traesfeignest hilke, prauding ascebsess
than 0.1 Seconfifn &l LRIBANALUFAEUNE ESiRuOned SORCDE AYED LRB0R
i nstances in excess of 2000C. An exenplary preferred pro%ess J|2nay p toﬁ yze
the feed str cupHidds rHtIMate Rexipgelchoronveigd matpsiala plteraiyeg He uroaglithy, stehownimprout
1500C t 0 @POoYca R0 AGreti AR nd O lEadRI:Bh &5 é‘xlawg& raofmvwafwiﬁ&iﬂj é@eoglgﬁﬁe@s a@}%b%&ﬂi&%o 0C.
ma

Exenpl ary residency tines Pr_eferably e short, ~such as less than
0.1 seconds afigciyieenaerablisplation sartiprarc.abowrtia woh [ap serdpitdells)Sencvsydetossar bon
conversi on prpGes$&sindBwhs RefikohiBdohd bt PIASRNESn Qhaf¥ie RUEeadbigly | de,
ot her hydrocarbons, and/or other diluents or stripping agents. [0088]In one
exenpl ary pr cElegelysprarased iy eich obeupdl B ippermiica Rechrencie atight bpascilhe

reactor channgl SABY, GORSSE: hbBads WY SR ME £ SERELurEOHPANGHE ﬁso@dfhtd Bt@vi de

the necessary 15 heat transfer capacity to create the desired sharp

t enper at ut'e JFEAPRIES thep Fdighba sevFred o defin pirdueheudpucyizar eigirery!®endi t i ons
of operati on.jogkdpqua &nhedbvolinRRSS BF exraﬁagﬁ, th8 inG AR 864 o &RHar¥or feabBAlmay
transfer paraneter ATHT, bel ow about 500C, nore preferably bel ow abouft
100C, and mofOVicer @pabl Brokias strapBtt “Shen sTHEs pHafstEre mrirer e vokiey
herein, may be:dabinreh asut fent &t d8uofoos e, hed paverngaomabsiabe ke el
transfer rate that is needed recupera the volumetric heat

) for tion, to 20
transfer coeff &1t negre _P’F?@‘" fmfi@b(.’“t?% fty &9 GPRO G i’_@aﬁﬁéé}t’m’c thg yelu@e of Hice
(e.g. caldcnBirgegbol DRl th Sonsty & kGb@ent FoPh ph&edP&S spRRichiSpatiahe pratiedurs the
product of the gas flow rate sec) with the heat capacity (e.g.

g e.g. gm as
ca./gm C) andclefdsh yeEreetigypyd gﬁd“ﬁ@ﬁ‘&‘érs&{lﬁh‘ by EvaRksee flaRelPidiFAg? agior bed

reaction, e. @emfalsingddeslcBRR niohbifh ianirést the GiwiagBcktRY afeh@inkabibh B s(8p1@ theCNB)

of the recuperator, zone ‘traverS(ﬁd bﬁ t he gas. The AT1-11 in channel is

conput ed usi A" BskgRsserapgART QY chengsls, Taseradorall thickesspat sy hopgrramBi t h

total gas. Thenyahdeéding thertpréseansfeafionCio@dst tah et maf mbRer&edblyhess thad
roduct of a area-based coeffici

typically calculated as th nt (e.g.

cal /cnes& ad r&ms%’é”d‘i t?iac?“g)ﬁlﬁ? gunmymavalithickngangh not lgyydpagrarquyd %é.lam- Eﬁ@/@c ns),

of ten ref err egattvelyasint helswed tedlcangan®ktrdnm, prekdngockl debistsict atrdpéicEXamapl e

1: d ose Packing o ai ns ?1](%100891Tabl e 4 depicts ar&1 exerryl ary
Py

f Bi 4rln')dal. G ) b
mul ti modal  gFSEHYe GREErd! BRI APTRES QHMG S CELOTROYP S i Frotatlsr R
stabilized ziwEinRidairadth é thd frescaf ialdhtioDaey bf idomaterhibaly dst sedlazilde it But used
]::“O;t Pr BS;J I(:Iozg[re?qﬁzgd%tt())lr lﬂlo%/ec anznlelrvgea[;.l q"hg?élgtlvély%?grﬁp({elnssréyno thae cl?)lmr[r)to)geaﬁlts a?sroaﬂe[})s
30 mitigate excessive reactant cross-flow through the conduit or pore walls. The relatively high
surface arca per unit volume values facilitated by the high number of relatively small reactant
pores or conduits are likely preferred for many embodiments to aid achicving a relatively

quick change in temperature gradient through a reactor. In some applications, quick
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coarse grit (H C. Starck's Anperii R 827.054) is an aggl onerated and
sintered powder which WD 2010/059322PC T/ US2009/ 061055 is produced by

spray drying Qf uspensi on consi sting of fine powders | ¢ binder
and subsequen?loszl’ﬁllr??)égr%l?zng. The fine grit (Tosoh TZ8Y) is P%&gﬁg({c"g@q WV a
hydrol ysis process, which ensures uniformdispersion of yttria in zirconia
and fine particle size. TABLE 4 Conpany Grade Chem stry (% Size H C
Starck Anperie 827.054 Zr02: Bal ance, Y203: 7.0-9.0% Hf02: 2.0% Al 203:
0.2% Fe203: OMBoRuUS| dRugeQs BferTi OR pergnitgdbapvel6guick ad GphisteitcpbnoPmgtaf dhe)

Tosoh TZ8Y reaction to prevent creating coke. The relatively high thermal stability, thermal shock
resistance, and heat transfer capability of the inventive materials enable quick temperature
changes without excessive material failure or degradation due to thermal shock or stress.

5 |0085] For example, in somc embodiments, a reactor may be provided with flow channels
and other high temperature-exposed components and packing according to the present
invention that includes a high volumetric heat transfer coefficient (e.g., greater than or equal
to 0.02 cal/em’s°C, preferably greater than about 0.05 cal/em’s°C, and most preferably
greater than 0.10 cal/cm’s°C), with corresponding low resistance to flow (low pressure drop),

10 have operating temperature range consistent with the highest temperatures encountered
during regeneration, have high resistance to thermal shock, and have high bulk heat capacity
(e.g., at least about 0.10 cal/cm™C, and preferably greater than about 0.20 cal/cm’C). As
with the high surface area values, these relatively high volumetric heat transfer coefficient
values, high strength (MOR), and chemical reactivity inertness properties may be suitable for

15 use in various reactor embodiments to aid in achieving a relatively quick change in the
temperature gradient through the reactor, These cited values are merely projected averages
based upon the prospective volume of a typical, exemplary reactor such as may be used for
conveyance of a reactant in a process.

[0086] Other applications, for example, may use ceramic and reactor components other

20  than those previously described but still according to the present invention, such as whereby
the channel conduits/flow paths are substantially linear and tubular. Other alternative
embodiments may include more tortuous pathways (e.g. convoluted, complex, winding
and/or twisted but not linear or tubular) through a component, than the previously described
monoliths, including but not limited to labyrinthine, varicgated flow paths, conduits, tubes,

25 slots, and/or a pore structure having channels through a portion(s) of the reactor.

[0087] Some exemplary conditions may include a residence time from 0.001 to 1.0
seconds and may typically include, for example, a pressure from about 5 to 50 psia (34 to 345
kPa). In some embodiments, the reactor conditions may be at a vacuum pressure, such as less
than 15 psia (103 kPa). For purposes of this discussion, the term "residency time" refers to

30 the time exposed to temperatures typically in excess of about 1200°C. For example, in many
useful reactors, the residency time at such temperature, and more preferably at temperaturcs
in excess of 1200°C, is preferably less than about 0.005 seconds, such as within a range of

from 0.001 to 0.010 seconds, or within a range of from 0.001 to about 0.005 seconds.
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Zr02: Bal ance, Y203: 13.3% Al 203: 0.1% Fe203: 0.01% Si02: 0.02% NaZ20:
0.12%0.05-2.0 um (Crystallite Size) 5 100901In the above exanple, 97

vol . % of coar%zg{olmg%g stabilized zirconia powder and 3 Pds %wf _f_| ne grit
of stabilized zitconra powder were mxed with an organlch er For use in
an extrusion process. The binodal powder m xture was extruded to fabricate
a green body in the size of about 1.13 mmthickness, 7.9 mm w dth and 100
nm | ength. The extruded ti)green body was dried and fired (sintered) at
1500C for 2 hilew¢var, #e thtaldimg inithd rekqtorrped gystabeduisaitedonrges isntheas@d obytseigt 0.030

[ 0091] Referri s@%ntdg of b3 % Ere del;yend: ady onhd J}deﬂif{’lr{r%:ﬁrg&ss angcf@ﬂ:'EHr dinll?r!alqgﬁg?lp Nhe

M croscopy (S he sintered ceram c conponent (1500C, 2
hrs) process eldg@e@bmjwym@ywre@cmrswm any ihent theiiyadioedrpont fhedstogly eonfgmpeyptures in

represents S50,k o %‘f‘é ' p%?slxbl}(; RRLE&s OF Ao, %‘i Gthb r&J&?sePﬁl exd&s oRYROAIEIN ai N

size of about 30 umand fine grains arc in average grain size of
about 0.3 kt remeTenetidrspemgy awcn@carc@rWeﬁoéaeeﬁhq %ﬁqsioq woathed tigre dufpdonerdh

bet ween coar sg |0 @09, BREHRE QM'a‘%'én;%FQﬂﬁQﬁP c&@%@hﬂ&ﬁ)"@%}%‘ﬁ@n%ﬁé BSa@e@]n
In this imge, porosity appears dark and [ocated at interspaces creat ed

bet ween grai rescesThB2008 40| Amerermplany pricksered proesreEhar eyralyre the drpd seam witlbimphe sed:
20i ) 70% st abildged ey £ UM R IR P o kOB 1SD0E & apdum?@b@bc drna'nm@f)éfera'b@ut ion

i ncluding 97 vol .% coarse stabilized zirconia wth average gr ain size
about 30 um fE ABuy &006E fg meousd HTT i Eeeipidry coicaciTds Riviaiahlyenayr b &hoe,l ze

of about @ 3 WM as less than 0.1 seconds and preferably less than about 5 milliseconds. Some

hydrocarbon conversion processes may be performed in the presence of hydrogen, hydride,
other hydrocarbons, and/or other diluents or stripping agents.

[0088] In one exemplary process, the pyrolysis conversion of methane to acetylene, the

reactor channels may comprise the inventive ceramic components and provide the necessary

15 heat transfer capacity to create the desired sharp temperature gradients through the reactor, at

the space velocity conditions of operation. Adequate heat transfer rate is characterized by a

heat transfer parameter ATgr, below about 500°C, more preferably below about 100°C, and

most preferably below about 50°C. The parameter ATyr, as used herein, may be defined as

the ratio of the bed-average volumetric heat transfer rate that is needed for recuperation, to

20 the volumctric heat transfer cocfficient of the bed, hy. The volumetric heat transfer rate (¢.g.

cal/em’ sec) that is sufficient for recuperation is calculated as the product of the gas flow rate

(e.g. gm/sec) with the gas heat capacity (e.g. ca./gm °C) and desired end-to-end temperature

change (excluding any reaction, e.g. °C), and then this quantity divided by the volume (e.g.

cm’) of the recuperator zone traversed by the gas. The ATyr in channel is computed using

25 gas, channel with gas, and total recuperator zone with total gas. The volumetric heat transfer

coefficient of the bed, hy, is typically calculated as the product of a area-based coefficient

(e.g. cal/lem’s°C) and a specific surface area for heat transfer (a,, e.g. cm®/cm’), often referred

to as the wetted area of the packing.

Hlustrative Example 1: Close Packing of Bimodal Grains

30 [0089] Table 4 depicts an exemplary multimodal grain distribution including a coarse
grain modc of partially stabilized zirconia and a finc grain modc of morc-stabilized zirconia,
uscd for producing a stabilized zirconia matrix comprising a bimodal grain distribution. The

coarse grit (H.C. Starck's Amperit‘@ 827.054) is an agglomerated and sintered powder which
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ii) 30 vol.%porosity iii) Normalized thermal shock resistance rating is 5
25iv) MOR Flexural Strength is 6.0 kpsi [0092] To determ ne the thernal
stability of e ia ceram c conposition of this iny e
sintered body%%géﬁ’é% hrs) was further processed (e. grkcerg}r?%@g/[“’el]éﬁ”
experinmental ly sinulated conmercial conditions, to a tenperature of 1800C
for 100 hrs in WO 2010/ 059322PCT/ 1JS2009/ 061055 hydrogen flowi ng at a
rate of 50 cc/mn. A comercial, high tenperature, high vacuum furnace
facility was usedued yonductyinhpSa syspessiomepnsisting®of firespoveiers|and ergeaic ibigler
exposure at i 0 cle,
the sanple bo%\gqg? %ﬁ%gﬁg \;\eglg @e%np %&lsTl%fgd% J&Eh?ce gg? |hﬁhllal|>§§g’mc§¥
15C/ mi n, hel dvkith 48@QOufilorm 2Bpdisien ofytitimah zclemnedldtfme@@t@cl(eawm ent) at a
cooling rate of 15C/ mn. Five cycles wgig§mpl oyed to sinulate rapid start
up and shut down processes and to investigate the effect of thermal shock.
Fig. I'b of Figwhgady priaviesies qrciokMuymmge of the " annea&'ead" body aftler

heating at 18Q9Pg §9L, 10 [Ige(plttﬁal AU 00, KL,Q\Wr 1309 By dr 0g re| n the
| egend bar represents §Q7054trer(ﬁ'hfeo()ormgtez ghsc é)ées SE rlig ﬁ$ %‘B ge grits
16 t the

that arc stilfl in the D50 aver 49@%%@2 0,58, @332064@ out

fine grits he i d ubstant AN, p|0V|u
enhanced bonch%E)0 etvvegl%gggars } aanc '1§§A> Al Qéred%sd Zhd uniffornly
distributed iln the anreal ed bo °’ por osl t)/CBF‘t“‘pﬁ%S‘é??necll ed

body is about 1+ VUI.nU Fhe— u LIICIIIU.I shoeck ICDIDLaIIbC fat+ng is 5
and the ra en th |s ur e h the
properties of[hﬁil]g si n ere ?’rpmﬂlg‘n Veorlft)/g(()fic it gmtoﬁetalfmz hzé" Omal?uowi‘iﬁ%]eﬁil ed
conponent derfongls aftfes cgir afmlﬁllzzézlaﬂmdlapmwdsl\iqre tnhat! vathso opgaoicibitelet foe use

desirabl e, mechani c str th, and .t her ma resi stanc The
ability of thggs ﬁQrus%)e Io(c:eosar?“ée b1m0c?algm er {mxture Was ex n Icftol%abrrlgjatre]a B EV%’I | e
exposed to arimgal smgqf abwtdonamehtcmesdaé 9gmmtwslth2zmdalf0t)emm3¢ngtlerThwgextragredhel p

Cemmi ns. nilgn SrtarSy Rk RS whbeBlny af o' Qnadiy Mar AR T 408 B BhRAT
this propert ylsﬂﬁen‘&ybdﬂg due to the selected D50 SI ze range for t he coarse
anneal ed enbdiitbne KEEHE S §. FaokedR AR oSBT F ST SR (B
vol . % por osi tiyage of the sintered, formed ceramic component (1500°C, 2 hrs) processed according to this
invention, wherein the legend bar represents 50 um. Spherical coarsc grains are in the D50
15 average grain size of about 30 um and finc grains arc in the D50 average grain size of about
0.3 um. The fine grains are preferentially located at the neck between coarse grains and
provide enhanced bonding between coarse grains. In this image, porosity appears dark and
located at interspaces created between grains. The resultant sintered, formed ceramic
component comprised:
20 i) 70% stabilized zirconia matrix comprising a bimodal grain distribution
including 97 vol.% coarse stabilized zirconia with average grain size of about 30
um; and 3 vol.% fine stabilized zirconia with average grain size of about 0.3 um
it) 30 vol.% porosity
iii) Normalized thermal shock resistance rating is 5
25 iv) MOR Flexural Strength is 6.0 kpsi
[0092] To determine the thermal stability of the zirconia ceramic composition of this
invention, the sintered body (1500°C, 2 hrs) was further processed (e.g., annealed) at

experimentally simulated commercial conditions, to a temperature of 1800°C for 100 hrs in

-38 -



iii) Normalized thermal shock resistance rating is 5 25iv) MOR Fl exural
Strength is 6.8 kpsi [0093] Note that the MOR actually increased from about
6.0 after sintering to about 6.8 after such annealing, Qﬂz denDneratlng a
net gain in s F@ﬁbth The SEM phot ographs cl early dertorét 8 et he
change i n appearance between sintering and annealing. It is recognized
however, that over significantly nore extended periods of annealing or use,
such 30 as over several nonths of use in a commercial reactor, that such
strength may m@gmﬁnmowwganeaQE(ﬁﬁm(nﬁmnao%uahthdbhsm1®mpadp®ih@hhhamnit

becomes desi r %pndge %a%ﬂ Je&l & Ss%dtt on%%ﬂ&i‘%% We}/(ﬁ’)rhrs Itottal d%ne%mlé V&g%a}rg Qt t hat

such occurrence may even
2010/059322PCM%US2®@9$Q£&@651€dnpahamfv@lExauplthwcmmmdﬂUdabaﬁﬁ¢bs¢yor

[0094] To illustrate the efl ffe t of It| i
distribution SRV l%?“?e 1%1(5{&3? m§ ¢ ﬁgg? I%n\r}e sarrp %bm%gorﬁ &Bar ed

using a rmnormﬁa:bolgdx totS(ﬁ(‘E{&rﬁlbl&lﬂIatQﬂuoolAngSI’atabifllﬁ‘ZEﬂmZIH’xnycas fpeasheoyed td )
was obtai ned from Al Aesar Stock No. 3627 Chem str r O?2: Bal ance,
Y203: 10. 0- 15*1@%dtemrtb§*wr§urom& SPI0 1 BIOBAF P d&$ © “‘é‘ieité‘%dteé%efé\%%qf thefrial Shqs50
size of aboutmé%uxﬂmgam@l@M@l@smsmqmgdumh@raaﬂ@redng&@eﬂtef RatiBX kil 188H@N

process. The m xed powder was extruded to fabricate a green bo%g of 0.36 mm

t hi ckness, .ferrWHWt%itmursaﬁ&owwgnhﬁdr%ﬁ@twer%@eel%%&éﬁle@reé@ﬁs HY- whlke

dried and firigd @élg&éQQnghér@Jdl ?oal%%n{bnh@@rclbmwhemb abdrhdd &efn §BOLF ARLEIR
si ntered body. 0 0095 ferring to Flgure , . 2a denonstrates an SEM

i mage of the mreshyllt therfgle guhthewe@nﬁm@y apd 5@ome @%ﬂ@)ﬂyml@@r@@é@d)vsﬁ@@@h@pwg to
this exanpl e,bo}gfasﬁ%g%&e%moé@@gng b%mblgp%géﬁgtdgrk andAmﬁolnﬂ %tm bl DRGE th Al |

grits are int average grain siz porosity
appear s darkémmWéﬂr@EWItBMtH@vﬂEén@d”ﬁdet@bﬁﬁﬁﬂgbémb'h dmutf7v0V% The 96%

stabilized zifeonieq &@Jn@aﬂh%%k &Qﬁgﬁée%t&g i HHQE’J‘M@@J Fl&!u@dl Ekr&}g&t& hPKLde@ 151 N
average grain size of about 3 o porosity
6.8 kpsi. Thus, as with the plopemes of the sintered component embodlment the further
15 annealed component demonstrates grain size and porosity that also provide the desirable,
superior mechanical strength and thermal shock resistance. The ability of the selected coarse
grit mode to maintain its grain size while exposed to annealing, as compare to the grit size
after sintering may help provide and explain, at lcast in part, why the thermal shock
resistance remains high after sintering and cven after anncaling. At least part of this property
20 may be due to the selected D50 size range for the coarse grit mode. (e.g., Sum to 800 um).
The measured properties of the further annealed embodiment comprised:
1) 75% stabilized zirconia matrix
i) 25 vol.% porosity
iii) Normalized thermal shock resistance rating is 5
25 iv) MOR Flexural Strength is 6.8 kpsi
[0093] Note that the MOR actually increased from about 6.0 after sintering to about 6.8
after such annealing, thus demonstrating a net gain in such strength. The SEM photographs
clearly demonstrate the change in appearance between sintering and annealing. It is
recognized however, that over significantly more extended periods of annealing or use, such
30 as over scveral months of usc in a commercial reactor, that such strength may begin to
decrease and may actually do so to a point that it becomes desirable to replace the
component. However, it is anticipated that such occurrence may not happen for many

months or even years.
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iii) Normalized thermal shock resistance =1 iv) MR
flexural strength = 40.0 kpsi 100961To determ ne the thermal stability of
the stabilize ceram cs having 20 nononodal I tion, the
sintered bodyQ?éEW@f££2 hrs) was further anneal ed at 176%Eﬂ$%%&ﬁ8 “hrs in
air. A conventional high tenperature box furnace was used for this
experiment. Fig. 2b discloses an SEMinage of the conponent body after
reheating at 1700C for total 100 hrs inair, in a single stage or cycle,

ey 41 4 : ) The sanpl e was not annealed in

wherein the |emam s=u’:, :
five, 20 hr sj mt@émeﬁ %@ff@c‘t@fi‘the &R it ag%a i€irQfint
Exanple 2 after |nter|ng was a dense ceram c and such materral is

known to havenveatign, I«)wmmeimmalsdrsMQmws m@ﬂeﬂanme andnywedad ghiadistribetam. hAghI y
fractured andsteﬁﬂ&% | ¥n ?o%rs? g %%%thlnpc?}’r&ﬂ%ﬁer_ﬁésw(%EB‘EPE\I&?&%"&%ﬁﬁbt Y dal

exposed to such cyclic a nea Image in di scl 0s&s ono
grits thats weft@::dpdlagicna¥ Oy Hidbud. 05 6 Q;: 2é)~6f)%3 Do lfmt!CN siAcz&25 esh, havbo
S|gn|f|cantly I i a 5 Al : N

porosi ty s S5asoabub S Siputuffelutigitic PR AREY Blkabh bt8s B Mt o
cerani ¢ denonsivdatves cexaled &i fnbrugreaa grec@rhmvw hf @pdmpr bickides 216 g widibhadi S0al

strength, but ar e th C reS|stan R

2010/ 059322PCH L%ﬁl?o\g}‘ﬁé’%@’g%; ?‘8‘?1“ :ﬁ?f““‘” TN Bred L0076 o 2 ysginian B indyriple
hi gh t enper atkilneé fapii@leysiisere®Belyor s. The rreasur ed properties of t he
anneal ed enbqgirent c ri sed. 9°/stab |zed cnia trix
0.01 vol . % pggﬁft y ¢ egl?ngf\lgor Eﬁé]l z‘e?i“‘g’fZ hZ F}%IPO%? ek 2y (§%| strg?ﬁ:eeOfrrTg‘F rﬁséllt
iv) MOR Fl ex u;ﬁﬁdreﬁddemgido% [,.2 K5) Bodepst atdokdisd tfoathis \eRarpd@ NHe i3 the (I}gaﬁcebar

Packi ng with Ml ti npdal in Distribution [0Q097] The sane coarse and fine
grit material'$TOFP PNt Plat? S\yRagey dpils 25, mtﬂrFalPS(i %Verage 87 Sigg,of about 3.0 um

and porosity appears dark. The resultant sintered body comprised:
1) 96% stabilized zirconia ceramics comprising a monomodal grain distribution
15 in average grain size of about 3 um
ii) 4 vol.% porosity
ii1) Normalized thermal shock resistance = 1
iv) MOR flexural strength = 40.0 kpsi
[0096] To determine the thermal stability of the stabilized zirconia ceramics having
20  monomodal grit distribution, the sintered body (1500°C, 2 hrs) was further annealed at
1700°C for 100 hrs in air. A conventional high temperature box furnace was used for this
experiment. Fig. 2b discloses an SEM image of the component body after reheating at
1700°C for total 100 hrs in air, in a single stage or cycle, wherein the legend bar represents 50
um. The sample was not anncaled in five, 20 hr stages as in Example 1 because the resulting
25 sample of Example 2 after sintering was a highly dense ceramic and such material is known
to have very low thermal shock resistance and would have been highly fractured and possibly
even destructed beyond measurement usefulness if exposed to such cyclic annealing. The
image in Fig. 2b discloses monomodal grits that were originally about D50 size of 3.0 um in
size that have significantly grown to D50 size of about 50 pm and very little to no porosity is
30 observed. The substantially densified, stabilized zirconia ceramic demonstrates excessive

grain growth and provides high mechanical strength, but are low thermal shock resistance,
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coarse grit of stabilized zirconia powder and 10 vol.%of fine grit of
stabilized zirconia 10 powder, were m xed with organic binder for extrusion
processing. T, joaodal powder mixture was extruded to f i A green
body in the s?'?ezmgﬁp)g%out 0.55 mmthickness, 7.6 nmw dtP%?HaS%@&@d&r’m

| engt h. The extruded green body was dried and fired at 1500C for 2 hrs in
an industrial kiln to fabricate a sintered body. [0098] Fig. 3a of Figure 3
illustrates an SEMimage of the resulting sintered conponent 15 (1500C, 2
hrs) processedndgtiog e myeniad unisibde ecaiphsl hegh taiparating pyiedysisegpetors. b neepradsent s
10 um In thig, i0Bg6snsWhshaRL LR §9ﬁﬁy.{‘ | coarse grits are in the D50
average grai nﬁ(s)é ze o_% ag%ﬁt é‘dijl‘%?_um acrllld.t élfﬁo fine grits are in the average
grain size of about iD. % W stathlezefl zmeongmidtex are beneficially distributed

t hroughout the variqys, ppigs; necks between coarse grits and provide
enhanced bondi ng bet_y};veén cq'argosgﬁi ts while maintaining the desired
porosity ahd correspgohdomyglichddharmp|skodreestrtanicalingis dperties. In this inmage,
porosity appears dar giogh e SRl ik 0t gLspaces created between coarse
grits. The resul ta}nt1 )si nt erg(g‘?agoge@cé r?sqzsg: i) 75 vol.% stabilized

zi rconi a mat riilustisgvediempleg: Glold Past Auitindodst Gia Ristghutionc| udi ng 90 vol . %
coarse stabi |jygegl ZiThe oot InAYRIARGHAL b fhaRu e oKy, 30 Mo BN 10

vol . % fine sta i average grain size of about 0.3 pim

oloks PesKing with Multimigds

ized zirconia Wt
ii) 25 vol . %purosiit 9f stalilized mispars povedtr epér bl Shesclkoer @i oftsibiligedzikconjay )
MOR f1exufal RtuangkR mixBd itiPstbani 0PN 10 LAASHS LARGsHDE FeriABhal $oapld ity
of the exenplary zirconia conponent, the sintered body (1500C, 2 hrs) was
further annedl&@roatas1BonEdite fablighe hgeen Rody iBngze30 abpif drogem thickngssy de of
50 cc/min. AR, 9hguhe . hi J,gpm rd f, o for
this experi ner%!t[l_. 1I5tx’pdg§3?gw|kﬁ h'o g%%xgﬁgrs adtnrb%g%%% %g dg&eg%g%%@%iélﬁﬁ)gq
cycl es of 20 hiyig an gduytmpl Rilafpghleicate asmtesddiodeycl e, the sintered body was

heated to 18 t g ( A :

1501 mi e hel 4 e 180BC T Ot B R L R e aR o R0C A cndt Gg PAT of
15C/ mi n. Fi vél¥0th Xlre)l meconsrd ecenphpipetistesarspleuiiaten thageginé bareprapnand shut
down processes, apdytonlAVestlaale SNg.SThael ol LNelmeRRotk LR BE o
anneal ed ceram’c boay. HodTod ?’gl? 36 iPTUstE rat'es” ah M g% of 't he
fracture croasosesuhodndalic Dheficopponent theaviogyorah skt of atdat @f wer BrMael i ng

oL Is0nc for 5oLel 300,01, ALow 09ty oen, hereln, e Lesend bar
aver age grai lndpoeidokniabeidtbod@ing brrwbet cdaisd@rigriiis dameinbgaongessedbsdresnty i al |y
arger, Brovidl ig, SINANSsd, QaneL g Rt LG CREIENCE ROLL S iRk e
resul ting | otabticdm itrspdaes dréan@ bgtvake Soadk ipats. TharteulianiGirddred body comprised:
i) 75 vol.% stabilized zirconia matrix comprising a bimodal grain distribution
including 90 vol.% coarse stabilized zirconia with average grain size of about 30
um; and 10 vol.% fine stabilized zirconia with average grain size of about 0.3 wm
25 ii) 25 vol.% porosity
iiiy Normalized thermal shock resistance = 5
iv) MOR flexural strength = 6.3 kpsi
[0099] To understand the thermal stability of the exemplary zirconia component, the
sintered body (1500°C, 2 hrs) was further annealed at 1800°C for 100 hrs in flowing
30  hydrogen at a rate of 50 cc/min. A high temperature, high vacuum industrial furnace was
used for this experiment. Exposure time of 100 hrs at 1800°C was segmented in 5 cycles of

20 hrs, as in Example 1. In each cycle, the sintered body was heated to 1800°C at a heating
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10 even after annealing, serves to preserve porosity in the significant
void areas that are renote to the points of adjacent contact betvveen t he

coarse grits. ulting matrix construction may th
optim zation oﬁ%n agﬁgzed fl exural strength conbined w t%%g gdrqlgléé t’he mal

shock resistance. The neasured properties of the anneal ed enbodi nent
conprised: i) 85%stabilized zirconia matrix 15ii) 15 vol. % porosity iii)
Norrmal i zed thermal shock resistance rating is 5 iv) MOR Flexural Strength
is 7.2 kpsi 1681F1L°Thenopdld rzmm&@”@ifnr 80 Zes, and cpded st 69°G At aheolfmgnescl eﬁj
body provide Isug rior .mechani cg strength atnd thetrma stock rei Et

Al t hough not ShoWH™her &l Mt UF Phef o R ETdRa BY S P RE Y 4RY 1D A" d TPYt O(Wils
have denonst rabessesbrid b infventighe theieffedt @ asiesnal fhoN(Rtl&tarneagstdheanboagldl tional

ling ti i | i nt d 021Furth
"1 e beri cvon R e R AT RG E NEVoRBBer CeralEraR bR <yPArn TS FIBNAE] b

bet ween the giody offPides: df@Yyardtalingas1800TC PakdtalflaChisiit AbwingBldib@nNwhgeihliese
properties at high tenperature. For exanple, selection of a fine node grit
D50 size wit HFgD bﬁra‘ﬁgféseBP 198 ¢y r Wathisrimpgea PSR FRARCHS 48 SHE 6 U AXcrage t he

coarse grain gmge; ey auauwmn@nmdﬁdzegﬁ@ hfa@ecbéaoh@ts%bga@m}r %g& bRgididgne
grain node grains such that when sintefed ey are predomnan Si ntered

at or near tHehierhtondios neairkrerpaycrainehpeinis ﬁfé'éllc ﬂn%ldtgh@rwj taechrind e@dmécd

grains. It may.gh&e &ﬁrSQ%E@E;QQJbe ThO rSQIE; RERRHIIRR e thals zIﬁQPmBﬂeH&gDS qain
node has a D50 average size that is not greater than one-eight the 0 size

of the codrsevg #Hih arm%iélg, VS {hIEseB NS G intbh signifigpat tﬁs@a@aéztéat@fe eRetef | ne

grain node nMay HQbinR&a&hARI cohPaANEA HRNMbAO %rxt@nﬁ;cQ"ré@ﬁ’lEmQRaﬂR%Bh&M&ﬁ)nOf
the D50 size of the coarse grain node. In sti ot her enbodi nents, the D50

size of the fiaYethyy dicHitHo Pelimigtianor! paancat fisruiph slergiRocasibinet swigt eﬁlﬁﬁ?ﬁdt ude

(e.g. 0.01) smahhehodhamidbe "ﬁﬁé%eﬁé&%&ﬁ?& 8 oEARLSRAI ShtddRAEcontT 1sec§' m | ar
reasons, it may be prefera e - ZpOlO/ 059322PCT/ US2009/ 061 t hat

the shape of at |ead$t PThesdiedargpiginitiiode particles, and in sorre

enbodi mentss al so t hey fisngiar@iRiyrode particles (alt hough typically |ess
preferable than with the coarse grain node) be as spherical or
subst anti al |y spher iipdyorxalizse dheprpal shock sesivRASE TaMASIYP ment s, it may be

preferable that at lgagbraidxaiaP8kdayhhy7 Mepght of the coarse grain node
grains demns[(t)ﬂrlaﬂ'}l al"he optimum grain sizc and porosity in the anncaled body provide superior
mechanical strength and thermal shock resistance.  Although not shown herein, further
20 extended experimentation durations have demonstrated still further increases in MOR
strength with additional annealing time, while also maintaining desired porosity.
[00102] Further, it is believed that maintaining the proper selection of grain size ratios
between the grit modes may at least in part facilitate maintaining these properties at high
temperature. For example, selection of a fine mode grit D50 size within a range of not
25 greater than one-fourth the D50 size of the coarse grain mode may in some embodiments
facilitate dispersing the fine grain mode grains such that when sintered they are
predominantly sintered at or near the points of tangency with respect to the adjacent coarse
grains. It may also be preferable in some embodiments that the fine grain mode has a D50
average size that is not greater than one-eight the D50 size of the coarse grain mode. In other
30 embodiments the D50 size of the fine grain mode may not be larger than onc-tenth or one
order of magnitude of the D50 sizc of the coarse grain mode. In still other cmbodiments, the
D50 size of the fine grain mode may not be larger than two orders of magnitude (e.g. 0.01)

smaller than the D50 size of the coarse grain mode. For similar reasons, it may be preferable
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5 shape factor of not greater than 2.0 (e.g., the ratio of the |ength of
the I ongest 3-d axis of a grain to the length of shortest 3-d axis of such
grain). In st h enbodi ments, it nmay be preferabl | east a
majority by mg*) ﬁﬁ%ﬁ&ﬁhe fine node grains also have a gﬁ%ﬁg&ngF%? of not
greater than 2. 0, al t hough the shape of the fine grain is typically of

| ower significance. [00103] In other enbodi nents, the present invention

i ncl udes a process for the 10 manufacture of a hydrocarbon pyrolysis
product from @atthdshepastiye ieasisedcoast ggiramedgrrisicatanden pymeodnywﬂmememome
system conprf ! ; L. di pyr c

T eactive rogi e PRl BARS @oubPYp RIRTLE AR PHLELHEIS LERTEH ik @
conponent , mh@xeiﬂmmheleesdmwmhﬁmnpbm@ﬂUMHasﬂ@ordsumwy&mmambmemtnIn%’be
tmmmaunel i of VO t he
conponent , t%?glgsf@agg e%)%ﬁrrgaﬁ tgb %xgef%iit ééﬂhe f%al? quastd At g%l?ns JeHlnEStrgie

i ncl udes as no‘?rhﬁm fagtedoftriob guvetbr GoeR (v.@sihs tratiocd thﬂaltcmgﬁlgomlc atngbseést axfsoafra  (b)
heating the pyll $ v t t &,:0fF least
1500C to cr ea%{‘ R Eaetngglaostesggcr%elgt\%&%%s’ ?%{?@*9%8@) s 3’11 Owg‘fﬁ%cf}%ca? 5torﬁ£yf eed to
t he heated rea@bm@eﬂweglqnt@ompyndbywegﬂhémhﬁd¢0®a¢b®m5ﬁeedmam¢haﬁe%m6'a
pyrol yzed hydygearbon uf.66%, . sid Lhe Y, on
feed to produce ﬁ% ﬁt roge? BQ% t%o @i@@ﬂﬁ?% uct bQ¥LBh%§§@g§§Q£@%§&Q
optional |y i né99dk tlheotbctrepmbcfdlmeam hg piagent dasnen bByclydes si thuodere foralthe
reaction, ,such, @8 RH opof WLhBtd&e g%og@lfse @ikt GO US Uy @3 carb Md9using a
exotheimc reaction, and direct feed conb st1on processes, suc processes
bei ng gener aIngﬁanﬁf(anp}ir‘PiyftlheeaptW aysiest. somptisingTHe 5o dlic @l pmwﬁcbﬂla/smgrqiaeact or
product may n@acwaaaaheokeaaav@m%aﬁﬁha{ CaRbALs Aol A abTRIP A SR thEmic
inventive nmultinodal stabilized zirconia ceramc conponent and/or anot her
quench nedi a.compEPRYRGAP tharcame prRPCAST Bat noraskie af anpiant feameratied indiessrarge
process for Rirepars Hes 9oltN8s8Bbn MEIGHLAL oFABEh RO, ohPrigh em%xezl st gﬁnvéfd' ng
a sintered mul tinmodal ceram c component in a reactive region o er mal

reactor, the ahisptiorpeiatnddesiedes & newiponabtrmelbihpel reasance rating of ﬁtéaa:qt fogg (8t % of
the coarse grhatn@ twﬁjraglwg:daaa@wtﬂvzegmatsfaqah at&r@%f@ﬂ%&s%@ﬂgﬁ@'t@%eate a
including a D50 grain size in the size range o from5 to 800 Lffl, based
upon t he t ot dFAieiGHtveoreirtie(ct ddBrenbydragiebopi feyd toséleahedqeéasctctl&e WP a
fine grains ipehudithyatdbbd Z6daki Jr@a@@a aym £,081 fldRRaBE TS anBGhUfiNYingd D50
grain size in the ran%e of 0.01 to glsperse thin the coarsée
grain node, BiEsEelise Rydrehastfagd tmmjﬁfc fé? hy%@ﬂé@ﬁ@ﬁwéfms pradyet. clde REfcess

conponent zocomwo@@ala@y RRRAS thk ¥teBbf %mgsm& rdaOIOPS RLsHE Erckil k81 SARIR a@butl T OM
5 to 45 vol.% based on the volune of the conponent,

a W
2010/ 059322 Py R (oA e 1ysmPrwiRbaming prairRicstactgn. prbdifecieferdrombugioa a
normal i zed t Beicedls, SRR EHCEESIbEhARER N Khd\eh Rfthadlyrdl@@sdt. fIOUhrodlha pPloBERSS
may al so include t he step of providing the sintered ceram ¢ conponent in a
quenchi ng redi*6R" Bfodf*%empyy%ﬂwpsed ‘éa?@?%‘?" reaftaipregio dhdt fPRIFIFSS hp FYERES may

conpri se t henfti@odef stdulbhBrcohib @EamRlcl ¥mPsREEHIloNshottRe eBEARE R, CONPONENt
(either duri g@{lconponent fabrication 5 or during actual conmercial use) by

heating tHe U ¢ IncwrieeRTetily ‘é"%“él%é‘r%‘fiﬁrdepl%‘f“‘afior prepstng peroealitgctont

| east two housprisigtthekteyst boalding Dfinterrd ANALBERYEorarbid CBmPSnchNindd Feacte
reactive environ FH@F{?gert envi ron m xtures thereof. 1001051 The

i nvention fufeHar &gegr dE%E@O#%Fe%IF FPREP SN CaPICE (Bahfseheht o such
as but not | bfmhe as&rgccgraampymdnygsgt@] [Z@ &t dhiaCREPRRR BlainstiR@uIMOLESBrain size
conpri si ng: (a preparing a 10 m xture conprising a multinodal grain

di stri buti on'™ feediPRg; ol (iom Jie §0848r PHed Hrwstet toaabaeg%t Cﬁrﬂacﬁmﬁﬁ‘&é erfiddi ng
stabilized zhfieRn Ri%tdlg MO iG418diRy YRR 8 QRVnkS tHAGind (R lga@dlﬁg $D36 I N
the range of from5 to 800 um based upon the total weight of th

conponent ; aB@in(§7)n fe rangast 01 w9 om dignseedpihin thargerse grprnase. 'ai?edl@ast one
of a stabiligedyifGoMicd 1RNArRofhaRid {ffkic c&ﬁﬁonﬁﬁt%mﬁﬁ&k Ry dy’tmﬂﬁy GOMNMide! N9 @
D50 average grain size not greater than one-fourt grain size
of the coar sEMge@iuf rgherangs epesSdiovist et Pried epdkeselyrapinde copaswdntupon
the weight of the mxture; (b) formng the mxture into a shape; (c)
sintering the shape; wherein after sintefing, the conponent has porosity at
anbi ent tenperature in the range of from5 to 45 vol.% based upon the
formed vol ume of the conponent. The prepared m xture of step (a) nay be
poured, rolled, pressed, or extruded, etc., into the desired shape or form
using a 20 shaping force. However, care and manufacturing considerati on may
need be taken in controlling and limting (such as by nonitoring and

sel ectively applying) the shaping force, such as by using less force than
may have been appI | ed to form such ~conponent usi ng pr| or art cer am cs and

L Y o,



WO 2010/ 059322PCT/ 1 JS2009/ 061055 amount of force applied is outcone

determ native and may depend upon factors such as the m xture conposition
(mul ti nodal c pf the formed conponent, desired ﬁQﬁH; Qrosity,
i nt ended use, Qg{cnh%%k process may further include the steps%Qﬂﬂ%ﬁltorlng
(either directly, indirectly, or by inference, including but not limted to
observation, electronic, 5 optical, analytical, physical, or any other
means for nDnltorlng) t he shapi ng force (e.g., pressure, force, nmss, or
resistance, eflexuyal srrdgiboheirleist ¢ kgl and org@alized theinp! ﬁl‘(@ﬁlﬁ’reﬁlgfanweammfﬁ@ﬁeast
(€.9g., extrusggn TIQMRESSHY Ao iRELASH FRblitfg the Sk

conponent) |n0respo%se to éothltOﬁé%pg %bﬁnbg Srcéﬂaﬁ%ﬁggé?m%ﬁé&%%%%ess
al so may i ncl auechsigregen pighapyrelytierspeeat/dse thefinvantie@aess ’5O0OMPEwche @ 10
from 1500C t 0o 4BOACH AR 4r30nd AFdrd Eorh RRR Y EeLiurhl bRFInCR or
anneal i ng the05|nter§d cgqﬁ%ﬁeﬁ% at ten%e ?u#e Sfléfgcg g&w g%%gg @9
further exarrp(l’refimlh%a(ttil%@01%1@10@13! sy by éittqlilfﬂé thesf copami¢ e@RONUBOE téraporaitre o ast
two hours, V\hl%?hffbo@(? bflar RME hv(pﬁéﬁﬁeﬁﬁiep%/ch&%y%{)mggﬁé DA% RH a8 latYa e
ambi ent tenperature in the range of from5 to 45 vol % based upon t the

f or med voIunE”@meW@t@Eﬁﬁ@ﬁéﬁﬂwmaﬁmmﬁwmwmmﬁf at least 6 kpsi (41 NPa) or
more 15 pref@paRly @R MRS fuftherif@fks 3 Brd¢RS 'for(fggmh@ Q-l:eraﬁn:dco 5 bé&ld

t hermal shock resistance rating of at |east four nore prefe

| east five. THUpRGEEEEd éfa Mgyt fopgtorf qopphRant, ﬂfmrweb @ﬁ@ﬂ@p@;ﬁdbprwmr@mr
heating the shahr @cﬁnﬁ?@ﬁ@gﬂﬁﬂ&m&ial rat CARBEAH iR 1Rngati) heiBRt 5d WM Gr Olrset

| east 1600C, or. at |east 1700C, for at |east two hours, wherein after such
further heat i%ign f19de ehgionshbilissmreone shocogse ewin yodscomphiiamt DER ayséy titeur e
in the range 19fthefr5% filbfh 54§) 80@|um/qbas?c9 uBéﬁéﬁQ tdf'BQ%léhtﬂgf ﬂ[lglcbmﬁongﬁt 5 ii) at
conponent. [00107 ile the present invention been descri bed and
illustrated viashl Wéépéﬁlﬂe gl‘émc@d? awnpresn@b@ilq%a@m(s‘ a sitaﬂalhzsd titvopie audm@ietﬂlsttlmd
that the invept Qs el cdnl];ms gq 1359 m@ PR mkfzyh@tr edgelr ﬁfghgﬁfﬁmﬁﬂqle%oends
to all equivalents with %g the clai ms. “Unl ess otherw se St at ed,
al | per ceht agddn sipaefithe COua@@ g@gl my cdlbparbed byhlﬁélcgmf% Lpine Hasce upwr thi weight

stated, a ref@uRNESuto @ ﬁQﬁP@QRﬁmﬁ&n@ﬁﬂPQQﬁﬁé(ﬁﬁ@h&ﬁﬁfﬂ& ﬁqEOQQQHHQﬁ&r
conponent by itself as well as in conbination wth ot el enent

conpounds, oP”%%Wﬁdﬁ%ﬁ@@Pmﬁﬂdﬁsa%ﬂﬂﬂk%dm@§nbﬁm@@WEEUﬁd@>WFE?P%@@meméﬁ an

anount, concept¥abds@NupoRlthOlRBEd VhHE oOfhc Q&ﬁﬁb‘ﬁ@ﬁte Frhk %re%hr\f@ 'ﬂmﬁsﬁrc%f ls{cﬁ fa)Of
upper preferable val ues and | ower preferable val ues, isis

under st ood agngchomredarliyd.direetdosr srued. Fanigisthe sevied shwmrafﬁyn plaliﬂg aof an

upper prefer eGinsalre. ardwey30keNahd %@ﬁﬁ&ﬁ b’&}lsfd@pau&?%gq{c% %cqgkcvmt her
ranges are separately di scl osed. WD 2010/ 059322PCT/ US2009/ 061055 CLAI M5

What |'s O ai nedrolling apd Anyiing: (such 4p be mopierfgdnd selagiively @prtpeakihe shaghigdoree,
conponent  CORRhi a8 bR Gsin® BosdMbkde! ARy 1B &b&bndhsicdi ) ermQlcH Qe pdfind Yiing prior

art ceramics and techniques, such that the resulting porosity after sintering is at least fiver

vol.%, and more preferably at least 10 vol.%, while also the porosity does not exceed a
25 maximum range, such as 45 vol.%, or more preferably not greater than 30 vol.%. Preferably
the porosity is at least within the range of from 5 to 45 vol.%, or more preferably within a
range of 10 to 30 vol.%, or in some instances even more preferably within a range of 10 to 25
vol.%, based upon the volume of the ceramic component. "Controlling" the force means to
limit thc amount of force applicd so as to avoid cxcessive compaction or crushing of the
30 multimodal grains, such that the resulting porosity is lower than the desired lower limit, ¢.g.,
5 vol.%. Similarly, "controlling" also means to avoid using too little or too low of a force
such that the resulting porosity becomes undesirably vugular or exceeds the desired

maximum porosity limit, e.g., 45 vol.%, for the particular component being formed. The
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(i) at least 50 wt% of coarse grains including stabilized zirconia, said
coarse grains corrprising a D50 grain size in the range of from5 to 800

).11-n, based BQ?B g total weight of said conponent; W/Uszoowosmss (ii)
at Ieast 1 wt/oo fﬂl ne grains conprising a D50 average grain size nho

greater than toone-fourth the D50 grain size of said coarse grain,

di spersed within said coarse grains, based upon the total weight of said
conponent ; wherein after sintering, said conponent has porosity at
ambi ent t errpe%fmum@'" fpige pprdicd imyécopk deicamnBive gndiBay d¢rend upsasadors juahiie theol une

of said for ”ﬂ%xﬁﬁ%&ﬂ{?&hmn %mﬁﬂgnogglnp&l%[m o?f i ity ]Comm%ﬁﬁlcﬁslﬁiﬂl gslfltllr[ée

grains conprise at |east one of (i) 5stabilized zirconia, (Ii
stabilizer, awaos{ty-i npndediprces Thﬁé’rf‘é‘@% mg, fRberdesiystsribnetcnpt sprilopng (elwifer ein

sai d for ned CEFA, Qn&QEEBP%?"!{v 1‘A@§en§é &l Bl Iﬁ)t tlﬁmé@rt@ OBy a@bn, AlicduBag!

1500C. 4. The conponent 1, wherein said forned ceram c ‘conponent
conpri ses & Optlcal,f %@%@P% pfmswéngt ROy MADR) mexns fer megiring) [gsshapipg faee (c.g.,

normalized theroml RRQCK.LESIStaRaRer &k) NPd AondlBs hedRE {ONin tﬁnn-[ll{ge the
conponent of claim 1, wheréin said (MOR) flexural strength is at |east 10

kpsi. 6. The COMBOIFENC 2o fex iR OmPreshEn.¢1ressiagi el ling i bics & form dhanepmpe ROk
resi stance rahiddfbnkStodhc Aq@rﬁt%chfsﬁl};BDg fércdNe conponent of claim1, wherein

said fine graln node conprises a grain size
[00106] The process also may include sintering at a temperature of at least 1500°C, such as
10 from 1500°C to 1800°C, and may also include the step of further sintering or annealing the
sintered component at a temperature of at least 1500°C. For further example, heating to a
temperature of at least 1800°C for at least two hours, wherein after such processing the
component has porosity at ambient temperature in the range of from 5 to 45 vol.% based
upon the formed volume of the component, and an MOR of at least 6 kpsi (41 MPa) or more
15 preferably an MOR of at least 10 kpsi (69 MPa); and normalized thermal shock resistance
rating of at least four or more preferably at least five. The process of may still further include
the step of further heating the sintered component at a temperature of at least 1500°C, or at
least 1600°C, or at Icast 1700°C, for at lcast two hours, wherein after such further heating the
component comprises a porosity at ambient temperature in the range of from 5 to 45 vol.%,
20 based upon the volume of the component.
[00107] While the present invention has been described and illustrated with respect to
certain embodiments, it is to be understood that the invention is not limited to the particulars
disclosed and extends to all equivalents within the scope of the claims. Unless otherwise
stated, all percentages, parts, ratios, etc. are by weight. Unless otherwise stated, a reference
25 to a compound or component includes the compound or component by itself as well as in
combination with other elements, compounds, or components, such as mixtures of
compounds. Further, when an amount, concentration, or other value or parameter is given as
a list of upper preferable values and lower preferable values, this is to be understood as
specifically disclosing all ranges formed from any pair of an upper preferred value and a

30 lower preferred valuc, regardless of whether ranges arc scparately disclosed.
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250f from 0.01 L1111 to 100 )..an. 8. The conponent of claim11, wherein
after annealing said sintered conponent at a tenperature of at |east 1800C

for two hours C onent includes porosity at anbie dre in
\{vﬁ% S0P %Thﬁgﬂﬁ%"i‘&

t he range of to 45 vol . % based upon the vol une of “sal conponent a
MOR of at least 6 kpsi, and a normalized thermal shock resistance rating of
at least four. 30 9. The conponent of claim1, wherein said coarse grain
stabilized zirconia is stabilized by at least 1 wt% of a stabilizer that

i ncl udes at |€bAIMBne of CaO, MyO, Y203, Ce02, and mixtures thereof, based
upon the weight of said coarse grain stablllzed zirconia. 10.The conponent
of claim 1, whe#di@lained Ishape of at least a mpjority by weight of said

coar se gr i ns; have, g SRARCHAC! bl cfondf SAUEEbIRR Byiriifd - The component

of claim1, wherein sai I'tinodal grain distribution further conpri ses;
(iii) at least 5 wighodgherpindiskivedirandudgrmi n node of stabilized zirconia

including a D50 gy plc§§t%6 w!td%t&rcﬁﬁgé ahfs tuQ?hdR%%t gﬂﬁbcﬂzédoﬁi% Qg S}ﬂf-‘s Weg? Sa' d

coar se gral n node and said fine graln nod e, base upon the total
sai d conponerempidngdhP5¢ grpmoirent thofangt af a2 5 tonb9riesi, hassd jvgorstha bitdl mz@ht Of

conpri ses YZdiC&§>&Qgt%Rpponent according to any of the preceding clains,
t he conponent bern |né uded in a thermal pyrolysis reactor for pyroly2|ng
a feedstock. 14. Théatbwﬁéw@%ﬂfémcawybaémpmmmaw@@b@mngc@h@nwsnowuen@ansald

coarse grgn J%E(#&rtﬁtt@ebbﬁ d %r%g fséE LE &‘IH @oa&mgBM ﬁEEm :R;@%fhﬁll aYdI Q%EI@? hrlalng qgsed

zirconi a. 15. The conponen erein sald sta 1'zed”zirconi a of
sai d fine graippn the total weight of said component

wherein after sintering, said component has porosity at ambient temperature in the
range of from 5 to 45 vol.%, based on the volume of said formed component.
2. The component of claim 1, wherein said fine grains comprise at least one of (i) a
15 stabilized zirconia, (ii) a stabilizer, and (iii) mixtures thercof.
3. The component of claim 1, wherein said formed ccramic component was sintered at a
temperature of at least 1500°C.
4. The component of claim 1, wherein said formed ceramic component comprises a
flexural strength (MOR) of at least 6 kpsi and a normalized thermal shock resistance rating of
20 at lcast four.
5. The component of claim 1, wherein said (MOR) flexural strength is at least 10 kpsi.
6. The component of claim 1, wherein said normalized thermal shock resistance rating is
at least four.
7. The component of claim 1, wherein said fine grain mode comprises a D50 grain size
25 of from 0.01 um to 100 um.
8. The component of claim 1, wherein after annealing said sintered component at a
temperature of at least 1800°C for two hours said component includes porosity at ambient
temperature in the range of from 5 to 45 vol.% based upon the volume of said component, a
MOR of at least 6 kpsi, and a normalized thermal shock resistance rating of at least four.
30 9. The component of claim 1, wherein said coarse grain stabilized zirconia is stabilized
by at least 1 wt% of a stabilizer that includes at least one of CaO, MgO, Y,0;, CeO,, and

mixtures thereof, based upon the weight of said coarse grain stabilized zirconia.
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node conprises fully stabilized zirconia. 16. The conponent of claim 13,
wherein the reactor is utilized for manufacturing a hydrocarbon pyrolysis
product from a hydrocarbon feed using the thermal pyrolysis reactor. 17.The
conponent according to any of the preceding clainms nmade by a process
conprising: (a) preparing a mxture conprising a nmultinodal grain

di stributi d®h i n€hadompenent of claifi )}, ehertimabe sEpevtf® Ehstopmapeitybaivweighide
including stabjlized zirconia, said coarse grai e conprising a D50

orai st Seoh T HETE RS B e s A B Balton the total weight of
sai d conpopent ; TROEomponent &f Eindll, WR@Sin shidvnUtdhodal B ERtribuBA EWERFPTr | Se
at | east one of a stabilized zirconia and a stabilizer, said fine grain
node conpr¢@npigiesr D50 average grain size not greater than one-fourth the
D50 grain size gf. [ ar ' . di L4 Qi nsal d. se

grai ns, based u@%%%?ﬁ%wﬁgiaﬁg gé%égpggﬂg%?%r%@ﬁ{%@g?géig%gﬂégé Iéﬁﬁg ure
into a shapeludng)a BNk sige Bddrehedaapde D50 grainwheofeachadflsaid @arkeqraing, said

conponent has porosity at_ anbient tenperature in the range of from5 to 45
vol . % bas@gduprhsaihEng giripodebatrd upendhs @ial &f?b%%@ﬁ%@l‘? component.

12. The component of claim 2, wherein said stabilizer comprises Y,03.

13.  The component according to any of the preceding claims, the component

being included in a thermal pyrolysis reactor for pyrolyzing a feedstock.
14.  The component of any of the preceding claims, wherein said coarse grain
mode stabilized zirconia comprises partially stabilized zirconia.
15.  The component of claim 2, wherein said stabilized zirconia of said fine grain
mode comprises fully stabilized zirconia.
16.  The component of claim 13, wherein the reactor is utilized for manufacturing
a hydrocarbon pyrolysis product from a hydrocarbon feed using the thermal pyrolysis
reactor.
17. The component according to any of the preceding claims made by a process
comprising:
(a) preparing a mixture comprising a multimodal grain distribution including;
(1) at least 50 wt% of coarse grain mode including stabilized zirconia,
said coarse grain mode comprising a D50 grain size in the range of from 5 to
800 wm, based upon the total weight of said component; and
(ii) at least 1 wt% of fine grain mode comprise at least one of a
stabilized zirconia and a stabilizer, said fine grain mode comprising a D50
average grain size not greater than one-fourth the D50 grain size of said coarse
grain mode, dispersed within said coarse grains, based upon the weight of said
mixture;
(b) forming said mixture into a shape;
(c) sintering said shape;
wherein after sintering, said component has porosity at ambient temperature in
the range of from 5 to 45 vol.%, based upon the formed volume of said component.
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