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invention pertains to ceram c conponents, nethods, and thermal reactor
apparatus using the same, denonstrating inproved physical and chem cal
stability in high tenperature applications, facilitating inproved process
reliability and eqU|cnent durablllt . In sone enbodlnents the co -onents
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cracki ng or convertlng hydrocarbonsﬂrﬁtqu%Eperforn1ng ot her high
tenperature chem cal reactions. The i ncludes refractory grade
ceram c conponents that denonstrate inproved strength, toughness, chemn cal
stability, and thermal stability at high tenperatures, such as above

15000G, as conpared to prior art refractory grade ceram cs. BACKGROUND COF
THE | NVENPRIORIDY@IIAMNnvent i onal steam crackers are a common tool for
cracking vol atil e hydrocarbons, such_as ethane, prqpane, naphtha, and gas
oi I . Siml099Yly dhesrriipaiianaslains pyerityye; and Q}&d? §P ? SN IR T o6y gléedflow
and ot herygRafREsALIOYE. reactors, are al so known for cracking hydrocarbons
and/ or executing thernmal conversions and chem stry processes, including
sonme prodddddy OFEHENENVBNTRON or mred at tenperatures hi gher t han can

sui tably erformed in.conventional steam crackers ghe rature
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CO, and H . Methane cracking processes, however, have been inefficient

conpar ed BACKIGROUNIVOF Tl INVESGIeRs for generation of

[0003] Conventional steam crackers are a common tool for cracking volatile
20  hydrocarbons, such as cthane, propane, 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 seconds). It is known that acetylene may be thermally manufactured from methane in
relatively small amounts or batches, using high temperature and short contact time in cyclical

processes, yielding a mixture of acetylene, CO, and H,. Methane cracking processes,
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acetyl ene and as conpared to other cracking processes such as conventi onal

steam cracking to produce olefins. Commercially, acetylene is typically

gener at edwbyooveeieeng f eeds ot her than net hane. The hi girCramsp@vasiwse

processes (e.g., >1500C) have traditionally not scaled well and are

generally only useful for relatively high-cost, specialty applications.

Processes such as thermally cracking nmethane to acetyl ene have | argely been

comercially unattractive due to thermal, chem cal, and nechanical
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related primarjly to,nmethane feedstocks for pyrolysis systens. Although the
discIoseﬁmﬁpgéggé’Sph@ﬁéyﬁgﬂfmiBﬁﬁﬁgaFvﬁﬁgﬁﬁ*ectiver controls the |ocation
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still contend with the severely high tenperatures, tenperature changes, and

physi®al tetlpwssexclicntempeeaurduiwings aeqohatsecdogdwiang glagy pyrolysis processes. Such

temperature changes and product flow direction changes can impose severe physical strength
and toughness demands upon the refractory materials at high temperature. Material life
expectancy at high temperature can be severely limited or precluded. Such physical demands
have also typically limited manufacturing and use of refractory materials to relatively simple
25 shapes and components, such as bricks, tiles, spheres, and similar simple monoliths. Reactor
component functions and shapes have been limited for high severity services. For example, a
deferred combustion, regenerative reactor process was proposed in a U.S. patent application
filed December 21, 2006, serial number 11/643,541, entitled "Methane Conversion to Higher
Hydrocarbons," related primarily to methane feedstocks for pyrolysis systems. Although the
30 disclosed process of the '541 application effectively controls the location of combustion
within the reactor, the internal reactor components must still contend with the severely high
temperatures, temperature changes, and physical stresses incurred during methane pyrolysis,

particularly for a commercially desirable reactor life term. The refractory material

.



particularly for a comrercially desirable reactor life term The refractory
mat eri al conprising the reactive regions may typically be a ceramc or

rel ated rwbraoves3zznmaterial. In sone enbodi ments, howevecT/ush@9ssB®6s osed
processes and apparatus may utilize relatively conplex shaped refractory
conponents, such as a thin-walled honeyconb nonolith used to conduct
process fluids through the reactor. Such reactors and reactor conponent
geonetries may demand materials that have strength, hness, cheni cal
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hi gh- product|V|ty, thermal reactors. [ 0007] Due to. high tenperatures
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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 simultancously 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

comprise a complete component or a lining. Examples include dense forms of aluminum

oxide (Al,03), silicon nitride (SizNy), silicon carbide (SiC), silicon aluminum oxynitride
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conprise a conplete conponent or a lining. Exanples include dense forns of
al um num oxi de (Al 2G8), silicon nitride (Si3N4), silicon carbide (Si O,
silicon avoreoruspx2zyni tri de(SI ALON), zirconi um oxi de (ZPOT)US2009/061055
transformati on-toughened zirconia (TTZ), transformation-toughened al um na
(TTA), and alumnumnitride (AIN). These materials usually possess high
strength and t oughness, which have been dramatically inproved to the degree
that ceram cs are now avail abl e that can conpete with netals in.
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tenperatures, such as up.to 17000C. A broad range of paorosities and pore
Si zeslscar?hs@lcaflms%!%ﬂ,at ﬁ%%bﬁ?ipﬁf‘éat&}’f?-t A gisn e noh s tRNe TBhuSgaf the high

general , t&ﬂﬁé&laﬁ&és%c%ﬁ%d%%m%&ﬁ) tapds tQctashs' el ativel y porous as conpared
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to engi neering grade ceram cs. us® ceram cs have many open or cl osed
i nternal [pB0Ys thhe¢ sqmood icategeryerftchenmia mabaraly s ringl dpergradescer@hicenvhigliiate

por ous ceramn such as.those .havjn orqgsity.of gre r than 50 vol. % and
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i nsul ation grade ceramcs typically lack the structural strength and

f unct 1%onghermsl ghnrdiss vie debadeniggrecting grade ceramics. Insulating monolithic ceramics and

composite ceramics are often fabricated into various forms such as rigid boards, cylinders,
papers, felts, textiles, blankets, and moldables. Many are primarily used for thermal
insulation at elevated temperatures, such as up to 1700°C. A broad range of porosities and
pore sizes can be produced, depending on the intended application, but in general, insulation
25 grade ceramics tend to be relatively porous as compared to engineering grade ceramics.
Porous ceramics have many open or closed internal pores that provide the thermal barrier
properties. Often, quite porous ceramics, such as those having porosity of greater than 50
vol.% and commonly even in excess of 90 vol.%, are used for thermal insulation where
extremely low thermal conductivity (<0.08 W/m'K) is required. However, insulation grade
30  ceramics typically lack the structural strength and functional toughness needed for the
internal components of many pyrolysis reactors and processes. Insulation grade ceramics

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



i nternal conponents of many pyrolysis reactors and processes. Insulation
grade ceramcs typically are recogni zed as having a flexural strength or

t oughnesswof2oioass32ehan about 4 Kpsi (27.6 MPa) and of t enPaofi/use@w/osteah even 1
Kpsi (6.9 MPa). Also, the insulation properties of porous ceramcs may tend
to degrade as the pores may fill with coke accumul ation. [0010] The third
general ly recogni zed category of ceramc materials is refractory grade
ceram cs. Many refractory grade ceranics typically have porosity, st,regtgth,
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unsui tabl e for applications exposed to chem cal reactions. Exenplary
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grain size measures the size of individual grains or crystals within the microstructure of a

polycrystalline ceramic material. Density is the mass per unit of bulk volume. Purity 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, borides, carbides, and nitrides. Also, some refractory grade ceramics are known to

possess lower thermal conductivities and coefficients of expansion than certain other

refractory or engineering grade ceramics. Refractory grade ceramics are also known to
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al um nas, borides, carbides, and nitrides. Also, sonme refractory grade
ceram cs are known to possess |l ower thermal conductivities and coefficients
of expansworrotoiass2eertai n other refractory or engi neeri RGTISa@e/06W5AIN CS.
Refractory grade ceram cs are al so known toundergo alterations in
crystalline structure at elevated tenperatures. Such alterations can result
in changes in bul k volunme which can result in production of stress
fractures and/ or cl eavage pl anes which can reduce the material's strength.
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uset ulr JRE BotherER i 4800 Figius Jo Mt Br Aty SfRhitistisn Oh 3 S o

pi cture qoff th@%ﬁédﬁtu%{ lieahé GRIBARE drhdd t&raRicsaMheRakdrhbilel AIFfes @&adllcht tHhhner
conplicating the ceram c material selection process is the conplicating

fact thatsho¢k iesisimpea byt thayl faloquisshert of He rpeuifedrstrangtk peffornanee.amic is al so a

function enperature, with te at.uresdependent changes i rQperties
such ae. ONHIenEbE et M AR QUG ROR OB AL LT S e P TREL
har dness,rafi@ b@YRepEaEs @fit Qite rRRLISE A€ Quse AR cEisBBtHL el fifr@te efor Gdtiming

i nportant performance factors include but are not limted to thermal shock
resi stancebstagelyagondnpeiis icyelicab| Hgh itempeyatyra yralyiey ghgmisEyidudispy majerials
strength, embd €.l i fi r

pert ai ni ntge:]&ftﬁg 1&%‘?’?%%% or y%&rig{]g[rﬁ;ﬁgfis&?%%éhi %@- géelglglrg 1|tst I;/Ileﬁﬂ;e 80@5 ll)%%tugflfru%lf?/rsi S
dat es pr itesinigl ¢ranticd. NEhd Salilableatds paivideesnly bidineiwelr pictubwdf the totakepatformance
occasi oneil I

y provides generalized |ists of sonme exenplary npterials such as
ceram cs, H%ll){ﬁﬂf‘ir arli]é(pa%tll‘l :?l'fé’ﬁraé‘é?-bfﬂléll?era?ﬁal 1PWH@E%§“P@&‘C%%£EWE‘W“8P PTO%Mese
sparse, neHed lifcb.tﬁlgld%%tcthgé HkEfelBf énd%rﬁ.&%, t'h@'bgl%ﬁfndn@@ 8PAPLEMRS is also a

providing a | arge-sca comercially
20 function of temperature, with temperature-dependent changes in properties such as

brittleness, elastic, plastic and viscoplastic deformation, hardness, fatigue, corrosion
resistance, and creep resistance. Other important performance factors include but are not
limited to thermal shock resistance, thermal expansion, elastic modulus, thermal conductivity,
strength, and fracture toughness.

25 [0015] The identified prior art pertaining to refractory materials for high-severity
hydrocarbon pyrolysis dates primarily to the 1960's and earlier. However, that art merely
occasionally provides generalized lists of some exemplary materials such as ceramics,
alumina, silicon carbide, and zircon as reactor materials. These sparse, non-specific
disclosures left the art largely incapable of providing a large-scale, commercially useful

30  reactor or reactor process. The teachings of the art was only effective for enabling relatively
small scale specialty applications that see vastly inferior use as compared to large scale
processes such as hydrocarbon steam cracking. The identified art is void of teaching or

providing a refractory ceramic material that has the complex set of properties that are
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reactor or reactor process. The teachings of the art was only effective for
enabling relatively small scale specialty applications that see vastly
i nferior weeonmsexzapared to | arge scal e processes such &sThisdeoomerobdn st eam
cracking. The identified art is void of teaching or providing a refractory
ceramic material that has the conplex set of properties that arerequired
for extended use in the reactive or other nost-demandi ng regions of a
hi gh-severity (> 15000C) pyrolysis reactor for the conmercial production of
acet yl endc@Higdder extendodsuse Thghegeadive @t gftier st depandingrcrions of etviglyseverity
crystalli & . i . [ S,
or Tor conrl oy COhA SO LabRTRaS L RO LN BE oL SPERO by OB,
cer am cs saldedirs dodsnmmeach pedferrad trystalinarsaucercasm nporipos ifbr arSculdn rehadmg
nanoparticl es. However, spe(ii fic formulations or teachings. for refractory
mat eri al SUHEGT St 106 LICAIPIGt FFACty GAmIongH shappe REOF duictipgpo cYlulthmdal
stress, i-cal ty h eact pld g n 2
dent i a0 or e aEn g e, LR, APRC SRR RN MR RoRaes
si m | ar | yHaledieci spatifiatfomnpaahinagr teackngafa rsiradtatyl reatboals bevipk exrticular egltyar |
or functi.onal lyshaped r r.conponents. The art.needs material.(e.g.,
cerant oy oitaen FSreBtr € S0 B onBER SHspochBeal hii: Skvurl R pbApiciifs
subst ant ifake tRIMBEALANE[SIMIAdoENEd BS theCXEdWiE aftl ONBe Qfudi@niss belevdddo be
reaction materials, and concurrently provide the needed structural
i nt egri tywimdaysdafiticreats teaphing trpaterialp svitylde yohicgmphreatirregudars fosrfuaetpaplly- t y,
and cﬁgem’sﬁal ditnergoness in_ the ﬁ)Fesence f_hi %h.te erature .chem cal

a

ed, reactor components. ¢ Tart ngeds, a material 2. CCLaMIC al can. endure
reactions that 1§ required for arge 's€al &, "hirgh prioudet iVt y“appl'i €at'ions.

Lack of rmblenial sxposatd abhidht Yevarith s@hedthes, Substatihlatdhiperdt@endvihyidgleshe
materials for use in the reactive and nost severe tenperature, rcefgl ons of a
react or ystiedlops efneorsbusting apgdsicagtiqn: matarialse #ad ropguTadly eRrovide B8 ingadehd

| ar ge- sc i3l i.Qf: : : Y OF
T ) RO Gty Srrd R sBuRl. o3RG i 3R PEASERRS Ing SR o
ceram c dotmpeseit thenpresenpy rodlhygh snipeaattier chehmiadl weicngnd ttat motequirad tfedlatge
processes rel ated thereto. The. unique cqnbi nation_ of nultjinpdal grains,
conpoli t iHCoRIEh REqyFyiRsap lﬁélthnéugﬁf ﬁgm&r@lﬁ aHaRlig ) SLsHOR R s

bel i eved if&#{a¥iHE ndfedaly ?d}tﬁs¥einﬁtﬁ$ @&dcle Qhd GUWRRAL tdhiratdicl feBlons fdram

anyt hi ng previously known or taug in the art. Though not necessarily

requi r ed rascter bystémn aisi one, of tth¢ smésir ¢rfteal behaiengd isshet irs dekigheandi hrgtesmatd bed

materials or conponents will. denonstrate a flexural strength of at |east 6
PR ofouch

kpsi. It S8MPG FRAPTSAIIRTHENSP 0 described material or

conponentSYWIMA RSTOPSTHEIINVENPION | zed thermal shock resistance rating of
at | east Tour, as described below. It is believed that the disclosed
conbi Wat i[881&df t Rhe invention includes, but is not limited to a formed ceramic component and a

pyrolysis reactor, including but not limited to processes related thereto. The unique
combination of multimodal grains, composition of the grains, and taught porosity range
disclosed herein is believed to provide an inventive material or component that differs from
anything previously known or taught in the art. Though not necessarily required as a
25 limitation, it is further believed that such herein described materials or components will
demonstrate a flexural strength of at least 6 kpsi. It is further believed that such herein
described material or component will demonstrate a normalized thermal shock resistance
rating of at least four, as described below. It 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 one 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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conponents and rel ated physical properties has been | acking in various
pyrolysis industries and has particular utility and application therein, as
wel | as iwoabtvesIzzeeas of technol ogy. [0017] I n one asp@ct/uskéne/osrsent i on

i ncludes a heat stable, forned ceram c conponent that includes a nultinodal
grain distribution including (i) at |east 50 wt % of coarse grains including
stabilized zirconia, the coarse grains conprising a D50 grain size in the
range offrom5 to 800 nm based upon the total weight of the conponent; and
(ii) at Ifeests to 8R0S basphepeyt Hicrigtat wiepehi of ﬁg C@nu@@elav@mch@é agesish] avt%eofot

u tni ¢ HAREAPS cofitibie < Ralane bl s ik atE okt ol REY B RhBhdpr maRe R

wher ei n afiicadf thd faedel difin, HiFerSANPRINatc KASscNRAIAS  taYedipoarht fdl v&eegmemtdlr e
in the range of fromb to 45 vol.% based on the formed volune of the

corrponentcompﬁn@mowh%rﬁma?iﬁééltntermgethf: iCABPgRaET Ras Paresitycrd agbiqné fesapesiercdp thg ) a
stabi Li z&d 619&8{1@5 té '4'5)vo%°/3tt?a*§éd bﬁ‘%ﬁe A (olidhe %%ﬂé’&&ﬁ S e? néf18!
In sore e dinents, the inv&ntive forhed ceram c conponen S Mhelude™a

fl exural sSpecgne Ainé poadhny iusludé atrlopit uneof YORptabiflized zik@asd, (16) Kpsbiliasrgdaral (iii)
normal i zed. t hermal shock resistance rating of at least four (4). In other
enbodi medfEureHBeiealent i ve fornmed ceranic conponents may include an MOR of
at | east Goiisi . jibhe Shbddim@hReine HARKIIETbindPYolfl UdtRRelDRaleata

| east 10 Kkpsi. The Inventive conponents may al so include a nornalized

t her mal dhootal sesngh dnoduluatdf ngpiwfe, aYIORe axt atfloast 6(141951 and apn@haﬂlad:d yheamal

| east fiv 5)..[0019 ects the invention includes

pyr ol ¥si & Pé&ﬁ%ﬂ&a@sﬂ% ol #Q T U il B ST G Bty R gty e

hydr ocar Refmis ¥eRpaSedd naPQhclliddrht SFOR BFAN le'éktk@ﬂ?sn Ailake Rdeher AMHBARITRLY c,
and/ or coal, the reactor conp r|5|ng@ a nul tinnodal ceram c conponent

i ncl udi ngn%bt mCélai@tanaMQRqe)fgiﬂ deast i desandha ivatise cgmadrentotey Aseeinebide e
grain node C |I| ed zi.rco r.ain nod

Qorpr i o g SRR TSR e Hld DA ) B e B s >
limted tjgom|net & ot pc@s tliihvoneivn 1WRﬁi’e§hmheﬁtfnhElﬁyr51y@isQéad&g fot pyoB@ImRaNent

i ncl udes (ﬁg porosity at anbi ent tenperature in the ran?e of 5 to 45 vol.%
based!Son feefstask] ek d5mut Aet liBitgbivehbydrpearsghsuehbobiimonligitcHdo g abwpg, an

:)]?da?dle: agi%eﬁﬁg, IE(A TR C &R A goa(foﬂﬁpg%%%e%"ﬁ% usgz%g@%ﬁﬁﬁm%alf LEXMIA %orﬁr%cfngﬁtg;?

, and a norneliz K resistance ra
| east founcludiﬂngsajnhasisq‘.)é‘mteSgratmmdataI dridne dalarseegrain eoclojTienesdrsc @ i reed;

(i) at least 50 wt % of the co a|ns i ncl udi ng stabilized zirconig, the
coar se grcgmélsmﬁéﬁﬁ&me chmﬁa@f@ﬁ Ing;gfain mpde camprisiag A sRbH 1758 ZHEQIN3 81y 800

mm  based, 4paNz&rh§udnOisabur Wk HititeBfto RGO BRARMbi RPAvkdrtih ffer s8RGingl i %
of a fine grains including stabilized zirconia, the fine grains |nclud|ng a
D50 gwai reogsippecntnnglhdesr(@ngpeonty 4.aBbidnd tetdparature 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; (i) 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 1 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 feed 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

-8 -



di spersed within the coarse grain node, based upon the total weight of the
conponent. [0020] In other enbodinents, the invention includes a process
for the msoubwatses2e of a hydrocarbon pyrol ysis product Pcomsacdaperstar bon
feed using a regenerative pyrolysis reactor system conprising the steps
of : (a) heating a pyrolysis reactor conprising a bi-nodal stabilized
zirconia ceram c conponent to a tenperature of at |east 15000C to create a
heat ed reactive region, wherein after exposin nponent to a

the co
t enper at UFe heprsghe F@EEQHGBBWO@W”@P?WUhB@?@T@(ﬁ@ AR HEMCTHEE 18 thasapge of
porosity fi o [ '
vol . % base %;{%Qghxzol'bﬁ{%ls%%%%w t@ %@h%odnﬁ&g%gﬁ??% (?Lgef ?fr?]l agh){](g%ég%oélr bon
feed to tfhal toctht ddatpy potoyssiissreagactoopyrblgzpiediydreattoa thydiatatiton fyeegzaind

create a pyrolyzed _hydrocarbon feed; and (c) quenching th yrol yzed
hydr ocar HBHr9caggnt E?%r 3B cE) tHEFYR 6@%1&3’6‘?113’%%?11' g‘b’g@%f%ﬁ? e o Piogyer then
yet othery Hnﬁﬂhﬁgﬁ%ﬂ ﬁéﬁ%dhﬂyention includes a process for preparing a
thermal reactor c r¥5| g the steps of: (a) preparing a ceran c component
conpri si AG0bi|nodHl yet stlebiembedichenisy deniegntiamahclugles sipnoaess fog ptdpericen grermal
conponent_at a tenperature of at |east .15000C, (c rovi ding the sintered
cor o BB TSt 08 (PbgrSHTER S T HBI TR RPEHEt BPongs SO or
the si nt afdvithedt AROARY ARY QbF AFRIMENThe I RAGHIL VO MIRALANCONRANSMIrC OMRf 1GeS a
bul k porosity neasured at anbient tenperature in the range of from5 to 45
vol . % base8 Gn(o) meoviding thel sintercdfcerdreic capmponenit in anegrcpvefregianlof 4 fhermale a
flexural strength (.nodul us of ruptupe, MOR) of at |east .6 kpsi and
or of elabr S s i el B e s RopBneaf 3ilka®s SBERn Bimngrenieas:
four. Mor@niprigéLi dalky potobiey Ras@td 2ednbigt t@EhpEhaaKin' &8iah@nee fioat bng 45 at
| east five. More preferably, the MOR is at |east 10 kpsi. BRI EF DESCRI PTI ON
OF THE DRARWNbssqdaupthy brikgiplema of the gempaney, ad pPoeRrabhoinelydephleyprabstengther ed
(Fig. la) T Vo i e i t
ccor di At RUREANER, MOR) ob &l KEHEFRLY dh SRCHIID Ry G A 0T
phot og{:I alcslhockf rasissanet ented @Fiag.leazafomngmatq)aéﬂeﬂb%itlge na?l)qlizeakpthqsmtai \stb%ccl)<24]
nononodal ceram c.conpopent_. not accordi 0 present i nvention.
Figur€ 3 rF%lwa%%erra%gslS&hpegﬁrﬁ%hE\ﬂefgﬂ)a%‘ﬁraggy, Hieéwﬁﬁéﬁ abicp¥il kPsa) and anneal ed
vt i of R O R G oo ¢ exanpl es of stross.

— [ 00Z5] Flgure Z provides photog
cracki ng [8022]ar i bigsra enlariretes amSEd4 phetaghaphoddethtenad (Fignkedandi anneaed (Fig.

ualitati value from1 5 toillustrate correspondi ng.normalized
thermai ik PREPS PRfacdPesarfictsmien tss e © IR imehch.
[0023] Figure 2 illustrates an SEM photograph of a sintered (Fig. 2a) and annealed (Fig.

20  2b) comparative, monomodal ceramic component not according to the present invention.
[0024] Figure 3 illustrates an SEM photograph of a sintered (Fig. 3a) and annecaled (Fig.
3b) exemplary, multimodal ceramic component according to the present invention.

[0025] Figure 4 provides photographic examples of stress cracking of various ceramic
samples, each 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 use 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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[ 0026] The present invention relates to conponents, apparatus, and
processes related to heat stable ceram cs and uses for the sane. In one
aspect, twemwsai22on rel ates to components, apparat us, PEmAISPIOOERSES

havi ng particular application for use with high tenperature (e.g., >15000
reactors, and in another nore particul ar aspect having application for use
wth pyrolysis reactors for performng high tenperature chem stry,
conversions, cracking, and/or thermal pyrolysis of feeds such as but not
limited tsemeykatoearhsyashenmisal andins phyyieal Repadpance peapgeies it srgeed BAPOMETH S
and appar gt .ng. S . . c ' |

per f or nan(?esldglﬁ %Bde&tgtll %20% tlﬂ.ggt% %Qgﬁe%g&%lﬁga%gdeﬁ%?@ag?hs%g%{’ %%g@g%%%gdrgfgr%% or
art engi neemiiogeogipmaentsi N&ulsall i @hergeabdedimang/ olic ifehded @bypgnade meteatsC
conmponents. In stil] other enbodinents, the inveptiv conpqnents

mat eri al SPPABFRAr atifs, PRAEFSHY oB@Y s ¥V Fmypatiisyler pélFl[}iycu‘i%ﬁtr freilitatey, fagagscale
faci | ist at@s ) 3tidRza0h! & AT kahieZ@to198s Sbnirdbn HRITREEAT Bhem PP LB R
converssi on procleszses. Exe Iarlf/i suietz@ﬁ-)ﬁ) [S)rolclzesseslbnay i ncl udeBb{?? are not
limted tpwodusggs-manpeude butearpyodigsédtoriegle taorpecaimegrysolpns ofactovetbrareesidreed t o
acetylene or olefins, and coal sification processes. Exenplary sui. | e
Sppas at uen TR et daacfuns P8 oS i Pt BTG poressabranbin syeble
f1ow reachphdius’ RAENBEIREE WAt 8RGO Fnitcdetd Y Rflly SO MU R, ORVERACARN Sreactors,
gasification reactors, and steam cracking reactors or furnaces. Exenplary

i nvent i vecgaepbive rieastornlcfansd rdmbbsionaicectorst gdsifidatien reagtore atd sicamomsbinent s,
SRR R G I N R N A R A
geonet ri esadihratorfipohche, P¥ROSadappardtig hat onefatitigsrdde of othepdB0 Yatticul #527]
Various chem cal and thermal processing apparatus and nethods that operate
at t enperdetigned shapeedppationss codRomtions. dNKaHAS. A dTgswar peectyips thak maytbe
However, er. and correspondi ng physical, chem cal
and t her r?gpgsseidgoeﬁs@?ﬁt%ﬁ%ﬁré&gg%"sﬁéﬁé?&m prent and materials, nmany of such
pr evi ous![90XHown Variooesses cd rud apgarad pusceasihgy agrarays hndrtedabds that operate at

comercialization, limted econony of scale, relatively high cost, an
conpr 6ni st@ap?rﬁ%eseua;féei%wg |/ 308 808 Knomg prclsarrivaidht fion HPBravar e i the
| mproved e Tfip B! Ll Sorr@PRTIAL Ay AOH. BIARESAY it TRV XA Rfon

i nprove upon one or nore aspects e previously known nateri
appar at ussuclanghipmontemdasatcials, reaangf sech preveosly kwpagirecdshe and ppattus only

e oL B Seal R TR B8R Rl SO R
t enper at Wospratfiis6® MRAPEctheysuch col | ective properties of previous
conponents. Such inprovenents may thereby facilitate inproved conponent
life 20 [0028] The present invention pertains to improved ceramic materials, apparatus and
processes that may expand or improve upon one or more aspects of the previously known
materials, apparatus, and processes. For example, in some aspects the subject invention may
provide for improved combinations of flexural strength, normalized thermal shock resistance,
and chemical stability at high temperature, as compared to such collective properties of
25 previous components. Such improvements may thereby facilitate improved component life
expectancy, strength, manufacturing options and function. Such improvements may in turn
be able to lead to improved process and apparatus ecconomics and large-scale
commercialization of processes and apparatus that were previously technically and/or
economically disadvantaged. The inventive materials and components may also facilitate
30  manufacture or use of relatively intricate components, such as but not limited to thin-walled
honeycomb monoliths, and which may facilitate corresponding process improvements.

[0029] 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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expectancy, strength, manufacturing options and function. Such inprovenents
may in turn be able to lead to i nproved process and apparatus econom cs and
| ar ge- scawe 20mwnse32ei al i zati on of processes and appar at uRCTREROONOE S5
previously technically and/ or econom cally di sadvantaged. The inventive
materials and conponents may al so facilitate manufacture or use of
relatively intricate conponents, such as but not limted to thin-walled
honeyconb nonoliths, and which may facilitate correspondi ng process

i mpr ovenetabality a9 gompance t@ keovas pret art e¢amicsy SHEl BRAPEY e, ferelingtim efgrapgracs
conponent 3 i i i .

Chormal SHbR e EH el TR PKER SR Bk PR, QbR b LIRS Such
prior ar tascait aisk ¢isniteBuoh thienmiubinastiat pabicteasizvanaraf dptribpdoi, gstichayarfag@gement,
attributable at |least jn pari to one aor. npre of fhe conbipation of various
factors, MSCRI AT SISEUPN. gt 9 o§ta'?1[1€‘tml flARBRSIUTIGE PFIRpeE and, kshaigyes

di strisbutjson, rRAkdnt ﬁJo?os?t I 3RELFBNLind BRthd ?Jr@seﬂ@et 6F laBlenSelFCidRNs sdafdes Of

stabi l'i zat1 on, manufactufing nethods and techni ques used, resultant
por osi t y,cosipeterts ngeh amdéadest hed pnaslenceTbe iabsdine eceodmiv acoropmes®coay arey

conponent s syc s oxides and netals. The.invenfivye ceramc C onents may
be. b ovi dE8L 0 DL In o SRSt FH5PE SH LG EEIS DF YR TP L e b M TR ar o
usef ul f qfut G RighVicRPe@blire Bhdthighl L&TRA! ahb i ARG Ahid @AFohOfts mER®ciRYER | Ve
ceram c conmponents nay be used in construction of one or nore reéeactor

enmbodi Merrogstrustiap e edicsor morg eggicton sngfodirnents, ecsponcriy.soe rgiemdointy moecterf
subst anti al | any sui.t abl} e 0 r fo or shape. such.as but,.not limted
Lo epier udbieth, AR iy SO0 SLIERARL Yy WEBleleotARE forft G s iiRe i dS by Pl

tiles, anghieddwersphedesadtady, hbasyrehbcampaistibes, Batuddeneadiasedritie, tiks, and
extrenme tenperatures. The inproved strength and inertness properties of the
mat er i al Pty mplded g5j feened goBpencaHts thay asr evnoged fothoexireres tampegaugs. The

conponent; t L j I.QUS vahl abl.e | rt.
I oo adBRLHVE R AR HobIR0 YR hBIL ALY RGP D P
[ 0030] Zipreade ot 2 avidarymhgd lof nempeherti gtonbdiats undldngoesa than hamg @reviously

di fferent t,?%ﬁera%res in the its atons are stacked (.pol.ynor phif)@l

t r ansfor e} In they . 17 PRGIPSCLRBGS I CHD N SEMPARELE PP E FAMPES 2iEPBRdZHdYween

room t enpgjsgur ézﬁ@&lié%%‘éry%ﬁﬁgmfé}%%a@ﬁﬁ&gr 2 QVhangd z{tcd?ﬁ*&%mctgﬁggﬁaﬁﬁest 0 a

tetragonal crystal structure. This transformation is acconpani ed Dy greater
t han one ipethcewty vits atoptsr ke stackadk Gupéyrdonphivg tlaesfoinmgioahd Bapgi miadommt has a

expansi on _duri.ng cooljng. At a still higher tenperature %gq% ure zirconia
changes fm%‘}ﬂcilﬁ‘gr %féi%tﬁfaﬁt_g‘l‘céurﬁ_ RehsFe EQ%E?IBP@?W%@% 358‘1% ﬁo c ’@%‘?é{ﬁgai’gut
associ at Q}%OWT:} Ridbhig" %ﬂ\%p[? o &£ rt¥t?%§l%lngl' NEysdl" ytgﬁéﬁrl _ Caiy Rr Prgﬁ‘sq&‘mation is
crystalllne ractures or cleavages ong draln poundarl es. n pure
pol ycnystaatdmpaiad by grb@r thahioae petceag@bdahetiio Bhdhkagt dutinghsitingaind rgsivhiest i n
a reduction in , , o o
expansion during cooling. At a still higher temperature the pure zirconia changes from
tetragonal to a cubic structure. These volumetric changes associated with alterations in
crystalline structure can produce crystalline fractures or cleavages along grain boundaries. In
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, ceramic or metal honeycomb materials, ceramic tubes, extruded
monoliths, and the like, provided they are competent to maintain integrity, functionality, and

withstand long term exposure to the relevant temperatures and stresses experienced in the

respective reactor region.
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strength and potential catastrophic failure of the conponent. [0031]
Additionally, if desired for sone enbodi nents, the reactor system may al so
conpri se wohero/osef2zactory materials in addition to the PCTASR0Q/06W5RAM C
conponents of the subject invention, such as in reactor regions that are
not exposed to the nost severe tenperatures, e.g., materials such as gl ass
or ceram c beads or spheres, netal beads or spheres, ceram cs, ceram c or
netal honeyconb materials, ceram c tubes, extruded nonoliths, and the like,
provi ded lﬂﬁw ar Ehemiegbaddition of shilsssapre Mmelepeticest, (opeaghsmerGeny), ofapfte or

i t hst .
exper i ondi S GREVERE AR TCHO, ERERLE Aol GHS) Aadhfic paRd ShhiRSER,
| east onewd¢iphteofpks cemic graimestabeiigldtzifeeniaant sudf adiitve) mayoeailioh fSatdtiokty D a

Y203, CeO or m xtures thereof to the zirconia, based upon the total weight
of the ccfé}ggcecrzg%li SFfuétﬂl‘aﬁoti%P‘i 15 @Iy FW&@H}H&-%@%&@ QYR ﬁheawn%?t@ée,mwwee@agq andy

For matsi onyoQf ndr Gl &{)E{a%& AlanSbIGIoH! ucharedria Q‘Hélﬁdl‘ﬁgﬁﬁ faabd! d.n@erflél% %P}c%nPVer

the conplete tenperature range and does not undergo a phase trans mat | on.
Such zi r acdming,or inmot @diCa), Mgd,e8f:, dheD) nwl reixpers thetcod faddadetodhe muemig fbagaio,
MO, Y233, Ce r mxtures thereof added tq th I,.r.conj based on fhe
otal veiBRE B Ky SENyp oI 00 SO SULR AatiFeT DEAT RaroBet RoRelog
to in thigegnesion SR {HRMIARE dppendddahdFeodRPenmac-heiRbriaas (a8, alicl 260;,
zirconia.” CaO, MO Y2@3, Ce or mxtures thereof are referred to herein

as " st abiCiQeargnixtusessthatsof areaefcpicd tohiraintdsestebyizensc| Adeadilared|zargenia dhrschyol e

percent OlIlCh?laéaSbEilt! 14§ nei o et hee Fert nqos%bqfia netrsi a;[)thlefa %rsnyooctiivn\?en%D alltelegs%rt%v%nt oPef
st abi i zer< "and™i Hrother "erbdarent ¥ & st abi’ PZ2ed “ZiPConi a may I ncl ude at

| east f oWerdvdt 6f PEBiGRIN! andf in DR eBibalinkdnZed stathilize X AdRlatmaymhdivde anleaét falout
16-27 nmole percent CaOinto ZrQ2 (zirconia). generally fully stabilizes the
zi r coni a "9lg PRESRRISOfSHeh stabiljzery Fer expnric.vlditiontpd apeutdGaAT Moy Rpaert £8P ur e

range. O t aht J\i j . { 0g: : ilizer ul ly
ran |1 7D FARND R RO, SR AKEE RRE R ARS BE BAAHC SR B sBtent o
t he Zr Q2 rpreositdesad tamferauerrysgeal Othoestshitizat veqirt vatyingpataidges of stabiibzer

rel evant t erat.ure range, suc s up tp 2260 _0C.. As a still further
exanple, tp e et Z%mnﬁqré{]lﬁgﬁ FRmRlFOrht A8BRlE PEEsCRRte 2Rk iRiake L1 yet

anot her examptea ofbis cARNIASIEhEE At & dBc bD&G! HE Bel8yanf R RRuR rafe P S GENT
of at |east one of such stabilizer and another fraction of a percent of

anot her ofs wWuOR2604Di |Aszestill Surther tethanplchthecownishinenhcénteation ad Mp@kie abgutal2
| east one nlgl e pe Cﬁnt ?f ttgle total wei b of the zirconi ndiﬁ%ﬁh ¢
addi ti ve. "TB0BSTZ M oi AnRBRE KRN S oo gy Safudior iy of o
conpl et & REcchtbshtanist 8hé ¥ GRINDB-c8 b S hdthérz@ddtion of RipetcchPoCatidtiter SF kb Ur €
or a zirconia havi ng an excessl ve anopunt of
20  stabilizer, such that the combined fractions make up at least one mole percent of the total
weight of the zirconia and such additive.
[0033] Zirconia containing sufficient stabilizer to render complete or substantially
complete crystallization shift to cubic structure or a zirconia 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
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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stabilizer is considered a "fully stabilized zirconia." In contrast,
addition of less stabilizer than the anobunt required to create a fully

cubi c- cr ywoabiooses2Zi r coni a structure renders the zirconPaTASRMONGIES a

m xture of cubic and nonoclinic phases and/or cubic and tetragonal crystal
phases. Zirconia containing such [imted anount of stabilizer additive such
that there remains at |east nore than an incidental anount of nonoclinic
and/or tetraqonal crystals, is referred to as "partially stabilized

zi rconi a.[903He t Ehereinst divagion befaen fullyead e istabilized (5 beafrpladye topm, as

i ncl ude s nt i al.l i i I t e L e
or cont o PRt sy (el BPle BB echiRRb: oYY BREb | ERBRERTAIBLE |
fully cubbometmgstdfitult® pEedicdntBcandne tditactosd @¢hnt incomphk steifasraliygpesion
range. [ 0034] . The exact divisign petween fully and partially stabilized. can
be a rel & VEREroh hasPraspre b Pther b%gtéblﬁzlggrwr@flamﬁe KT RPRSH Nt s
as a funchi@fiof! it fAPEE Bbiiderefifh b 1ROPBLINES. lf fllifitllind 0asRY Gibh® Rhuthly

di scern due to factors such as i1 nconplete stabilizer dispersion or mXxing,
or the presenpesaft tivveed aonmsteabngi stabifjzgomraanetanng. céwesppudipgsesrased hi s

i tion, it b i der.ed th th t f stabi.li

| hor eas oS AT PB GRS HOrus e oo HocilrT] AGT HGRAGS STRRR P ftcrally

presence tgifioCipr&aPBRAigRInd patigasanliskidRirhdgeatH AR veRWaksné Bbint aII)proe%chinC% t
y ten 0]

stabilization, the key strength and_toughness'Eropertles‘general

i nprove tsubsagially rempéate cabic stysbillizarian oo full siakjazatiqoweess impartagbstecngth #nd
approaching ,subst ant i.al | onplete cubic crvstallization or ful

Sr bt 2 PR hRR Rty RO ey e Righ SR Pl sty o

t o degr adenfarevwaduchGirossties B 9 pdrtfaipedbilizsdezicpeiat thiThasa edrRas 6f chibicsuch
properties in a partially stabilized zirconia that has a m xture of cubic,
nonocl i nitBonogHaicopnd/@ittetazgonal cristglst Bloweveipdrneading yppe Hiti anglicasion. thadully or
applicati ) i =ful: idoi i i i

coet ut -t o Cteyfult? st Bhedihl oy Bk Yo ol o} AR InEhLOMARCATRY, FhIC fordfany
gener al | yotlsdri dpplitaiogh elic gercdratiyr @ilf toagharr axdr mstesfranirepagistaml paytisdtyataatbilizeid
zirconia will be preferable. In addition to degree of stabilizatjon, the

st abi 1% z&HCOPIRCHIG B BroSIRYIGr A RRy0al e Y g‘?‘?lgéﬁl@&’ th n%}al?lﬁﬁsfgzw@faé_es
by ot her die%hﬁén%e AHCNs@Be BAELES k&é&&ﬁlﬂg%gfe%@ by%ﬁ&'f&dtgls,%%lsl%a giaﬁiclié@%l_{d on,

packi ng density, processing additives, "and ot her factors. ed herein,
t he t er msigsaptiticlegraigehgrihution, pagkine dersey, ptesiobaddeiabs, yandiother thheors erAm

o ai ni erih i e TPRE Rishol R e b 1 TRR EPengBeh TRE IR Pt el ¢ o
sinteringy tA¢ tdRAUSHH S it B Metlir&icef el RBd hfatdiRls NEGas Saltyridd vigRahé Remt he
invention, as both terns generally refer to anal ogous el enents. [0035] The
det ai J0ed gtainppBictibordérenesgbs p@tﬁiCéelalftyr singebing; gléhwugh saelhfcamadistinsapn ilhnpty
ﬂlgbizlr ioz S{%gezsisarlr%lqg id@sciri?)e g{ievig\rllen?i%g,ngs%%lth f%grgls %én%?aﬁlyorfefe%ooanal}@gm \e(er%%n%.r GeO to
[0035] The detailed compositional ranges of fully stabilized zirconia and partially
stabilized zirconia in given chemical additions of CaO, MgO, Y,0; or CeO; to the ZrO, are
known to a skilled artisan in the ceramics field and provided in the American Ceramic
25 Society monograph entitled "Phase Diagrams for Ceramists,” by Levin et.al. For
substantially all stabilizer-zirconia compositions, it is generally appreciated that fully
stabilized zirconia has relatively low fracture toughness and relatively less resistance to
impact as compared to partially stabilized zirconia, such that for many applications partially
stabilized zirconia may be preferable to fully stabilized zirconia. By adding less CaO, MgO,
30 Y203 or CeO; or other stabilizer to the zirconia compound than the amount of stabilizer

required to completely stabilize all of the zirconia (e.g., the ZrO2) crystals, and also

preferably by careful control of particle sizing, distribution, and processing, mixtures of the
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known to a skilled artisan in the ceramcs field and provided in the

Anmeri can Ceram ¢ Soci ety nonograph entitled "Phase D agrans for Ceram sts,”
by Levi n wD.2al0/05p322 substantially all stabilizer-zirconPaTasa@odstosdns, it
is generally appreciated that fully stabilized zirconia has relatively | ow
fracture toughness and relatively | ess resistance to i npact as conpared to
partially stabilized zirconia, such that for many applications partially
stabilized 2| rconl a nay be (greferabl e to fully stabili zed zirconia. By

addi ng | thocaoptable Bepealinit abisci et beve (vee highe astyre

d bi | |
g?”?ﬁ:“z.t&@%ﬁeéﬂ?e SR, 9 LA 9L LR, SO S B e |1 e
control dboparti Thve klyzhatgrials paipeitien tatoidentaied] g leeagsdiggficant Xinpo@mcofvith

t hestabilized cupj ¢ phase and t he unstable m)no linic phase that have very
hi gh fradegi B’@ﬁr‘?@‘s‘%ﬂt&r@r %%af CPFIECY 4N tBeENY IOFSS HEREP anl gherr

partial |y cg%%ﬂ)‘nhh@egut%bﬂl é)ﬁﬁlggﬁﬁ] 1nT1‘ﬁ%ek§cﬁlenﬁEﬁﬁél?r§ce@§é§ Rkl S tifefal

identifie havi'ng si g i nportance wth reg I gh-severity
per f or marsbeclofrescssarani sl nwchetnecraﬂrafllexprabce@sgnhea@tbfrrspla)mdrtmhewchcm nh@pmaﬂdl ng

her mal | St ERR &R ia RotRlreS iR ok TRar: PRRGER: CctpBReed hen

properti es%lecﬁﬂ%:ath Apréfemd E@hmetakbhill ¥r @émﬁulehtstfem@w&tﬁmand t oughness
are also i ant ‘and nust be consi dered when sel ectin g an appropriate

ceram ¢ r@0%H; al ?h@’maé@lmbﬁe&w@nqe@rf aa;nraapplcm@a@ne@hcat{ ned he theamaxgmotk

reS|s}anc of a cera onenent . ca n be ﬁ fi edt maxi_num chan e in
0 %ehn te{nlger ur c ma erla ithStand Wi h u e O €xcessive da c.
tenperature t & Hateriale can' w ths an W|thou ure or excessive

damage. TheEmEl shobioedsisk@st X aneliatcdophr@mektibitabt B&ﬁzﬁ@ﬂ&ﬂ Siroply. Midsciption
mat eri al property Description of thermal shock re5| stance )@iedepend upon
the type %f therresl nﬂ!ocléyk’ﬂs@ nedrpvhdapergespet rthe taprt oft thempal hede, wedmpoasnion

mat or | al REARAILLANRhabas 0Py o HBlH 8 dRENSMBL el RS iRk O

upon a vadarl et assu t| ons can e mat or mance
under a &apreeﬁlommdytngonpon Al tverictgt of/exbsw,mpnmlsl ¢anr be CoRp| ©X dem:aﬂbysmatermly be
performed usi ng nunerical anal ysis F od uch s finite elenent and

st r es¥- stCHORMAFS Wepisa s B{itiong, Ysmb merheiRcE b S5 be

pur poses A.@Quald hahd M@m@ﬁca@' 'aﬁeﬁ§§1s RiHdas é&dhva% fﬁ%'el’e?ﬁe%t hid §t¥e°s9 shsiafanhiygind
nore practical. Ther nal resi stance may be eval uated by neans my rapid

wat er quéiahcexder imatemitaks mufbtmamewlompsmaaut mutposes AGUMIt@IE26r. difkive coraparatnec k
darmage resujts .in.a material from build of . t he and physi cal sses,
doual Ty dURPAG i AsParagehfanest TR o BBty ikt BaY BeraputdBor <
descri bi nfednbeIfrapidSHAeK qu&fhSE:peaMeals Suth @k MHistRxdIams ASTM @alh s CiEtimbR) |
elastic nmodulus (E), thermal conductivity (k), strength (sf), and fracture

t oughites showa dymageTrrsvlimin & mesderial fiing tharldep & thomwelkardephysical stresses, usually

during rapid heating or rapid cooling. The major materials factors describing thermal shock
resistance are thermal expansion coefficient (o), elastic modulus (E), thermal conductivity
(k), strength (oy), and fracture toughness (Kjc). 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 (e.g. 1100°C) into a water
bath at room temperature. After water quenching, the specimen is dried and dye-penctrated
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

cach specimen are known in the art and may be determined by scanning software
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decreasing a and E and by increasing k, sf, and K1C. [0038] For exanple,

t he ASTM C1525 thermal shock resistance test nethod builds on the

experi merweal2ovaseepl e of rapi d quenching of a test spe®CERAIS2¢00/061055

| " x| "xI/8" square, or 2.54cm x 2.54cm x 0.32cm square) from an el evated
tenperature (e.g. HOXOC) into a water bath at roomtenperature. After water
quenchi ng, the specinen is dried and dye-penetrated to investigate both

open and cl osed cracks. For instance, Zyglo(r) water washabl e dye
penet r antdecHRPicaldy agaragating thalengthy eblil eragkinpreksd ap avithyyipuah confirgiatipn by the
yel | ow, pigk: i . Vi i.cti . : .\
IeT o P SO SSAATLSH LoRuBTTELARS ANE bR e
det er m nifrgn tak dove unfitoat 50 tas highals 1006ck Thengtdr need oulyi be abledo diffeeatiate

speci nen are_ kno in the art, apd may be determ ned by. scanni ng
sof t war eIcBRt @éﬂ?ﬁg ATy ARG r Hat ngldﬁlﬂ%@- | egtHE BY shacificdapaametsh e dalis

Wi th W suglerfilyl TR b0 b0& LGGHAI Gidith EBRNCICHIAAR & SARRBALY soynd
resolution or magnification is generally not critical, e.g., fromJas ]]low as
from 5O« represmtdtioghofake #i0Osamplee Tlestoed criekdergth petbenibke nay Wi ddtememtd at e
actual cracks fromnere grain bpundari es. wi th.any specified paraneter,
the val ué @baeHFHGRUD TAE B oot o ariiie 4 g Bt PR Yef S0 a
statisti gaddpISANRBE eBREGS 8Ntk QMy bulhRgRAL IA ¥hsRMBhPonditendyBedludéheK
l ength per unit area may be determ ned over a sufficiently large area or by
aggr egat iong emneoksy esgaafisngan beueriskiatask  Jhalstusicd egirdawnt Wegior®) bedhd wiole
" epr egenteof Shali sl Gald g3y Laghon. A phghe. Gammenent may be studied or
one or norewn eqgl one nay be eval Gatey? 1’I'he BYH878d 6T r el evant region(s) or
t he whol q0639TpONENMmlizikRYprofeBNIfdei@d GhseBATIANEMst shRImEYItROIRE e KRbdK
[0039] Utilizing propensity of cracks observed in a test specinen, the
t her mal JRURIGSST dtparicalar gegign preempencal magdicdierpalizedapdrfbtitaggly iseored,
normal i z | j . .St ance)
fo 5 (1 haneb BT o (b R RRL 5 (AR IRERT) & S B ey
cl osed cracks. 21:O0panyracdsanddnanyabddssd cBcks. Sone cl osed cracks. 4 : Little
cl osed cracks. 52:MangtediScragd040] The appearance of various degrees of
cracking in rapi d! yodieRsdIEGadkisr coni a speci nens or comnponents and their
correspondi ng qualj k@l 4¥&d Sigrl i zed thermal shock resistance (NTSR) val ue
froml to 5 are 'Fllgb]%;arcgged in Figure 4. Arating of 1 is |east acceptable
while a rating of 5 i's nost acceptable. The herein disclosed inventive
[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 are 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, ¢.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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conpositions wll typically produce a normalized NTSR rating of 3, 4, and
5. To quantify propensity of cracks observed in a thermal shock resistance
t est specwoenio/dyr2penetrated sanples were optically scaomas2emde®abj ect ed
to an i mage anal ysis conputer software program For exanple, a total crack
| ength per unit area of the test specinmen nmay be neasured by use of
commercially avail abl e i mage anal ysis software, e.g., Cenex Vision PE, as
reported in Table 1, and corresponding generally with the illustrative

i mges of Fi gur sLABLEC HBpstiatisg examplpyefinpraaizodhemappiack aesisgear e al so
avail able to simlarly nmedSUBR) index poragingoraleid frandith Sof t he
speci nen. ) TABLE 1 i i shock

resi stance (NTSR)
stabilized refrac
denonstrates a totlal crdack | ength petl.unit area after >qenching a test

speci nen of the inventve naterial f25gm HOOOC ijnto &20ak&F bath at room
tenperature that ils noB8 greater thaniés cm cn®; [that ¥§;<} preferably has a
NTSR of at least 4. Stull npre prefegably, the|stabibized refrpactory grade
zirconia of this ilnvention denonstrai@s a total crack 4iength per unit area
after quenching a test specinen of the stabilized refractory grade zirconia
at HOOOC into a water bath at roomtenperature that is preferably not

great ér t[AGAL]1 cihe sbilizeditefiagtoryrgrade prredmip abkhys asnizorNTSRradily §emplosteaiasr |
for sone | demandi applications, the inyentive co nent s_.nmay .
dorronst  dt 510 SR EHG el Rl B Syphelfd, PYGD bk PR AR By M petgiita o1
than 20 ofdMRo0%Chiso &8 QaRA Dhihddt irdien Ferfratesnands net: HESR &hn 3 @F/chf.ahars, The
i ntended application determ nes the range of acceptable crack |ength. An
NTSR of 4t picéashly dapraNB¥R at glelsesiidl. eStilbmosopisfappyi hatstabizedinéfiastary igaadeng
of 4 or Sl SubidfShY MBS HioRIRhSHIET:] Phod e IO S Aol ondl § 10027
comer ci & dufatioR. AT iﬁg ot of 'T"&s€2of tCR h%@lbe p?esuﬁéﬁl g
unaccept ablt@pé@met! SE thd stdbiliRA Yef¥ &by Carid IArdohRI A8 0610 BSS a IR vad 41Q86m
However, the inventive conponents have routinely denonstrated crack | engths
of | ess tthaperBtussithet®. pr¢fonbb] nodgreagar thasy k emjcm ASTMsCnoBBeBably has &NTEBt of
the therngl .shqck can_.be assessed by neasuring the reduction in flexural

St engt h NER) D STCAT 11 Sn et s forse i FEEF I SomBapeal HiPos
a range QfendoRbPRE 3tadk @mgthsdh cREWsPOS 8SnPémt At pledddhbly 266 g@hic tah 20m/thf,S

i nvention, regarding quantitative neasurenent of therna% shock resistance,
a criticahug éﬁ@@nﬁta%ﬂé 3 poeesandingy NISRdef ef wi ndghdsy  dheedieded mppHcatioa

I - ' ,
east 300t TSyt i 8f st LR AAACRIC AN NTSIEUY 3680 AARELGepBhic o
as a resubt sahc psicabnhy vatilrtaaratighpdt at 3 isdikdiyf hestencfescdvdrhaimare 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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ceram ¢ body or of thermal expansion m smatch between joi ned bodi es.
Further, unless the test is repeated several tines, the test is limted in
its abiliwg2bw/geeatitati vely determ ne the resistance eCTaSC@ARSES
material to repeated or cyclic shocks. Thus, it is preferred that the
testbe repeated to analyze the effect of cyclic tenperature shocks, such as
may be experienced in a regenerative reactor. [0043] Flexural strength can
be neasured by 3-point bending tests as illustrated in ASTM F417. The test
speci nmen,begerdnidd tosanlyas the glifgeteofayelis teswetatyn shedkst Sichds Mgy beyrperérncedin
supports j r [.on test machine. It is bent by the application of
force, ata!ﬂr%g%leg%g;ﬁ,rg%ﬁdrt he opposite face of the bar fromthat resting on
the two J0MB]rt SFlettial esngitnginfermesisddpd-padt tndmgttbits ek Elyiktraetein ASTM
(identical to tl:ue ot her two) at Breéfri bed constant rate until the .
speci men fgHdakdhe foib SBFERKING sl Bamel aaensTasnscaion Hests pacie Aylindsigak he

test %parbugﬁ&ts‘{ﬁ%dcohg;r&s%ioﬁ%@hﬁacfﬂn%.X Wi@*beﬁtﬁ%ﬁt‘ﬂﬁ%@gli&aﬁ%éi forfk, SPHRI-span, to

enbodi ments the present 1 nvention nmay Inclu stable, formed ceramc
conponenttbe phpesitweychef tieebarl fremchatassting an ttine rwalsupporisy r Bheybérsling fmtors. | n

ot her enbod,i. ts,.the jnvention i ncl ude a thernal rolysis re or
Comori S liSE R Aunid Sy e Re R Bl Tl e GEn kTR o 4 R R s o BB T Hi
regi ons apesiteh vr&AS! amhe- brASREE t, Me SRR nkBMEBE HRpRIBYnRCattB BR EQTspan arc

construction of various conponents of a reactor, such as but not limted
to, conpowehtoscalqulaie flenwelottresgthheat core" or reactive region, insulation,

and of, ag,\ 41t i gnal, COTNONERLS. I, LSBT B5E55, JHEh AR Llow copuid s,
m xers, heal 'sinks, or quenching conporents, dependi ng upon theé particul ar

process akehnApRBMPbhctE L Mugthe Iseful @¥eHTRY & a ithier@AE0BFROBis feh@od. NEHthev e
conponents may be useful to define the flowpath for the reactants, mx the
react ant smbodaments the Hyygntion Bay dcludsc therma exroly HatcagionsPBRIISHAY CPBPHBHUCed

or consungpd :ﬁé{y 06, 5RMf Qitfth Shd ﬁ?g&t ﬁe %rauEerF@Uﬁs[JBP‘ﬁ chof]ea%?s. C'A%iaé@%‘sd of the .
i nvention, the reactive region Ihcludes at ast a high tenperature or high
heat - expaseshtipomidyobe odedt foe cosaatiion afichrioppicomipbiyentayf & nectodesuchas dut not

conponents that are associated with the flow and jnteraction of rea(%t ants

into Bnd MKW Ip- CREPPBALY 8} 2 FRLPTY Bl CRMRTSTREN CeoRe IMsuiatipBntrel/or as
storage 3iflohPaRhotnt BEHRIASSEduliCRNd tofRINS URERORed: Bink Al A0

the pyrolysis reaction, noverrent of the pyrolysis feed and genera '
product s dompougits,aleperfdingmmwintthe partib@ar pactssand apwhratiig émploged hForgxamele, in

reaction produc I n ot her enbodi nents, t i nventjon may i pclude reactor
o v act orgregig by yaegtiiasaants Mosashaf iy Tuhe ReBra Rib Ry bR

i sol at e, thixStHeat@etafis, @hdQEIM S dCRMakN@edchiBn ARAE KRk @thabRRtand 3R dhrBAUAI 61
provi de nmechani cal support for those regions of the reactor that are

di r ect0l y donswnedebly ithe pyropsexicagitaast darmairpasar of dhe lelmed invention, the reactive

region includes at least a high temperature or high heat-exposed portion of the reactor and
typically may include those components that are associated with the flow and interaction of
reactants into and within the reactor, mixing and combustion of the reactants, storage and
release of the produced heat for consumption in facilitating the pyrolysis reaction, movement

25 of the pyrolysis feed and generated products through and from within the reactor, and with
quenching the reaction products. In other embodiments, the invention may include reactor
refractory or pyrolysis components whose primary function is merely to isolate, insulate, or
otherwise confine the generated heat, and/or which provide mechanical support for those
regions of the reactor that are directly involved in or proximate to the reaction heat.

30 [0045] As a ceramic material is heated, its density typically increases as a result of pore
shrinkage due to the sintering effect caused by the heat. Sintering may result in some of the
ceramic 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
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[0045] As a ceramic material is heated, its density typically increases as
a result of pore shrinkage due to the sintering effect caused by the heat.
Si nt er i ngvoaeyiwessizkt in some of the ceram c crystal s or PCoOseee06®s% her ei n
mel ti ng or undergoing other high tenperature fusion or shrinkage, resulting
in a slight decrease in bulk volume, but with an increase in
conponentstrength. Thus, as a ceramc is heated, its nodulus of rupture

mechani cal flexural strength (MOR) nay typically also correspondi ngly
i ncr ease sgengtht |’Yhusppne geprmigsdiratede ith grodebis pfirepiuse Bigphadiabderyal greagthyel v

i ck coqghi - [ ' s :
"t T oducal PRLrEp SHA D e SR b P R ARh e BhoP orpmic
fl exural istulgegedto rEheivelgruidkaddoting ofuch e vimyitenpatakhigpadtress factutchenay be

porosity .remminin fter sintering results in a lattice type strycture that
provi des i %@Cﬁ%ﬁ%@f% SHysEiRgR icaheipe of redictign 4g B meshen e i Higneth

char agt erpiRt dgnsbin Al Ul hiuldde i8¢ LB fhel PR dity SRR Sinid OHEE it Lrelligs at

| east two eterrlrlilnati ons of mac{{g%aéa?t f eftﬁ)ﬁ 1ﬂgtrengltlhgo( N[]Rs’)lnthag[er alrle of

i nterest inm téicer typaistrgctuivethstiptaatddsi thy moprevep astrengthl beat cecenilissipation arelgar d
to the present inventian. e i.s the measured after sintering at high

t enper at LPFBSI&%‘% ﬁ‘.afa%ef@g@s@)a%;ﬁ}ffhicﬁﬁlm%ﬁﬁéﬂ’!eﬂﬁe't o ambient conditions.

Anot her NBbug)f | Thetasd ali@hs ewoRRRHhRMGs ARE@RhAichIENBREAHERh i(FIOEthMOR

of the sintered conponent after further heati n&éand guenchi ng, such as via

cyclic reteaf intgyedne defaeniaingribe saikbdilgyiof e perticniae etapec wohpegaehtasthe present
denonstrat e substant.i al .retention of. the, clai ned and ther hack
g S ) SRR RS e S bR S s
processi Nfitiafq@nchidB M6 &nbRA! cordiftidnd! HRthcH REOR 0Pt Re @WD mdasned at Antbichhe
properties after further thermal processing (annealing) are not greater

t han ten tpapeentc)ists MRRnolshe bingarepheanpansnizgtics further hpatingsind q@enavgng, aweh

frequently not |ess than three percent.|ess,. or.in some enbodiments

subet ant 14119 EE ehiitBe BOSRMRLRET ThF Sbief! b FRCFE PO R i etance
properti esbahittl r@omeal dMbe cHOMEY BIOR 04 tieemsal sHoeReysiaantte Prafdriias diter POGES
herein, the clainmed MOR and thermal shock properties refers to those

pr opelst i dBitighsipiepngand firther thepmali RIPcasping é¢-Bngnneaking's g1 Jurshas degrhed Welow)-
ASTM 150 i -Qr I I ' [ of
the si nt o ral, BE bl ARG TP it REL RS M g R AN RO RS B
excess ofpet@AOSs ahianatudhe@dperli8OANE, inityl sintertide randr foa@sstly het tespiemethired N a
manner sorrevvha;‘e anal ogous to_ anneal i ng. further thernml processing or

"anneal i MYFCHRyCSetellalae FRPOFEICN]S B et FaWghe i R T gehiitk
ot ST DY B TR Sy ML OOy A
exenploar ypuspaste heding ding olaamids VORI antl eharanak skcanlpompertiss affererto those propertics
determined after initial sintering, unless stated otherwise. ASTM 1505 describes the process

for MOR determination.
[0047] Exposure of the sintered component to temperatures in excess of 1500°C, such as
in excess of 1600°C or at least 1800°C, may further process the component in a manner
25 somewhat analogous to annealing. Such further thermal processing or "annealing” may
generally further improve the strength and thermal shock resistance of the inventive
components and reactors over mere sintering. Examples and figures are provided below and
herewith that illustrate exemplary sintered components and the same components after
exposure to higher temperature for periodic durations, thereby simulating the resulting
30  components during commercial use. Thus, in another aspect, after such "annealing” the
sintered component such as through commercial use or simulated commercial use at an

exemplary temperature of at least 1800°C for two hours, the formed ceramic component

demonstrates a retained porosity at ambient temperature in the range of from 5 to 45 vol.%
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exposure to higher tenperature for periodic durations, thereby sinulating
the resulting conmponents during commercial use. Thus, in another aspect,

af ter sucNO2arwmsed2eng” the sintered conponent such as tRCoO$R000OMUSS Ci al
use or sinulated comercial use at an exenplary tenperature of at | east
18000C for two hours, the fornmed ceram c conponent denonstrates a retained
porosity at anbient tenperature in the range of from5 to 45 vol . %based
upon the fornmed vol une of said conmponent. Such conponents al so denonstrate

a fl exur d1asedt peiyths ionm; V@lrunzft of #1d COBPRAYI, PICBfcOMpONgta Rlspedesronsmatg g |

and provi tiol

preferablfge‘%zlan'taal}S{;algl{s%ﬁ‘ial kl ve )ﬁ%‘i‘gﬁﬁﬁz Iregegr(%mglapfeagelr?gﬁﬁ§ g I]l(t.[5 Vl&e%%l}errrr{)%lal
zirconia sheclams(stamsedatfngrofr &dedsofowradpanefetablyackadifing (59. tThiesMOR 8aturein
shoul d be gregt er tha gual to about 6 (41.3 MPa) after |n|t| aI

si nt er i ngFBetatol| tB%téli 1@9 (EITCQR@ HFeENIC fugpd g@(a‘i%‘?t%r cqrgpongnts gegQidinggto th
mnutes, j %u%HQﬁ&HH%@ réh‘t!éarr{ﬁzﬁi tcfsl‘al AUNENS K ﬁ@?@%#%)eafteﬂrﬁﬁal sﬁrﬁ@nﬂ\ﬁ I's

preferably greater tha equa about 6 kpsi when th
si nt er ed at deno0 hEHWCC| suclhuast herexaimplembdr at leash di tmmute@l andwuhseqsetb)quemm fong

xami o, PHEEpato0naRe BN T ER ) eBE B R P abR TR (42

t enper at Wipa) Whéh ﬂh@@meerédlgdmg&eﬁtr RMurHRO Wemb By é&ﬁ@%e@rsdéﬁ rab B?%elf%h{ﬁﬂ[g My to
20000C. Surprisingly, man t he inventive co onents routinely

denonst r auenehingke 84 aaneall@ﬁsno Smigped pparagngveanditienser Hourexhmplet e ﬁlmrmal

]Pr Ocel%SI " ndl-{lhe conbl ?at%fl ¢ eatlng tl{]eoéonn?‘lolnzegtd ; h?gmn%lratﬁrgoﬁka {‘aﬁ‘%% S}t{%} fr rn
our, SUCh"RORYs reng reco et i 2% a i hi

shock r esnsst)%mqe IIXOO?IGFOEII%ShaKphaiveﬁF@ fecesar y Sagpehglt, hﬁaﬂyeqﬂltﬁeemvbﬁ@aad

reactor tenperature spectrumto provide for |ong-term comrerc

utili zat iSORPORCIHS Ftinghsiemengtrde gyYORyaf & 1%%%%@%1 (g1 pMRDdiss | fur&% thegmal
desi red lccoré){%l @rhgfcto EndtAGFY nGHMROE ﬁ{mhf%%%i( réﬁ &%ﬁ% | Yit? sg&d

react or I'S I nvention rray ypi cally 1nc urrer dus ceram c
conponentMO®Rr steamg&di,s_rsct@mi@d Jheotin a$ heninirsd YOR ﬁnd)ﬂﬁndkmtshdiarttetﬁﬂepdir&actﬂl@ﬁ‘

core and should retain chanl(ggrl inte t o accomrodat e s%gr} rran rrent
over PepdAt BeFChBLt #4o%d %re@%F opgFeag 0669%@?@%%9“&%%?8& 91 lpRe-t
as at Ie%hm%}aay%ﬁzaueﬁ %{f ﬁfgﬁ mgatamlr@a%wsm&ﬁ% prasaséfgl)s@erw&efsﬁé@pfa/ at

| east five years. Thus, fter Tnitial sintéring should be greater
t han or exyulaloftﬂ@lab@mtcmpqnsnt (41.3 MPa), or nore preferably greater than

or equal bout, 8 5.1 MPa), and e r abl reater t

of equal PBboun SorREkiPau e oo R SHE ARG R By Ity Fhethdie”
demonst r afugh IR @RFanhid BXHBREtOhrr ehpﬁack@a 08 dRadwiscbYsttRnsd iithite&eactor
enbodi nents may denonstrate an in excess of 100 kpsi (690 MPa), each

whi | e20r etc@rhisshguldoictaan meelpnigad rtﬁ@grlts o a¢copuaddateasish arrapganeen bvertrepebesk

heat/quench cycles for a commercially acceptable life, such as at least one year, preferably at
least two years, and more preferably at least five years. Thus, the MOR after initial sintering
should be greater than or equal to about 6 kpsi, (41.3 MPa), or more preferably greater than
or equal to about 8 kpsi (55.1 MPa) and even more preferably greater than or equal to about
25 10 kpsi (69 MPa). Some embodiments, however, will demonstrate MOR of in excess of 30
kpsi (206 MPa), while still other embodiments may demonstrate an MOR of in excess of 100
kpsi (690 MPa), each while retaining a normalized thermal shock resistance rating of at least
four and preferably at least five.
[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 "annealing” 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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four and preferably at least five. [0049] Wth regard to MOR retention,
e.g., that of retained strength after subjecting a sintered conponent to
cyclic reNeaviogorad quenching to sinulate operating comdiTitiseens/06®ss). ,
referred to herein nerely as "annealing” for brevity), the preferred
apparatus and conponents according to the present i nvention al so includes
an MOR that is at |least 70% of the conponent's initial MOR flexural
strength after sinterin when neasured after two hours of anneal i nlg The
anneal i ngAgalinge The rarlerraf%ea gy berperigespd aanyedepisedicosratye dix exssss of I508000C,
pref er ablr{%et% abfy bETPE! e&’a{tﬁre ngd T qHA h' RS 'ePatn‘Eg QBRI R ngutf
conditio ut’ typica eexecute at a tenperature Fn a range
from 150Q0ficaley 1&@@@9 €xec$1btfr:if‘at asterhpérat]mmrwmnge oﬁﬁroﬂhelrmﬂ%fﬂ ta@2 @ °Cnsiches for
exanpl es provi ded herein desired, the effect of Iong durati gn

changes ri§ 1usy aBéie’é\‘?BttE?é?‘{eHl ctamRleR iRy IdshhwF; aif dsbiradaihy ?f?%t%/? as
the MR afif&lon MOR ERIngEX IR B0 ngar@d@éd"tooglet&%ﬁhé f%orq ncm G Sulehilif A9) -
Q her preferred enbod |rgrents may I nclude a retained MOR after annéaling that
is at |edbt 1\4151%'1&& Banefom@mmpiemﬂesmmoﬁtycélc prodessing (ainedlag). n@ther pre§¢ndd

nore preferr odi nen the r shoul d be at % the
o i ol NEROTER SR dg TUel ¢ Reti MCHE atChapreatag: B Aot BEReIR 6f

pressur esoon?b@ﬂeﬂt@ MeRa4 e fitiaf sﬁtf&h% egh stiftfhée Jﬁéﬂeﬁ‘e&le%bdﬂﬂ%t%e "theolfetaﬁﬁ@ir nal
cycles and stress changes, as the strength (and/or thermal shock

resi st and\éPRoshwweb%@dwhéﬁh%yfdhe By MPBs Lragndide spewntheauetiruder deplsatione

| evel ]6) sltr%ts%ls r})%%sﬁrtegen ;éeal‘rgt%{’ %rof (e)rcels<t ra esrl s%tfta cqgn%)n rnl;t)re]fa otc tﬂ Oarll%?élf:sﬁe(t)nl‘(lil d
t hen be evaruat rep

enen e conponents ang appara us o

subj ect Iswmbhzmges h@wenee stren@tte (@d’dﬁ/drcthl@ﬁhﬂdsﬁo@k pregiviatler) | off thededrapdrentst &F
t he rel evant conponents and apparat us beyond the |l evel that was previously
avai | abl erpratuselegrades foomady a deteapiae dayst of retaiped stranghtangier isheakugaistance),

regener atgy @orﬁgﬁéﬁ?ko é{rt ﬁé Svdl R)rr r@lﬁgée%?eﬂl'r's TRE cfi&ggxl?%gﬂrgd §feratus of

pyrolyzing a ocar edst ocC petrol eum or coal).
The t er mthy dubjeer bﬁvﬂntﬁc&edsimkr rmg/ ahecmetfed nedprovdadlify dwratiorc tfmdélevreﬂetvraaﬂ |y
any hP/drocar bonaceous feed and al i ncl ude. subst ant i al | é car bonaceous
f eedssuTHRENGHH M FRPAEHUSREY ﬁfﬂfﬂmwmteese&r IyeaRPploInEs &rts eedst ocks

that may [Ggy@ Papt 'oﬁé“a%ec?-pﬂﬁis' ﬁl@@t‘tﬁdnt WefuRes YSRekibridiR ﬁ’i’éﬁﬁéﬁnﬁyrbl?gﬁ NehQht
typi caIIy conprises one or nore hydrocarbons such as nethane hane,

pr opane, atppalahre orn@plhudnalsts fgapywilyzng @drydmedtoesfeedssmedis(e@, pdt@éﬂurmgiqoidls”

di esel , drocrak ro u str a v s .pil,
ot eam or dlRet 520 o afih HodEieabeS TeaPinsk Bl e aflimy wpthy o dERi MRS

at mospherang HdRRE HohhccBRd FRATnd \HRGLAIE0 ﬁicmtslubttar&tatrgad@odna@éougi mqs @@éht 7S,

heavy non-virgin hydrocarbon streans fromrefineries, vacuumgas oils, |ow

sul f U0 westyphitesorderke. hBavypiwx xdroeshon pyradpts fesdstopke that anay Bavieopastierlc

resi due, applicability for use in the present invention typically comprises one or more hydrocarbons

such as methane, ethane, propane, butane, naphthas, gas oils, condensates, kerosene, heating
oil, diesel, hydrocrackate, Fischer-Tropsch liquids, distillate, heavy gas oil, steam cracked gas
oil and residues, crude oil, crude oil fractions, atmospheric pipestill bottoms, vacuum pipestill

25 streams including bottoms, heavy non-virgin hydrocarbon streams from refineries, vacuum
gas oils, low sulfur waxy residue, heavy waxes, coal, graphite, coke, tar, atmospheric residue,
and heavy residue and hydrocarbon feeds. Undesirable solids and non-volatiles contained in
the feedstreams may optionally be removed by one or more separation techniques, prior to
feeding a volatizable fraction into the 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 entirety of each
of which are included herein by reference, including (i) US application serial number

60/753,961, filed December 23, 2005, titled "Controlled Combustion for Regenerative
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and heavy resi due and hydrocarbon feeds. Undesirable solids and

non-vol atiles contained in the feedstreans may optionally be renpoved by one
or nore swpaparasesr2t echni ques, prior to feedi ng a vol at ipeahiseoobneawss on i nt o
the reactor. [0051] This invention includes but is not limted to use of
conponents, apparatus, reactors, and nethods disclosed in various, previous
patent applications, the entirety of each of which are included herein by

reference, including (i) US application serial nunber 60/753,961, filed
Decenber lﬁ@cm@bﬁll) &St prEdicatEsh periil Inamnben h(fSPi6gh, filsd Reerarher 40 BBl s,

i) US ajf 3 nf 2
'EI tl)ed " Co%%'ltn ]Frg d @@E%%@t if% @génegt{gvgng?%?%\%e He)gct or g&y&?[m I%rlﬂsggaber
appl i cat |ldmége?mlaﬁleﬁllnémmb&ﬂl54239064titledf 1M@hlarﬁe@cﬁrvbfslion2tb H@B&%Hydrbtdrb@hs
"Met hane Conversion to ng ar bons; S atlon
serial niffe 1V>1§J§ Ppigny gppli Pfrt}O@dSWéi AN 0es oY 1%74 %,165’ § %&%5
converssi opygfly b RRGAEPOLRESHSh OGS I BCATbEIC T o YRR Wﬂfoocm gpsvalu ese

pat ent appylcatlons teach di scl ose” vari ous apparatus and net hods ftor
pyr ol yzi rddydwychrogm bd?hefa@wdsltlapphmGnseacfh ow disgesterabiy epmpyated sl methods

reactors,.includin ferred.cqonbusti on and control |l ed heat sitionin

o as ot T ArO G G gbE R TRNG rauRfe ProBSRI R sy e bianR
sui t abl e fe@srrddS@nmWubfloPitd mﬁroluleanhmdpots@lohﬁ%cgr@ée%s@s Hicsigl QiRMs dcloles /i
previous applications. In sone enbodinments, the inventive conponents and

react or s theypressnpinveiongver besyitable foe gem@rthtbm/@otdynmdyt@u reaqters @b discloget s,

i nel udi ngy Bt 08b,J LE0SUCH SYR! SBiRBS TRY ibldil2 SodRERITCHh £RIBSL T on
in a reverseg?ow repePc]t I} e reac core ﬁe lfﬂgr mn' pyrofy5| SS'
used her eh#y s@ypieR Ieeérs@ﬂdwtr@gdn@fdnwe@yfmlyﬁeact@f sydiehdrahcledifs Byt nov1ghiner
produced di rectﬁ) such as by furnace or indirectly such as exot her m C
react i on,suel rﬁs@}@mﬁ dhat By mékire detest onfhusihemy it @atcxerserdloma rea@ér dauet the

mol ecul ar, &c?&‘e’gcgs' Oﬁ*lkne rté‘lfnﬁ)r'g}r‘ggrglgug?rﬁ 4 Areirf 3fﬂecaéﬁn%ﬁ 110 Ghel ﬁ&é”‘.%s' {Es% o a

hydr ocar bon tock into ream an tionall'y i nclude

suppl emenhaniabrenbygyp méether mmsdilced diattdy, ysick , ashiyd lfmgea:eabt amndiredily wach ss by

and/ or strig}gl ng agents. [0052] 8 one fn‘ogdl ment, the.inventiaon inclydes a
¥ th

react Br  APPRCHPGLCHHAN rogtusdon 0 eedtiags ?mtaﬁa@aieécﬁ%ﬁdé% {RCHISE HoHBelec be
achi eved Qyv&GEiBALicREnAnd)idg a%ir\%%?%fsﬁidéﬁ@n rRIRRIMY of BRI AR f%eds’td%kehto a

reactor core, such as via ' tep process wherein heat 1s (1) added to
t he bed mradumssﬁam, mhbnwlontleadty orelude. syppleventatist ibynyne emutotcheh cftalysis,
renoved frgmthe be situ endot herm c pyrolysis reaction. The

i nvent i ve' Borgﬁﬂﬂboﬁlt 11 g%%‘goﬁﬁgp@?g% f, thermal shock resistance, and
chem cal [goshi | ity oh@%hﬁ&ﬂm&ﬁ eh@bh@nGeATREGHA IaZ%bt?EOagga@uﬁ haPpadcatsus

and processes to operate at tenperatures of at |east C, and even in
some 20 providing that the requisite high heat may be achieved by creating a high-temperature region
or "heat bubble" in a reactor core, such as via a two-step process wherein heat is (1) added to
the bed via in-situ thermal reaction (e.g., combustion), and then (2) removed from the bed via
in-situ endothermic pyrolysis reaction. The inventive components provide the strength,
thermal shock resistance, and chemical stability required to enable commercialization of such
25 apparatus and processes to operate at temperatures of at least 1500°C, and even in some
embodiments in excess of 1600°C, in still other embodiments in excess of at least 1700°C,
and in even other embodiments at temperatures in excess of 2000°C. The inventive
components, apparatus, and process provides for a large-scale, cyclic, reverse-flow reactor

system that is useful and operable on a commercially desirable scale and life cycle.
30  [0053] In some embodiments, reactor components may comprise one or more reactor
monoliths, such as a novel design or function, or such as may be known in the art. An

exemplary embodiment may include flow channels for conducting or transmitting at least one

of a pyrolysis reactant, a pyrolysis feed, and a pyrolysis product through the monolith. The
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enbodi nents in excess of 16000C, in still other enbodinents in excess of at
| east 17000C, and in even other enbodinents at tenperatures in excess of
20000C. TWeo 20rwvespi22ve components, apparatus, and proces®Cpruseoodosiofdr a

| arge-scal e, cyclic, reverse-flow reactor systemthat is useful and
operable on a commercially desirable scale and Iife cycle. [0053] In sone
enbodi nents, reactor conponents nay conprise one or nore reactor nonoliths,
such as a novel design or functio such as may be known in the art. An

exenpl ar ye@hbBandiEht asasedi h@é@lﬂld?edﬁfﬁl’@d/béq’?éﬁhé%m‘ﬂl@g bebaefuEmiteytogin apparatus
transm ttj, Q%ngﬁct vE édlgg}ﬁ) ?a[]@a%ﬁqﬁoﬁaﬁip%rggfsgaﬁlﬁgﬂ% Y %Sdhﬁnﬁe%eﬁﬁ

pyrol ysi s product rou as used

i s defi natle hppadtuy, f01t oeddudiimg abfldid netchl dsma tead dlongvuchpganatisge.gr, accmﬁlmw_ | ve
media typically having nmultiple sybstantjally parallel flow channels

t hrough’ t18C¥9HHY Sl SRMBRERYUEER g Satph eHpPBTic eaésexa‘f“@ﬂa%g,, oL I1h A Ak
channel s (gv&tier) @ ceram c honeyconb such as commonly used for catalyst
support, heat exchange, or in a catalytic converter). [0054] The stabilized
ceramc dﬂﬂ@ﬁnenﬁbea%thamepﬁamgzabnmhempsew@nMMMHm&nKﬁomecpﬁpﬂﬁs@wmﬁbn
stabilized zirconi d are.preferably.s b|| | east one

Stabi || GOTDE OV, Foterel il “H R hedt 1550 Bz

Y238, CeQompRncht/Mhattit efat BRI -at RERT %ﬁ@@fycm hm%ﬁ apid. 2ed,Cah@Miktures
conprises at |east one weight percent of the st'abilization conponent, based

upon the th@’@@ﬁ \Ré@fgrhblyofthq ﬁ@bétzacbucmazré@l cempeioes at lopst otcherigshipetticnent ghe t he

st abi + | ze biifa 18}1 Ccoﬁrla nen"er Bap %Ei u 0 %0 aé Wel %tg of tth ta%ﬁlztecril eZlI%bI?lge otgj:r
st abi |zer3 one or re oxrdes e group consisti ng of

Si, My, GmboYidrénts,Mhe Mabilized c@fa,rm&_l maiﬂf furtHer Nompfige (MD.ad¥itioSCio ki, aBonk Ce,
and m xtures_thereof. The oxides may be nerely incidentally present, such

as via combiliicRaencoRr, mere orgeshelsstadnemrthe lepoundsaisiig T Ad. $io Manfraove Fe,
certain pyePR( fdoe%roiééﬁ%e\s NGB, MS YN @, pa&&éésﬁﬁ'\% E&fesdtg&leeﬁ The oxides

manuf act ure’} or gener at ed and deﬁos ted as a uct from
t her mal pn@pbssmamﬂnmkhﬁmﬂymMQmmahmhmBeﬁemmummmammsbrﬁmpmﬁqmnﬁmamﬂyhmmd

stabilized Z|rcon|a may be consi.dered a refractory g dg 6firconla | n many
enmbodimertish 240 P SHAR BIPPITHES YrhY ISz et pt Ef&ﬁ?séa tyysingipapufpture;

stabilizegd 1%15.# %éﬁera&@f‘)(n@ RiRRski B s Sa ‘M btoduBEC h’dﬁiletﬂésﬁleﬁflala]g@@ésg il é(ther
stabilized retractory grade zirconia. In sone enbodi nents he stabilized

zi rconi a matyrialagirestet. a Ini xosr embbdlbrmts phe tsta@iliz;dwabnial eyl bd coonilacdnd
fully stagﬁllzed zirconia. JIn stil the Egﬁodlnen

r tthte ﬁigngized
2i'rconi & ROyl Bt o R S RBT s b SR bt 9 Sa RS i o
such as a}ﬁmamyosialﬁﬁz@t zit@asl Ry WRRIHAIMARS GENtin8hdS Labbl hzRktialBUGHbIBSed
m xture of stabilized zirconia and a neat stabilizer.

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 least
1 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; wherein after sintering, the component has porosity at ambient temperature in

the range of from 5 to 45 vol.% based on the volume of the component. In another aspect,
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[ 0055] In one aspect, the invention includes a heat stable, formed ceramc
conponent, the conponent conprising, a nultinodal grain distribution

i ncl udi ngwQi2proaseizeast 50 wt % of coarse grains includi n@C3tushioviogmwds
zirconia, the coarse grains conprising a D50 grain size in the range of
from5 to 800 mm based upon the total weight of the conponent; and (ii) at
least 1 W% of fine grains conprising a D50 average grain size not greater
t han one-fourth the D50 grain size of the coarse grain, dispersed within

t he coar sbe dingi gr8ins jaglade apdaest erarf wBi giabdized rEcCewapdnen stabilizer ¢ind @itk er
sintering,: nent has porosity at anbient tenperature in the range
of from gmtxtgﬂg%t%g%ﬁ?% based on the volunme of the conponent. |In another
aspect, t H80%6]ne Gir@n nszd, nddaudellat pheiakt siateorofra(n kiza, s¢fali to #ed dizntecmnoma,
(1i) a stabilizer, and (iji) mxtures thereof. [0056] Gain size, also

cal | ed paPIENE dfe laiiwbcluaf gragisAd the maRpscqneprisig 3piEpedal graily distylieg.
size af Iy irf) "o Nshd rﬁ&@nﬁ%‘ﬁé&saq{ﬁ}%ﬁhﬁh b&. Ml {RRAA ISl |

di stributi on.h%ga%lgrgﬁis’ grgéan, grit, ang parti cléé&ngy be Ssed . ®

i nt er chantgéabd yhercimenst mchadingubt leasdald medadedt genipherfepartials $imesl wathmg thet

| east two nobdes or grou f partjcle sizes within the copgponent .natri x,
el udi ngoBaRL madt Hodne BedrErtidhh s huombrd AP IRC e kSR g
Grai ns ar@rafissié BGtndtIRIM eraliabd idefoRnte L5950st et EHa0 @@ns@w@a?aﬁicw&t
constitute a particle or grain, although a grain may be conprised of a

si ngl e crgrainablthongBianghia ganiba compriseshel & segnerysal sdvenrgle goaly semcompase. A
crystallite can ¢ rise.ong or _several crystals, a crystal hein .
Sol i st 418 Ofe eE PHkalins ok ey sl cal porbaieSheRr sV TP s Al Yoine

i ndi vi duablig8tagimatt@ that laliunifagh sguantl ax gigh of badtictchathd @eiveddahecramid 6k
matrix for the ceram c conponent. The grains or garti cles are sintered and

j oi ned t oépdilizsr eanudpramptepplutahfoay the sohidaneriy fopthe geeariarPrPembonE .

Dynam c 1] i r 4] i ff ] i i

oo e SRS o SRR, 00 Pl 3087 el 4 3 AR, Sl Do
aver age pardniclmengponentanDyipanitcilgdhe ssateeindi aitdr lakpwtlighn diffacti@t a@ed(diy using a
instrunments.can neasure particle si ranging from0.024 to 2800 nmm and
provi de g%%eqa %fettm?ﬁm@eeo(ng?%m%%bwmi s dgfpinang gYQagppaticle size

agr eenentyy, i AT disiibu8oRNaMiESREE ABirlhtits BAPmRAK FircdisPlrhfihd 8Bm
breadth. [0057] The "D50" or average particle size neasured by a 1aser

i ght di f(f.o2dctoi 2800nehhmd previdagobdd pestrofmeateriagieurpar tagcdeencat, zempepoeampteed
as D50 or nean dianeter,. The D50 ayerage, particle size. is val ue
det er mi né§EYHs il%%malea%reqléepﬁa%éﬁay ang P‘Hﬂ?lieéi%ﬁt%é’soé}rhr??&?’ﬂevi ce and

repr esent gogy|par il gsGasmleraed aﬂfc%iéaﬁlem-i‘&irb&j éla%&ﬁbg?q@%ﬁfﬁ%ﬁﬂ?iem%oé[@ ght

fraction value after determ ning the m ninum and naxi st zes contributing
to th® i ninegypd etl avashgmpartfle sizpepichénteenkdS0forangmr dinpkter.sithe D50 average
distri bUtﬂagt?dle ssllzén isl & (zelll}ie Qgtgi’mige(? by %%%graeps ?glg isi\ég Id}lstribution 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 sieve classification method. In this case mesh size can be used as a measurement 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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corresponds to the 90, 10 and 99% vol une or wei ght fractions of the
particle size distribution. The average (D50) or any other particle size
cut val uewoanidsoxtet er m ned by m croscopy methods such &€TasLévAb1055

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

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. [0058] The particle size distribution of the coarse grains

al t er nat iRpeshyized 108 wpaddysei seecnyhat has dQ avivep feishingas Hich o batbraisdizontal angd s
case nmesh si : particlens ' :
e I
(mesh). Apaeske sizoyledicatodileatpasicdldaravaberd oh opentcriggct thaa thesizea per'-"
square inch. Amesh size of 100 would use a screen that has 10 wires per

| i near | etore A e 82 oY P LS paTiclh Paritigiaus ayf]f@rwraﬁf@mlean
openi S (RELicSq YRR xhBl: - 0" hiesPRIRG R HREpMIBENs BAEANIREA Lh& k. ShARK than

i ndicates that particles are retained on and are |arger than the sieve. A
"-" bef orthe bpmming it asli7endsp a8 Lal) sBicse.ZEk vohdhe at wsighhieaqoian tof thogsartie ssthat

t hrough and are |l er than the sieve. For exanple, -170 nesh indicates
the part i@ﬁ%@rwﬁiﬂgﬁ% RIS GHORIRESet & Ravsle @ﬁSStn?aWTlFHé tip rrithrg’s thorD2l) avsagfesh
(88 M Si,8¥&e 5% YQbMTRePby W8 Blanidi@abi ARidf the RETRAHL b &Re E&?&raﬂé’ﬁ%

t hrough the nmesh is expressed as particle pass percent. In this nethod,
D50 aver &§&o panherel lalfsthe golusncdet eeightnefthidzypaatider ardicaptetedrantidral fienctnate e

efficienc ngd.the penetration is 50% or where half t. vol une, or .wei ght of
o1 ze War Pt BSHEH uhaREY Falf R PP £ e NG Hge aridles S
classi fi gty QndirfQNEYRE sm&l?ﬂ%ﬁcﬁe_@, slrﬁ]@h Qpllrelﬁ's RGcUd ake Wi th larger sized

particles and may be difficult wth sma particles, such as |less than 40
mm [ 0059P0%y a Asn-tonsiniting ceaapip) @particlparzeididtebigionefdbate stabilizehziofonia

coarse stabilized. zircqni rai g . C. Starck's. Anperjt(r 27. 054 G ade,
0317 31 r conra/ G161 Sy Pl ST Crikerath ZUSRR YU Rt g e

bi - modal sﬁﬁé@%ﬁs&om?oﬁbaﬁ Qf bitABddI N&E ARl ddMRREHRNof theSHEMRY irdRRkdM is
Table 2. The D50 average particle size of this exenplary coarse stabilized
zi r cotii a symaatged gn Jablend. THABDED 2vERES Qprtink sinoohdis wuemplaryi eoansy sixkihpdde, a
particle size distri gL}ti on of fine stabilized zirconia grains (Tosoh TZ8Y
Grade, 8 WSPMFAT P /&bi | i zed zirconia) used for producing a bi-nodal

ceram c conposition of the instant inpgRigen is summarized in Table 3. The

D50 average partyffige SIZC DU QRGN ca e || e Pariddl pisg 95 ZT]coni a grains
1]

t he

is 0.58 mm TABEE—3 100 Fhe—zrrconia ceranicconposrtromrof—{he inventive
conposi tion conpri®8désim mul ti nodal7’0@eesy. , bi nodall00%rkcaoban , etc.) grain
di stribution sui t_%g!oyurgesi gned foroghage 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 pum.
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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.

recognized as the continuous phase of an emulsion.)

[0062]

(In an analogous view, the coarse mode might generally be

The multimodal grain distribution facilitates closely packing the component grains

which provides density and commensurate MOR strength. However, simultancously the

multimodal distribution according to this invention provides matrix porosity within a

20
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determined range. The porosity feature of the matrix provides some microscopic flexibility



particle size in the range of not |arger than one-fourth (1/4) of the D50
grain size of the coarse grain. The fine grains are substantially evenly

di sbur sedweizbtasoizhe coarse grains. In one enbodi nent, POT/USz@9IPb®55t he
fine grains may include a D50 size value that ranges fromO0.01 to 100 mm

I n other enbodi nents, for exanple, the fine node grains may include a D50
size value that ranges from0.05 to 44 mm while in still other enbodi nents
the fine node grains include a D50 size value that ranges from0.05 to 5
nm For eaang| @e napickesewbi alsp mepmitting dissipaiiaie ofsess GopeRNtiagHensy thasticulano

si ze that_ - Wi r ' ' i.h.Jjode
myrange Ty (LAl bk HhrRTh ) hEubR RRLERAMNSN AR
nmode nmay prociderdiigh dubficavesaafpe isipzevedi lwae tiegortivat ands dizsipatiore als edonipaggd to

oneei ght the 0 size of.the correspondi pg coarse_grain node. In so

enbodi rreﬁ_ﬁ’%lci‘lg’gle%@@}l% bishrpsy hgﬁétrﬁ%%{ Cgraan e F%eypweﬁl%gﬁ‘@%ﬂ otk
the D30 sjge ﬁvi&iﬁ? inPRNEE RAGI Hr AL RPackErelstandtO y i HiG8he CRAR BARaRdSd Of
magni t ude sngller hanh the coarse graln node), Ile In %ther enbodi nment s
t he D50 sirrstigd ctabe fropegagomi thenby eravifling gghencall| sgribee liés sn highnteatpeature wo

orders of i tude than.the goarse grai.n node (e.q., the fine.qgrains.are
not | ar gé¥ HRIIFIACIRPIEGIPT] nbE SR SRR PrdSEao Slee PagHA PR 388ar e
grains). [sgg%g.ﬁ?., £ SR RARKIHB GoRbo MRS sinferifg MthpdriMAddf Rdaki LI0B°C for
distribution facilTitates enhanced sintering anong the coarse grits as
conpar ed at deast tenemimigesof Inoseinye emberhvroidathccograserugined of thetréatiihaedt refragtary
fact | |t ateg,d NErsAsSel, de0sidd . qor LagPEPAnc ¢ SUNST (S ROLORRAN. 5T
limtati onon size of frne grits versus size of e Cco rsé’gri?s %rbvi es a

range of ‘iobparperosiey,asti 0~G0NROMNEPoropitPPEPdrbsis fshatis BEevEE tPpedvedd 8d dveralluse
in conponents or reactors used at comrercial scale size applications for
per f or mi AEPHVGH thempd rditcsy @ctipenanss ad P dmpait ssuppidie plivsical PR meghgricely of

t he ceram rj f r - - - i ent
e S S L L S R s K S
on t he bybde3jol uvmrofpartiaildrbr, mbd abrpogents Ospgrtics baskar oioacttdisticy odfuthe of
the ceramc matrix and i ntgrsti.ti al or _intragranul ar, pore space. of

i he.
formed cdPUfmodglcrsaRicnerg bassd ip SpE\Pahe stss dreking of éhlescqr@n%%%falrnﬁe‘éfheﬂﬂnune

or pore SPRGHoM IftiRodd1S kiR Ui RTSuRAGHALEL PY56 BErSEELAMN CarfiBE KK iPAclhfRs of
t he conponent and does not necessarily 1 nclude the nhon-matrix occupyi ng

regi ons aff frdre canrfehent; sidche ashdr eodehofoggn bstréstion harinddssy DisAtfirieccatim
onl y pet USRS 1" IBC BOEF T B GreFE WA PoET oG L Df SRAdS berbin GHROIGHS FHES ube
and does hoh TR HEle ofe 48T aRAY & vERII®ursci QPR HOS R O8Il G &Rt ed
in or anong the closély packed gralgs i s preferably substantlglly uni formy
di spetwsecdnibvdithentzior coame.abe fint grasmnmpao inclula a OH szoptliertat 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 generally 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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porosity range is also at least in part responsible for inproved thernal
shock resistance of the zirconia ceram c conposition, such as by arresting
stress crwokomvospiegati on and facilitating sonme el astic @efrarsaemioonsdf t he
matrix structure. Fine grits fit within the gaps between coarse grits and
provi de cl ose packi ng and correspondi ng hi gh packing density. Fine grits at
the tangent between coarse grits may enhance adherent bonding after
sinterin%gthe mul ti modal m x. The resulting adherent bondi ng bet ween coarse

grits is 8068 at Thegdescpagaking pbpoinsiipl & MHMedyh padsk diptrindon niseibijase

fl exural th .of ] 0, it 006, il

zirconia ezl%%rrﬁ:ég S?g%flpl}%t gllﬁﬂlgfg&n%u%{ élén%;@gﬁdsgdp g&ﬁr itgt 5&%%%?? grﬁtolﬂﬁ’lc%1 J@Zlgng dal
speci f i ectopse oghiny empodifrengbdngd fictlhatas anspaed fdeadty arithe corsespbndisg frequisike t o
45 vol . % The zirconia ceram.c C gposltion of . this instant.inve&kion can be

char act erosRHYhy hsdHaisation ansigel fgmgidts yersps sige 9f thy cpgrsgariteproyides adprgean y
in the rapggg : 9 r I i 0
from %O to Sl(ﬂ)rﬁ%/%l%&mtl)%goe%ﬁ%@% ;‘égdpgllﬁeﬁq\[}%trﬁﬁ b%f&&%ﬁ%@tﬂﬁre'u% o?l?rg%ﬁl er aFrSi {):r
conponentreactdre upat escotomprias baude $ihe aprcagonsyformpyrfaminghighatmiperature thermal

i nterconnected but are pr.eferabl. stantially uniformy distributed in
he ot 119 ORI BrBre o T FaPosiegs Badidd ot G rintomponeht
t enper at uh&suttae hmB*RO&IPGraddt ta ik 3Rkdringe R 1B tELARE QMBS Htol43 ol Y. Hasad
sintering tenperature of at |east 15000C. Sone enbodi ments may be sintered

fronone tan iebulovelamesefcthe dermzdotmuonenthGur sbasebrpe the dewme obdle edramic
fract foon n%trivoain ist%?‘s%%af Ok }nt[]r% %aﬁ ar i allre & rE},(Cje | £ %e 0i ng&i Cgl‘yl tich(ca r];lréa‘ncet J[ Pnl“ﬁ)ef
the vol une of Voi space overethe 't 8tal “Por 8ufhk Vol ams: of et ers &t

M cr oscopyleh®itpoessity uehra® @piics abluthe 510560 BadcGMthiankl FgaumlidtguetEby tHan

m croscopy (SEM in combination with i mage anal ysis software are used to
det er ni neCHBRe INAX partiars ©fjthy, epmpenent Apd dperapeticsssatilanclyde Hsgeoncmairize
enpl oyed 0 Lt i i t i th y
it st orCogRaas MR SR chmpbREl LG 4 oMl cBbtR e REEUSY,
det er m natt¢. oRoroéxaogi@m @ ceampomert thegrozogignistaination@my paertaidsetoah¢ sol[dQ67]

In one non-ljmting exenplary fo mul t.i modal (e , ., bi al) grain

di st riSputqlraHfaa-fma%r P RnF PETIGR o1 Betbsipe 69?8&%&}65#@3@%%1@%& sl%nélsl- grain
size di Stz[f){)@]t | OfhOf postty! @rd@RdMA ¥ dafodd MRe Lidely %)'a@lgeddrkgl%tiﬂs' B QBra8ly
0.05to mmand are utilized. In still yet another exenplary enbodi nent, a
bi nodal dubstantidlyi omfafnlgtdgickicdenr fier cwennga aranic| @snpeisttiona  dbay sptigueai n
size distribution aof 30 20 mm and fi.ne grai ize distribution.of 0.1
Co 5 mm dessb ey ap gt Bestin rr S BnmTne el A ot otk ritiiagor e
distri butﬂi@ﬂni@fceﬁexnabicloing@@ltiaﬁ,r@@m a8 bR ek @A Stralh IchhcR EORIaRorbRd McHlitdtehg
distribution of 40 to 200 mMmand a fine grain size distribution of 0.1 to
10 nmaar esonre ¢lpstisddefpmmadion| of thetmetat tiarctussce fphagyitst B Mithen Bienwahsl between

coarse grits and provide close packing and corresponding high packing density. Fine grits at

the tangent between coarse grits may enhance adherent bonding after sintering the
multimodal mix. The resulting adherent bonding between coarse grits is also at least partly
responsible for high density and improved flexural strength of the ceramic composition.

25 [0066] The stabilized zirconia matrix comprising a multimodal grain distribution includes
a specified porosity, preferably within a specified range, such as from 5 to 45 vol.%. The
zirconia ceramic composition of this instant invention can be characterized by porosity in the
range of from 5 to 45 vol.%, or preferably in the range of from 10 to 40 vol.%, or more
preferably in the range of from 10 to 30 vol.% based on the bulk volume of said the formed

30  ceramic component. The pores comprising the porosity may or may not be interconnected
but are preferably substantially uniformly distributed in the matrix as discrete pores. The
porosity is measured at ambient temperatures after exposing said stabilized zirconia matrix to

a typical sintering temperature of at least 1500°C. Some embodiments may be sintered from
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di stribution of stabilized zirconia particles with a coarse grain size
distribution of 100 to 500 mMm and a fine grain size distribution of 1 to 20
nm ar e utwboi2amds59320068] For exanpl e, in various nulti noealr/useeionass ons f or
vari ous enbodi nents, the D50 lower limt of the fine grain stabilized
zirconia may be 0.01 or 0.05 or 0.5 or 1 or 5 mmin dianeter. A practical
D50 lower Iimt on the fine grain stabilized zirconia grains for many
enbodi ments nay be about 0.1 mm Gains smaller _than 0.1 mmnay tend to be
of |im tewmedesikiioness sughms ghoNt typproptsathiosesity dgecribgs theeractien of H%lfi SBafEHn &lipal |

grai s 0ol st dAHLE pPRDEN Ao BRI nIRF Lol GREDS caRg GO By e o

sintered grains that are o € sane Sl ze as rains that are
| east 0. vohame Sfienasdériddi IMizesbcapy arttiods anch s aptidal zmbrogchxyn(:OMhahd acaamﬁfg at
| east aboTt 0.1 mmin dnérreter typically do not change. S|ze duri ng or after
si nt er i g CCHRBr BAIOIRBY riakdpait icOMbanatial WEhdJmage cyihiske Sefveye aegeied

parti Gl esdetél:*fﬁ'ineahoﬂo lin ttﬁﬁsﬁvéﬁﬁon%lteﬁ‘%vgfgn&hgf %éi‘hcmgd@anof)e oyed to

enbodi ments of ject invention mght n i ncl ude nanoparticl e D50
si ze gri tmeasnices@ositc linclodieg i watpu sqjm@abmlquhwdqtm@duwemmusnbo rromobimEtcedand t h

the coarse and fi ne thir. r._ot.her

nanopar t | LTGRO SISP IR ORI o mRIIPY e Y NGO Ty G ogrhghents ar
consi der egdnaally RRokh REthghal N nmode of the nul ti node structure when such
grains are of sufficient presence to conmbine with each otherto provide a
fine grailf0¢dide Hf tane spntlieniing @mplmovﬁ?rdesanﬁm@-l@@d ne-of mofddhsgrag 1

mm af foer (Fl tIqE)lgtEOI n(%‘d) rtla?l Iﬁa(l?)llllj%g 21rco I1m Brtl%% flcona?se rlrg‘llnnmzsetd’i sp[rllbl Zoendof 2[1
zirconi a na 1= mmTn |ameer he

D50 | 0V\ert0|65n]ntn Md & Hﬁecg?alhsmga@trmuﬁb@lwo (25951) Zi urﬁqau@rératdh% SIPkti1RQetOr
25 or 30 or 40 or 100 mmin dianeter. The D50 upper limt of the coarse

grai n st apthey e@mplawmm@dmwtb@bmabdlssdmtlgn op gbidized gipcamia B@tiphy with a

di t . 006 | fi . 0

parti cl e o e big dishiipu¥ or 30 S MLy RSB0 R HietersB e ditGoetne BT 805 g e
particle $é zgliRl. H‘ﬁllf %&eangﬂl%f @;?enﬁ;ﬂa@t]?@ﬁﬁ apbﬁ;ndam dllsﬁllbﬁﬂé’ﬁ B§§ta15‘iﬁﬂed kl’f@otniang
exenplary form the D50 average particle size of the coarse grains is about

50 mmsancdattimesDBOthaw eroage gramt sict elistiibatiof of H® fd 160 gumi ol ksfimb@etin GiZze mm

In yet angther  non: I|mt|ng exenpl.ary for t he D50 aver artlcle size
of the coHyERUnLPHE.Ti & Lhawm a8t el St e chveptie CHARRIG 01 3ebigrod ﬁﬁ

fine gralfgih s APGUks lilé%d%‘i‘coﬂlg 113\4 ﬁle%%ﬂh? an{}g’é‘%ﬂairm&é bl 1 gxggﬁﬁdo {08

the D50 average particle size o e coarse grarns i s abou nm and t he
D50 aver age apdi ffin€ lgeais bize dsfrittubien bf heéo Y0 aimnge udliaddout 5.0 nm [0070] A
non-limting exanple of a nultinodal (binodal) grain distribution includes
about 1 tl806% w Bpoexammle igrariqupaRtinapdad Cambl et fagorarigup gmppdimentse dir se

grai . pargi el gs, AMOLAGE LI ARLELNORZILI 1Y LeXPSTPLic0.05 ool AP0 5 kR 1

di stribution
n dlarneter. A practical D50 lower limit on the fine grain stabilized zirconia grains for many

embodiments may be about 0.1 um. Grains smaller than 0.1um may tend to be of limited
usefulness in many applications due to the fact that such small grains may not distribute
evenly and tend to melt together and combine into sintered grains that are of about the same
25 size as do grains that are at least 0.1 um. The stabilized zirconia and stabilizer grains that are
of at least about 0.1um in diameter typically do not change size during or after sintering,
whereas the nanoparticles may tend to combine into larger particles. For at least these
reasons, the fine grain mode of many embodiments of the subject invention might not include
nanoparticle D50 size grit, unless such mode is purposefully introduced into and mixed with
30  the coarse and fine 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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of coarse grains, such as with the average particle size of about 30 mm

and 1 to 15 % of fine grains, such as with a D50 average particle size of
about 0. 3worenioxsp32anot her suitable, non-limting exanpl eCofusaodionmdal grai n
distribution includes 94 to 99 w % of coarse grains, such as with the
average particle size of about 30 nm and 1 to 6 wt% of fine grains, such
as with a D50 average particle size of about 0.3 mm Another non-limting
exanpl e of a binodal grain distribution includes at |east 94 to 97 wt % of
coar se grtaipreyvidd & Aing lgeinwwda géepsintcriog ¢has ipravidss radyipgrame ofag leanid. Bi efter wt %

fine grain i th.t er age . iL¢le si.ze pf. about 0.3 of her

non-1 Do c5ig ik abis 8GR By B P € P Sl REARone o B4 00K PEEi 205 8o
W % coar sig @aidt sWrtihud iiPaRnRYEr 386 D3aINbivel Bmfio? theQlboaR bt s@bilizd@zivdoHif | ne
grain particles with a D50 average particle size of 0.5 nm Still another

non-| i m tmagbekamdDer @6 oa 30iardflair 1§0im imdilamdes. §5e WM wfpecbaitse the edanson t h
an average particle size of 100 nm and 15 w% of fine grain with an

aver ade pHPPISELHIZE zigogra Map b0 phe0GpngdrortIRg of SRemyinalismer: e

di stri bUt[!togébé ”ayhfﬁtﬂ% O arfRXR R Emp falP Wrin, e %@o%v‘g?a%é pgaﬁk?e LoY0MRE Ofarge 1O

12% or 3 % W € renmal ni ng grains constituti e coarse grit or
ot her nodgaigs Aty beSdboubBl LANSKd B Eb0as chdpt partld si€ ofltiet findigrhing s abott OB
exempl ary nul ti nodal zirconia particle mxes nmayprovide an optinum density
and por osimy laowpiheanpediniting exegnplest foig, threDSP ayilapy ddrtela sianof thameedrse

conprising the binmpdal grain distribution, for rious applicatjons. [0071]
The par t MBS fhophel wrspih B30 3ioraehi e Pt of Bohia e B P vimolia
gr ai nydi ?ﬁe\? hMﬁér%nQE‘ﬂitiﬁg cReMSThANokA! thY DH0YaveRBP Barticlt FTRIVF tROBQMIBENS is @
preferred shape nay be those particle shapes that are substantially

spheri calabont Hifr ensphehd aairagerpadiicie sige oh thet fivengramn spétwui ¢ H um Songet another

non-limting.acceptabl e exanples. jnclude spherical . ellipsoidal,
pol y hedr AP NGRS SaP Ept i 1E D3] SYBF4°aR Y Fige BF HheI oo IR SRt sgpbout 500
pol yhed gl SRR AR R S ATGH BFne LESIANEES AL Ggac | ateral

el ongat ed, etc. The shape of fine grain particles may ‘generally be of |ess
i nport and@01(jan AheorshaingExangee s gnailtimpdalt (bohedl) Spivedistdbutiooansladgy ai n

is particular neficial providi.ng clos ki ng, nsity, optinmum

bor bty wbaial fa aagr ot Bt iaand BhoBa0Soney wia o sbie SR R Tales

pr ef er r edy SRRG LA e, ST6aRANBhg bREMFIOIT 8 Bibb @] BrHR QisBfEDATRILRE i85 96190 W1 &N
aspect ratio less of than 2.%, or preferably less than 2.0, or nore

pr ef er ablof doarss grdhan siclbas @ithitisaweirage mende alzk pf shootIeumsand heedS o off so
be preferred as congared to_grains havi,ni% highly irregul ar surfgce shﬁpes.
[0072] SpHErgraigs Wishge WidrePsl pyeraes pfieleryizca!t 4heunes tiealY cbpjther swHable: t he

o0, 2RI L RS L06S oBAES A R0, i ke
cal | esd t hach adivith tid addiezesfaltole sizd BEa@ﬁpGOturﬂi,ahﬁd t0f6 &t% of fine grains, such as
with a D50 average particle size of about 0.3 um. Another non-limiting example of a
bimodal grain distribution includes at least 94 to 97 wt% of coarse grains with the average
particle size of about 30 um, and 3 to 6 wt% fine grains with the average particle size of
about 0.3 um. Another non-limiting example of an exemplary bimodal grain distribution
25 includes 88 wt% coarse grain with a D50 average particle size of 50 um, and 12 wt% fine
grain particles with a D50 average particle size of 0.5 um. Still another non-limiting example
of a bimodal grit includes 85 wt% of coarse grain with an average particle size of 100 um,
and 15 wt% of fine grain with an average particle size of 1.0 um. The wt% of the fine grain
size distribution may be, for example, from 1 to 20 wt% or 1 to 15% wt% or 2 to 12% or 3 to
30 6% with the remaining 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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shape is the ratio of its longest axis to its shortest axis. The aspect
ratio of symmetrical objects may al so be described by the ratio of two
measur es Wo.2g10/d5e32gt h and di aneter). The aspect rati o caoThS2emeaswsed by

m croscopy net hods such as optical mcroscopy (OM, scanning electron

m croscopy (SEM, and transm ssion el ectron mcroscopy (TEM, in

conbi nation with image anal ysis software, wherein a two-di nensional shape
is projected. The ratio of the |onger dinension to its shorter dinmensionis
t he aspedioYide ad opfipurRentHE ane PPEWItY cambinagoR jjEcssiptsring secistebifieeshzisconts r i x
COMPY i S Nl RULLHERG B HRBHRA HhA AN F 3ROR LBl N0l € crystal | ine
or polycrystalline. Polycryst Ine coarse grain 1s made of many small er
crystal | i[0@31|w t Thy pasticiey iarthe Rtahilizod .zirvaih angrik \goedrieingcthamsdtigiodalngramn be
utilizedthLch.inclg%e gut are not limted to aggl onerated. and sintered,
fused andi¥FbuipacandiiFulipritadyiassahancn 18 ey SPHOdipRIty dareiergt shapeingay be
299! 0T ahad Flcls %K Ay PRAASHANHAAP doheRP AN GRS RYNSREAI BBn0fndh:

I ot
suspensi on consi sting of fine powders éﬁd organi ¢ bi hder and subsequent
si nt er i ngionkpheaindt h8omé onon-littheng cacs@alye acxamges usekidanepherioslhed]ipshdadh i s

duced by [fuysing j f d hj f th | ock. In still
ot her  rtviegfl: falored cPbetivh e tlSuiaRg atusid BSWERH TubSd,meh <
produced Byta@huPdf Zdlah&iFalouAGOACHEIASRAtSERY PhcihapdBf fihdBRsn hartibrRRMhAAL e
substantial |y spherical shaped particles.[0074] The inventive multinodal,

ceranm ¢ cshpieHevesofi lagd wehwrane hen ghe shapeyofuaviafserariip piirseles. bplkaticpbewssia vy,
pr ef e{oabl ai\IIl\'i Ltshi Ik ngl ! %%ﬁ i ?fl fr%gmil?‘ b%fjotse 3 a\c{l?ll ¢ %d&?si %bco)ugimﬁr% Vgrlo'siofl a'lAﬁ
desired HosPt BAVEr te wth ' Thak oran naylbe 8%T|ne& 2kl may be prGV|é%d

for duri rMpwabilitf; adiiring epowdep pegassid and Gibrichgord. orATpetfaesdasphericanpapd bf e by
controlling certain manufacturing or preparation properties, such as but
not |im tSOArse @ryR £am bejcharactaiizgdnby mesnsasratindessdtban 2.axex prefeswblpdesyilasi ng
forces a i ngnt: it er| t

cre. For e trieb) R OTPe T Rlins A1 Ry LD LRty Lo

si nt er i ngrafeyredibs tanzgarad foqymeins Bxtinglkighty ipregslauswefaoe sieapepact i on pressure

than is tradjtionally utilized in manufacture of engi neeri rade or. even
some Pef l§8{4ry SP al dappireisrs wn%rswe&&%i ﬁe%ﬁﬁa%t%wi@%e%mq il o

avoi d ovelgopaetd &&ené%ﬁal%@@&a(ﬂ@} WVARKREOREHE Id83aRB%R FBINPHARIBYinbSF that
adjusted to yield a forned ceram ¢ conponent or reactor that 1ncludes the

desired poraswthgre R @0 pdsitive malditntom calded the radhoves the splede. cldwpopatti satorof a
o et 5B G P bl RS TR RR! al eof RE b S Rk
2 oA S SRR R O 00 o LS oML RIS T
of 20  aspect ratio can be measured by microscopy methods such as optical microscopy (OM)
scanning electron microscopy (SEM), and transmission electron microscopy (TEM), in
combination with image analysis software, wherein a two-dimensional shape is projected.
The ratio of the longer dimension to its shorter dimension is the aspect ratio.
[0073] The coarse grain in the stabilized zirconia matrix comprising a multimodal grain
25 distribution can be either single crystalline or polycrystalline. Polycrystalline coarse grain is
made of many smaller crystallites with varying orientation. Various types of coarse grain can
be utilized which include but are not limited to agglomerated and sintered, fused and crushed,
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
produced 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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netals consisting of Al, Si, My, Ca, Y, Fe, Mnh, N, Co, C, Ti, H, V, Nb,
Ta, Mo, W Sc, La, and Ce and m xtures thereof. Non-limting exanpl es of
such oxi d&e 20em05p32¢| ude but are not limted to Al 203, SiPCR/USEMPD06108D, Y2(O3,
Fe2@3, MO, N O CoO Cr233, Ti2, H @, V205, Nb20, Ta205, MO3, WS,
Sc233, La2@3 and Ce®2. These netals and oxi des may be present from one or
nore sources, such as in the formof an inpurity, a selected additive, a
conponent of the zirconia or another additive, and/or reprecipitated or

ot her wi sd08Ei vedheiimviepgvpmykisaadah germic spapargngyincinde asgbstaitiadly widogaly i n
t he stabij.i.z ' ' ; Vi T I Qhe
prosent UitiEoS PE SRRy bre BFER RRIRACERL, BP YR AR SEBTC bR AR |
still ot heesirehrbodisite nakicf wom tBatlrahge Inayobe Ueliaskdndmayhbe podbwidel 6dr diring
stabilized zirconia, fornmed copponent. [0076] The nultinodal stabilized
zi rconi a re%%ﬁt@ec%fn@waﬁﬂeﬁs?%&ﬁ e FRRTEC COMPOMERT SOY SABIPIIAE & Mof
the inst a[ﬁénu‘i}éc?lﬁlhfgs Yt Sar PafonS 1%@91%&%{1&1“% ot nBPdinRANANIERh PIORRIAES
as conpared to previously knomﬁ eram ¢ conponents and reactors. The

t her mal ghabéads el wt@yc extmagndeteessingddrdey apiledrta phadfonatd comperohismgerinss t
as described in the earlier section of the.disc]osure. The.normalized.

Cher nal - SHOCKEPESFEL GREHET FOREEF AEEUrY Graldbs TURSH cFREUe STRERHTAPE" « he
instant dpsghRsHEemay alilidceastod@UbxtARbPHRSIROLY @Rnpa8@sit frésige @int e
herein di scl osed nornalized scale. The provi ded porosity range, the

subst ant itedditjongHy fusiliged $n masyfacone off angmepon gradg, orapdnctuns ecfgactiry gypde ns
hel b Ber v dflod Withhy SR SnRLARK (REORAGANIPR.ARG. AlechERtod PR paration
contribute to Suéh p§#¥ornan e properties. Tﬁﬁﬁéf The é%d%f?ized9z?rconla
ceram c GRoRRstd dndnseth6BMANBOLGustadeb FieRICd fide®Tertahtc & ht driMéedd BBt
possess flexural strength of at least 6 kpsi, or preferably at |east 10
kpsi . Inlﬁﬁﬂ¢$éh%6ﬁmﬁéﬁ9§$“Yhe inventive ceram c conponents may include a
f1exural S[ﬁ&fﬁ“gt th %@di%n't‘éat%% BHokPSist oot " 5&8@9&@%@83@4&&&% the

t her mal ock resistance of at |east ftour. e closely packed grains

provi ded Zdigohierdinstedal atdeasodviemotupdreamd dabngom@inoredd a0, MEgOoW,@5 delcoi bed
in the ear]ier paragraphs at.|east partially contribute tq inparting such
attriBut enixfe7s 3l &Ppéwi%&zeg WeFR8I2 SHEBRKC rO8IPOPI4RR e ?f%mdi FRMEPRSHCal

I ner t nesSyocd AH0MEHe Pk QXM AbefidneEt RirthaNtohhiel §-GMRElRlWdSHYh RS b
capability of the inventive zirconia ceramc conpositions, conponents, and
r eact or s rodtals wengpstemgaritAldbis Mo €iar ¥, Ferdear Wi, Goetir,rigl HE,i W.eVly TaeMo, §Y A, £aand

structural Ly, sound. under, cycl ical,. thermal conditions.at te rat ures of
15000C artdf G it iEh thsteoh, NoB rg0s £ ertBibonic e X obid o B R EL. up
to 20000Gimipaf foi QLD A, A8eCO0TR B Pe o] PANIO! €b0ACHD,Y TRRHEO S VB,
conponents and reactors. Such attri butes andTpropertl es may provide for
conpoientl$b2hdl3:0aclePs, What Ser lraePh aekCeO,. These metals and oxides may be present

from one or more sources, such as in the form of an impurity, a selected additive, a

n

component of the zirconia or another additive, and/or reprecipitated or otherwise derived
during processing and sintering. The volume of oxides in the stabilized zirconia formed
component may range from virtually none present up to 10 vol.%, or in 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 disclosure. The normalized thermal shock resistance of the refractory grade
stabilized zirconia of the instant disclosure is at least four and preferably at least five, on the

herein disclosed normalized scale. The provided porosity range, the substantially uniform
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conventional refractories, and also facilitate uses of conponents,

reactors, and processes in relatively large scale comercial applications

t hat wer ewprew/sazky not achi evable. In particul ar, thePheats2emwablos; forned
ceram c conponents, reactors, and processes conprising the prescribed

mul tinodal, stabilized zirconia matrix may find particular application in
refining, petrochem cal, chem cal processing, and other high tenperature
thermal applications. A non-limting, exenplary |ist of suitable uses

i ncl udes £@yb@tmp@ﬁéh@ pogpsityy ragflyeqagse geajiprageing |holp seegelive rEETvEICSHrCIdtkher

thermal r . | neludi L Ava onb nonol it hs,
and corrpIpggﬁ%ﬁ{épe#%ﬁg%ggﬁ%ahﬁogﬁﬁgwgégﬁ {}%{at tahgedﬁnﬂgér}gésgd conbi nati on of
properti g80Provi Grd sabdiedizngoiio dehanipr@sgobitidhs cdongivnhentspynd aatiord af ehe
commerci al service, periods_of greater thap 1 year, for egarrpl e even up. to

about 10 BiessPinveRippgiosicss Grelotispetind ahispstihigshior erelerebly 26 frash 1cgn-aln

ceramsC GRIROShBARcAL AL 43Rl RELELRI B eﬁtﬁ%&%fﬁ@luﬁé aTRAGP X aRRA bEAL | On
I dnal t echni

of convent ceram ¢ powder processin ue such as m xi ng,
m | ling, lpaseédipagwah aecorresplindgg sirmiabrédigpcamal sbodd fonigianeepf atylicmyy faig. The

starting materials . a suitabl. ram ¢. ponwder d a bind owder .in.the
equi rod oeTBek Rt tverevtsd B T EBRbE S BT oRuini ah eRRD b tine By
adj ust ed,dca& il 38 HRIAH iR HEMLAYES ¥ IBRE Birflall} SordtABth kd AfRIRNULARGIH R Of the
desired porosity range and performance properties. For exanple, the two or

more nodd80°8] poWberssperexi dhesmalashirclyrresistabed, i rzkatise napmipeal nentneds,i wproves |
mll jn the presence of ;an.organi ¢ Liguid such as.etha of._heptane for a
11 e 0 4G B RRERE G B0 A s PR RRG sBR O sl SR oo

Excessi vechintid edoniisliohs, atshponghiis d andrayadass remiéestesond didttositd k@deBOowdar
dried, placed in a die or form and pressed, extruded, forned, caste or

ot her wi sechbyehsdcatitablaandediucbgalbhwyad uadewyelicahiprmgl qoadidiopeat tegparatuges

"green bagy;<nndke, fiesult r 0 o t i 0t er es. of
at | east TebUBC and Hhie Mo BT ROBE SRR € Sk SRRREL 6B 0
m nut es, 2000°Ofpaerculoly dsicompatedpo pabt art rediagiongaiid thomadd otipdfenid andtresctdrs.

about tvvoqf;gurs. and in sone applications even up to 4 hours. The sintering

oper ab’i oo UrB\ABIRUISE rng r BIRBCTTES H1Y JXPHIdS i TR campersiferrd reastorniat cap eRlptrer e,

or under MAcAHHIhalFRFra&8ABPRd aldderaOiit ﬁ&é@%f%ﬂgﬁﬁ&ﬁﬁ,er_e&é&sb%l@i)lroc&*ses in
oxygen, the i1nert atnosphere can be argon, and reduci ng at nosphere can be

hydr ogen.relbheclgi latger sqalp abmoepher epplicetnpsr tiativesre gmelviidln nehvdchienatdat hmy

al so i ntroduce oxi des di.scussed previ ousl herein) i,nto the conponent,
i ther RGeS (R ki EanRE SipaReh mtclh b BN, RIRRH
constituant Wésctib&l GRNIMMbEaIC BANS zircdiar @afrixe mayt ifd PaticAlae hppAEBtidnSin

allowed to cool, typically to anbient conditions. The cooling rate may al so
be co¥t r grfieidigt opgtiochsndicala elessnicdd pseqessing.pernflorotiasc digly ofgepeiagye i thermal

parti cul adrppﬁgartrl% pent non-limiting, exemplary list of suitable uses includes key components of
pyrolysis, reverse flow, regenerative, or other thermal reactors, including for example, thin-
walled honeycomb monoliths, and complex-shaped mixers. It is believed that the improved
combination of properties provided according to the present disclosure may facilitate

25 commercial service periods of greater than 1 year, for example even up to about 10 years.
[0079] In one form, the multimodal stabilized zirconia ceramic composition disclosed
herein may be prepared or made by application of conventional ceramic powder processing
technique such as mixing, milling, pressing or extruding, sintering and cooling, employing as
starting materials a suitable ceramic powder and a binder powder in the required volume
30 ratio. Certain of the process steps may be controlled or adjusted, as discussed previously
herein, to facilitate manufacture of the desired porosity range and performance properties.
For example, the two or more 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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For exanple, slower cooling may provide for growmh of |larger ceramc
crystals or grainbodies and qui cker cooling may provide for nore granul ar
type textwoennBdo®0] | n other aspects, the invention i n@eCuasga/ 06165 mal
pyrolysis reactor for pyrolyzing a feedstock, such as but not limted to a
hydrocar bon, such as but not limted to an al kane, an al kene, an aromati c,
and/ or coal, the reactor conprising: a nultinodal ceram c conponent
including at |l east a fine grain node and a coarse grain node, the coarse
grai n node selstgntindy digparsaBicinondgrsAn eednethera dakcesbyofiinder gpwper apgddiguids may
conpri si i bize Lk coni st.abj l.Lzear as
but not 11 ey and HEpRfleBpMat dECHIEL] 02 Bp A dofnPhilhlel 8 gl 20
yttria oxoteedscadnd bi @berwisdferraedingd & eesiist Bhatel igh ak hevydenplenedto anctgreas
(i) porosity at_ anbient tenperature in the range of 5 to_45 vol.% based on
the vol urhodyf tHe 1€ GHEN 190113 L §1,nt6ﬁ?f{ea PINCFASYFAS 0@&%@&%8%&@
conpr isS ot di Up 3 263Ut 4RO, Alictids dofaSiead tPRimANd afti BRI 74 enRl
shocksresPstaﬁg% ?at?ng o? at Iéésf Pour.aln naﬁ§ prgferred eh%%%i%@htgé

t he reactrenging¢tontdebow Ifuininutasdal aboorpon botrs codpnissimegappliyatans legas up 50 Wt %

of the cqarse ai ns_i.ncl udi stabilize irconia, .the coars ai ns
el o odRLRee I BRetils oBSiaith efhs WPRRGY & M rriie e B Wi gy
upon the 4:@b hey@bgb%de{?!‘va&m.cpm)@@ﬁmé, t@éﬂgxiaizin)g AmokRsd cah W I 6f %;?geh,ne

grains including stabilized zirconia, the fine grains including a grain

si ze in tthe nethgémesphoreodant be rogrmmAndos rpdusingr atmmasplcro jcanoba hyameegeni sPar sed
Wi thin the.coar SE.arALR MRS, Basedupan Lhsotatal, wel At ohqtheoxdes (o
conmpohent”. ﬁﬁgﬁfm?npo?ﬁEr oalﬁengs,l}he FAvention i*ndl Udes"a process for
the manufdgiuwed plevidublydr@eay dem e ebnipofenr Sdiee tdehiraly aorhysldgrailpons feed
using a regenerative pyrolysis reactor, the process conprising the steps
of : (a) pEBAHRHY A §pHeVPIIYted seRBtucH (of the CEEHEIE \GONMEEFHEN gh%r@afé%rrﬁrq ses
a nul timga ik ] - i herceram t
nas por ooy Tyl DRl AL AE nRTRING Abiot Ebliors PieicB e 1O R
based on Hchwnuolledne @bvidhe desingabsee of perdmthanosrpropse®s @n fHeeparticul ar somgngdh. of
at least 6 kpsi, and a norpulized thermal shock resistance rating of at
| east 15f oUior CAYPKe 10N ol G pwdpé%r &iows of lepgep cPEF enpfalnor igedRy
fafilaf

15000C t g,(f&Lahé qick&ao8ng %95&6&%5 RIhRRe ﬁ/%@ité}gu@. hydrocarbon feed
to the heated pyrolysis reactor to pyrolyz% t he hydrocarbon feed and create

a pyr ol y48080ydr brethbomptasdhe andniiah) inglndng hithegme heyrplysislryactat foy gdyobaiteon

feed to produce. the. hydrocarbon pyral ysis .product. 082] | et at her
embodi mert S MDA CHOReY arbe Ty 5B titg s shERemi ehaiedt. an
react or GOKEE! sl BEANR, SAEOScA, the Qéacﬁfr%{prﬂﬁlg? aGRGIAR oelaC &FRAReSmponent
conprising binodal, stabilized zirconia;, and (b) sintering the ceramc

conpoientinglpdiagt dnlgestat ding grimmadgatd a coarse grain mode, the coarse grain mode

comprising stabilized zirconia and the fine grain mode comprising at least one of a stabilized
zirconia and a stabilizer, such as but not limited to a metal oxide stabilizer, such as but not
limited to an yttria oxide stabilizer, wherein after sintering, 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. In 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 um, 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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15000C, (c) providing the sintered ceram c conponent in a reactive region
of a thermal reactor; wherein after the sintering, the ceram c conponent
reacti ve weghmysexzaponent conpri ses a bul k porosity nea®orams2ew/oaress ent
tenperature in the range of from5 to 45 vol.% based on the bul k vol une of
t he conponent, and preferably including a flexural strength of at |east 6
kpsi and preferably including a normalized thermal shock resistance rating
of at least four. [0083] In one exenplary reactor enbodi nent, segregated
react ant [PPSU chhhﬂ@?%erﬁhvdla@nﬁﬁr Bilgeentiop ingludasi & proscsddpe ficamambaiustaten.

The fl r.dj h t
T ot o SRRRARS FRSATRELAE, GEHAT R ERTBGASISS ASRELAmER I F Resen
st ruct ur asactdi ehetpabms bonnpymgr‘fhermmldft (a3 ‘provadide i pyeslydis eadioy wathch reactive

generally, to include but not be limted to extruded, ceram c. structures as
are gener8¥iPY RHoGRMPISCE He MEEEEIYNSGRibERs: Fyamis, epmaIenk wgéra1wfhecceramlc

converst e rc% h@nt ha§ ﬁﬁ%ﬁ h$ aCimGIRRVEN l‘p&%tu@e f e Qaﬁé&r&‘{fﬂ?n 5h6 4% rv%[‘%"’%é%dcgn

channel s. e term eyconmb” 1s also used broadly herein to refer to any
f ramewor I¢h©fvoh1hlmm%t® cangpacal, @sd cofnpms@se fewatal etmaigtlgedﬁneﬂérayt 6tkpai, and a

i ncl udes nul tj sub t.anti all aral | 0 a ol. channel.s and i s not
| endeg gl AT YRk e B Gt I RDe iepling R T0E e R Behoe.
The channeﬂlﬁe@ﬁ@@omemqsom@fot treab layhea ity B4R%8 $65b; %Pfeeﬁﬁ%ﬂﬁhycﬁééa'i‘&ﬁﬂh a
generally ;Ynnetrlca cross-sectional shape may be preferred. Each nonolith

may i ncl uded & e rhgfltted Olhyses reagiof mﬁhlanmmeshydmcarh@mfpm andcerartael wrolezqgi
t ens, hundr.,eds eyen h sand hann ependi the ,siz
t he plél)rt |rh ﬁi Ocafbonn(fﬂel 1 hsan@k| St yro % &eolcar 'g f%&g}gn%rpducel ﬁh one

enbodi rrer}tydrdcbﬂ)oﬁ@@ﬁtuy§1§pﬂasaycthave a d| arret er of onI y afewmllineters, and
pr ef erablr{ﬁ on the order of about one mllimeter. A reactor may conprise a
singl e, P83l pI eln yat oghge ﬁmhawﬁ}eatfsth%ﬁmnn@h ancludes 2 peraspy fon srapaynpa themeher

el 1o s "Heafc o B A8 QAT oF o TRRRathE R oIS RAER Shaf A8 W

mat eri al $1ahnldnz|ekiezmnﬂiahand g(b))amt@fngcmblcermnvmohblﬁ at heemporbdtard af at Aeast
preferred 5B§ﬁ élﬂarrang ment wi ll provide | ow pressure | oss or. drop
t \~or

during r PYidtgcthe (SAee efeEiris, copmongntpingt irgrcye ﬁeee%soziray%realuct

contact tifRoanthdigat afd-aal SheeARE! PY CQRAUCEERFShend HEaBHE at@gl Hewmponent
preferably al $o provides adequate m xi ng of the conveyed materials after

exiting tdwmpmmﬂ)aluuﬂspommty] ngesurad @f ambsnt tdrepargtact inothezienge of froadditbi4dn t o

providin |.ow ond t he chan also faciljta ffecti er|
ool at 1 o € Saly bk JakGROAP Bise ioES e Rt PREFEY TN GHE AR kD
flow or ngeehire dredtviegn ot (Ri hhd @kefaﬂaglysm@@laﬁlgr £a6fnadiz8d Mmﬁﬁlsﬁﬁcﬁl 1@51§tance
mejority of the reactants effectively separated from each other until

m xi MY i sapes of atdesdt fo8uch reactor mght be useful,

[0083] In one exemplary reactor embodiment, segregated reactant flow channels may be
provided to facilitate deferred combustion. The flow channels may comprise ceramic
components according to the present invention, such as by relatively thin-walled, honeycomb
monolith type structures. The term "honeycomb monoliths" is defined broadly and generally,
25 to include but not be limited to extruded, ceramic structures as are generally known in the
reaction industry, such as in catalytic converters, etc., capable of conveying a fluid through
the framework of channels. The term "honeycomb" is also used broadly herein to refer to any
framework of channels, regardless of cross-sectional geometry, that includes multiple
substantially parallel flow paths or channels and is not intended to limit the structure or shape
30 to any particular geometric shape. The channels each may have practically any cross-
sectional shape, although a generally symmetrical cross-sectional shape may be preferred.
Each monolith may include a single channel, a few channels, or multiple channels, e.g., tens,

hundreds, or even thousands of channels, depending upon the size of the particular monoliths

-34 -



for exanple, in pyrolyzing nmethane to acetylene at tenperatures of at | east
15000C. Such acetylene can then readily be converted to ol efin products,
such as evbybsvsoxze propyl ene. [0084] I n sone enbodi nenPsT/usesopsanpl e, the
i nventive conponents and/or reactors may provide a conduit packing
arrangenment with an average wetted surface area per unit volune that ranges
fromabout 50 ft 1 to about 3000 ft 1, nore preferably fromabout 100 ft 1
to 2500 ft 1, and still nore preferably fromabout 200 ft 1 to 2000 ft 1,
based upddtieectqrs| uirizedharpia. fEQrsctxaﬁ@éﬁetl@ron@seé@loqdﬁn@ﬁnt}@ycoal dpEmBrahaveFor a

ked b t t | d
EZC dgt of %ﬁ%@%}ei?ﬂﬁf%aéewgﬂgﬁfggﬁgS?%ﬁ% :pFéf&%bl Jhe %%‘rc?e‘fao? ab ﬁ{rJT%qgllﬁll}lgte}{pg

anet e a reac conpri sing
honeyconhemahay torspridecit siigs, miltigler el @\eamhmmmts enrbnah&ﬂ dihoemsiotithsinsaysbenpl y
t he wal | ckness separatjng the flow channels. Preferred wall t |ckness
of sone Bﬁég‘rc%m%lg rBiO; E%E Gl SBYEH 195 TR m@g@meaﬁﬁvﬁn% SR 8 |C%%stt han

2.5 my rH%Eiﬁaf%Ei%eJoﬁHuc}ﬁ geo%% e t% 1ﬁ'i‘iIlta&%‘&'§l t@nfe ay%%@t@hﬁ IR me! |

t hi ckness of not | ess than aroun hese rel ativel |n wal | s are
enabl ed kyourhef stlisecgivbys thheqﬂnmlmsthlo@ik Aqxa&ﬂa«hmmmhﬁpm&ngmemawdl paivadd ve
chem cal 1actl Vity i nert(i}eSﬁ of the ipventl ve caﬁ%onents The durabl e, heat
resi st antO¥ABIICARY ¥ pHng FeaCint o ROdt VSRR oY M PR dimgengccssary
enabl i ng g#s&ucPtortdtainh fldyhdald tran et diFnpQRE dii @@t OThE laoih Edhadhn gletWabllySalsoThe
relatively high density of the conponents also hel ps mtigate excessive

react ant reevdes ddequate Mivinglef theeconwenddimateralp after ev@nngsthe mvémhéﬂﬁawh @b n ¢l gh

surfaeareahp nit V0|lf g{g&l s _faci. Iltaﬁed gun f
1 nedr thie Teaclion zone,, In addition 1o rov a 1Jow c ne 80 fa01 1tate
rel ativel'y smal "t eactant pores or S are e y pre erred for nmany

enmbodi mendfective aiatbrat huomtioﬂgoaanérel(agl \mh@tlcmumk afsh;mg@n vl B B0 Bre bt &oss
gradi ent through a reactor. In some appl i cations, quicktenperature change

i s pref erffaygor Bixieg h?twe%thﬁtﬁr@t@mgi seRANd Reaskat oI EnNBHt 2 BaERPhge 6?30{21%9
reaction ﬁée%\/ ?éﬂarﬁédef%ﬁl%g dl?ﬁe@r un?h%l&@gﬁ}& @é&fﬁhﬁ 0[1 @Rhtrgf‘c&ﬁ%gﬁ{ hdekihy

t hermal shock resistance, at trans apabi i-nventive
mat er i al Soensdvhide,gini p:ykoltymm[genahmreetocdmwgmm aMterhparatueesaefsallvat e, abuch

failure or gradati on e to thermal shock str [ 0085] For exarrpl e,
in solfe é’ﬁB‘ng%“ﬁéﬁ%Ehenée%dgéié’?&PnY?éS?HHlﬁ%O‘SEB\PF tswttich o FUWISERRRABPEICARA. of her

hi gh tenmgpgd|ur erEIRSEHLGRNBROEDE Sxaalife, RRC B RGO dh&ds bty/bM8aRbR TR

i nvention that i ncl udes a high vol unetri’c heat transfer coefficient (e.g
great er trravidor cegdiat padking OPangainéinB¢iCan pyahgy wbitsd girkat ereatmannlabrohmmeo 05

cal / cnBs and t ref ] han 0.10. cal /cnBs A

cor  esportitrg aed e Bt ShAE LotpREIRn bl Hedsttle BBl G Sohu totBeraion,
t enper at u¥e Jhangp rﬁ&@%ﬂr&%ﬁﬁty fbahbbhe200 gthesLod® Pty Psn BRCRIHME b the
during re eneration, have hi'gh resistance to thernmal shock, and have hi gh

bul k WeatflrelisaePr ysefdo gonvest a reagient. abesue perked bediof spigsice] paskingriatiéolesy e
greater t h%vanqkﬁor%lce arg Q)voc?cl {) Hgig%me(ﬁglmply by the sphere diameters. For a reactor bed

comprising honeycomb monolith structures, the relevant wetted area dimension is simply the
wall thickness separating the flow channels. Preferred wall thickness of some honeycomb
monoliths according to the present invention is less than 2.5 mm, more preferably less than
25 1.0 mm, down to a probable minimum wall thickness of not less than around 0.1 mm. These
relatively thin walls are enabled by the strength, thermal shock resistance properties, and
relative chemical activity inertness of the inventive components. The durable, heat resistant
stabilized zirconia of the present invention may be ideal at enabling use of relatively thin but
strong reactor flow channel walls. The relatively high density of the components also helps
30  mitigate excessive reactant cross-flow through the conduit or pore walls. The relatively high
surface area per unit volume values facilitated by the high number of relatively small reactant
pores or conduits are likely preferred for many embodiments to aid achieving a relatively

quick change in temperature gradient through a reactor. In some applications, quick
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with the high surface area values, these relatively high volunetric heat
transfer coefficient values, high strength (MOR), and chem cal reactivity

i nert nesswpnoparsti2es may be suitable for use in vari ousPcgast@w/oerobddi nent s
to aid in achieving a relatively quick change in the tenperature gradient

t hrough the reactor, These cited values are nerely projected averages based
upon the prospective volume of a typical, exenplary reactor such as nay be
used for conveyance of a reactant in a process. [0086] Oher applicati ons

f or exanﬁp@perﬁéve qhangedp apalerrethty perabt milatvshpatieh pad spmaytentasneties ef the

previ ous ot A83CH! BRARUL el bocoanl Oy fin AEEREN NS By SHEK 2

wher eby t ann condui t Pow paths are-substanti a hear
t ubul ar. réilkteﬂicealaﬁémlattratsfeembpahﬂm@rﬁfsthmdnmé ucheeriuly enabby Guiok Scrpgdrivvey S

(e.g. conyol uted, conplex, w nding and/or tw sted but not ea
t ubul ar) %ﬂﬁ%ﬁﬁgfﬂf uEWﬁ%?h‘éerﬂlatelﬂﬂ Allyrg T 6?%95261%@6 &é@emfﬂéh ﬂwfoﬂtrie%s

I ncl udi ngopgs) nOF?II &XEhdp®d id %dléiQMBédiﬁl'Ehﬂé‘ea rM @b} ﬁﬁgﬁo@grcfdlééﬁ Wik HSw c‘ﬁ%ﬂféz‘& ts,

tubes, slots, a pore structure having chan hrough a portion(s)
of the readtather hQh8 ImBoatercesxenpida cgmparedist amhs)anlayglmbndd@ & rtksipdexnte

time fromO. .Olt .1..0, secands nd. i || ncl for anmpl e,
s sur o Thyeson dod ineius SagRS Sp BnRu Yot YRRt S ISR, atedies R el
reactor qgnglot icAnemi®y, BRIGHDLIG YRGHH MR SSRMIE05 THEMMBSC] 886 mdiahrdieraBsi a
(103 kPa). For pur poses of this di scussion, the term "resi dency tine"

refers t@redier thinn@ 1@)@9%@@@ (Ebvwﬂélrﬁpérﬁmqnd@g loyprsisihnog t flowxdes prassuraidear),

12000 For exa usef ul t or t |denc time at
tenpegat uhraéle Bie r’r%rtm1 Fe ur%art%fl%e ar nstlse[ Cte‘r’vélt utrh 821% frllesgxce eslrylto 6515‘6“(96 ered

pr ef er abl darlhgssgehbﬁﬁomuﬁwb h(glﬁ@ﬁsﬁﬁé‘@tﬂdﬁem&lu Siocksand lidvierhigh bl&lﬁgﬁat(lfapﬁd’lglm
0.001 to 0.010 seconds, or w n a range of from0.001 to about

seconds. Hewevikcast aRout §¢14) caﬂ/pwg °Grand acterbbt %liea@é&la@y%qoeh%&ﬂakﬁcrag@or@er
such as %éﬁ)ﬁféeﬁ Rlsul: &%}e? %ﬁfﬁ@gtsthé)sre_lngaﬁ%lgrhl H{%'tﬁtgh%g?%nﬁéaﬁ cgéfﬁ&%ﬂﬂ ng

process an reactor "channe eng he re i Ve pyrolysis reactor

syst em maplieeatigh h@eﬂgyld(M(‘)RI)bam dhemitsit ommktivioy menms @tdpléﬁ&s |rmayebe®$tableffor
15000C, possibly in excess of 16000C, .in other. proc sse Excﬁlgss of
17000€, H® slBrf‘@“PE%lé?ﬁcE%seml?qdnﬁﬁ‘ys & il i aphigyiag b i Dhagickr e BH T or

very sho rtEm?ét‘jQEaééi gfaﬁién%) PhroSHE the@adi6S THERAGIQ JalSQRCRE %@rel?rcbrg] eEt%m%%r%gé’sr e

in excess 0 C or even in some instances In excess o

exenpl ar ybapedehpnr bd pprspeess vymppf altypiealt ¢renfpdad redotaasuchvias Imay hehsed for
reactor, such as aft eratures of from about 15000C to about 19000C, and
more pr ef SPABIACE? arﬁ%%?fﬂ“i‘@ﬁ?f@ﬁ? to about 17000C. Exenpl ary residency

times preqphegabl YO@&Y aPBli&IGhY, . fo bedin s, e Bisd PERmE dndSRAOBE SodPshdtedtaeabl y
| ess than about m | [Iseconds. Sone hydr ocar bon conversi on processes may

be pelof orthathiose pt}q:@lopsl@gi@ﬁ@é)edfbuhyt@u aegrerding yathiedeesent 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, variegated 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 temperatures
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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ot her hydrocarbons, and/or other diluents or stripping agents. [0088] In
one exenplary process, the pyrolysis conversion of nethane to acetyl ene,

t he reactwo 20t0a03p2Rs nay conprise the inventive ceran c PCOMsSae6®5aNd
provi de the necessary heat transfer capacity to create the desired sharp
tenperature gradients through the reactor, at the space velocity conditions
of operation. Adequate heat transfer rate is characterized by a heat
transfer parameter DI T, bel ow about 5000C, nore preferably bel ow about
1000C, ardowost the &xtertine in hereastadsdsysoncoulthe oagntitchras pnqrderf 043y
her ei n, iL.hed ] i - I i e
transfer "Er%g%@@togg{éﬁ%g, %@%&%@gﬂ%ﬁﬁ rt %c%eéltrcgﬁg%ﬁ?ce ogl{ti(ﬂ%%\c/%?ﬁ%ﬂ %ﬁ%@af‘f he

t ransf er regakfatiot ptolpdis ichetobedtervhay Heet tio hydmtaribon fiedbtotk aneiprratatein
(e.g. cal/cnB sec) that is sufficient for recuperation is calculated as the
pr oduct &P‘C?%%@?dééo 4 SRssiixy dn e¥cys 05##%03@) in g Erﬁ@esgassmrf‘éa%sseg a@‘?ﬁy Ire. g.
ca. / gm 0CRnd, @eal, ieMas Bt B ﬁaa@brmér&?ﬁ@d& it %&5@@9 St/ 8X6H YR ELrAEbh, such
reaction, e.g. 0C), and then this quantity (?I vided by the volune (e.g. cnB)
of the resdpsrthand.lzecmdss @vetespdrddiyre tihexggas of THEO°DTorTevien ic hamaahstinges in

co ted usin channel wth s, ,and total re erat.or, zone w.t.h total
Gas. The OFOIEEINE Chelb SRraRanap gisn Frescanimoy Py RA et HeRE WgHR 8 | o
cal cul at adacdsr, b RrPgiertlired o fi@ar Mvedsepefthiaeb@ntoo0ec %indGabre r&sfablyand
a specific surface area for heat transfer (av, e.g. cnR/cnB), often

ref err ed fram abouthkO0RRE tte dbautel/ 001C.t acpataky mepidenty tistes ar¢iormbxmapibe short,

c OS?lOPaClﬁicﬁ]gaspfessBitﬁr%ld%l1 Cs;recaoin 5 elngos%ker;rﬁgl leess4 tlga%pia%u% an ﬁffsee”&'u%.ry.s e
mul ti modal “grai ndi stribution T ncluding a’coarse grain hode of partially

st abi | i zagdzdcafiPRi canaddioa éfrd)d’égse@rr@dynbé@éi@orﬁfedﬁﬁrtﬂe ptcsdtickiofed diddge s Oiddide Used
for produci n% a stabilized zirconia matrix_conprising a binodal grain

di st ri butqtes hydresarbgny. aad/gr pihey dilusntsayr sHriwing ageprit (r) 827.054) is an

aggl oner andy,sj i.chi : . J
apensl Qb R e e DU RR i o RE RS [ b, e
si nt er i ngeactdrechiahingds gray tcofnpoisotheTidBNAYive Scpnid neaporaytsaandydooldy shesnqeesenss,
whi ch ensures uniformdi spersion of ytiria in zirconia and fine particle
si ze. ISTABICE! t&anfsgm GBpacity to eeaizifbo dowed e foaneryiare gt doush g reacpr. o
stabilizeg, §15afc€%lo%itf@¥‘ﬁj(ﬁﬁor%n& be¥lon Vo AfeqlitB Rl thdnsRE: &t APEZRDi 2l BN @
powder were m xed wth an organic binder for use In an extrusion proceéss.
The bi nodeht pawtkerpamnxdterr STwadclext ahotde 0@, fnadre ipettebly lgpl@enbowdyd0r@, drfde
size of about 1.13 nmmthickness, 7.9 mmw dth and 100 nm | ength. The

ext r uded PSEFTRORY Reaw abp¥daRd Thermammarmd Briedy used hesgpomay §e dofimgdsas n
an industpl ali K e tb%djaegrakg Rt L1 EHROMe that is needed for recuperation, to

20  the volumetric heat transfer coefficient of the bed, hy. The volumetric heat transfer rate (e.g.
cal/cm’ 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/cm?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.

Illustrative Example 1: Close Packing of Bimodal Grains

30  [0089] Table 4 depicts an exemplary multimodal grain distribution including a coarse
grain mode of partially stabilized zirconia and a fine grain mode of more-stabilized zirconia,
used 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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[0091] Referring to Figure 1, Fig. | aillustrates a Scanning El ectron

M croscopy (SEM inage of the sintered, fornmed ceram c conponent (1500 OC,
2 hrs) prwoeswmadrecording to this invention, wherein tREeTIUSQ@@61985
represents 50 nm Spherical coarse grains are in the D50 average grain size
of about 30 nmmand fine grains are in the D50 average grain size of about
0.3 mm The fine grains are preferentially |ocated at the neck between
coarse grains and provi de enhanced bondi ng between coarse grains. In this

i mage, pdf dsdugehppeniay dEnR oARdSUSPBRISIOBEoaisiing af Bpapeyders aad ouganis hider

rains. T I . kG : | ~ b 70%
ot abi 1]z RbR NGl CTRE fnd QT EOSGETING i€ BRARR hy FRIBI R prokdss,
i ncl udi ngviEch velurdunifars disptdioinl df Z/eeia 2 zicniaand file Evttrlagec.grai n si ze of
about 30 mm and 3 vol.% fine stabilized zirconia with average grain size
of about 0.3 mmii) 30 vol.% porosit AP Normal i zed thermal shock

resi st an rating 1s.o,1V) Frexur Strength 1S 6.Q.Kpsi [ 0092] To
det er mi ne WP H ey rrzjfra S abhi C%(@rn WRH@A’ irconia ceram :él onposition of this

i nvent i on H.€h8tasikn{ e¥regkrttddy Z¢Q5BabGee, 2 #r:sT.0vR8% ur t hei~6F amessed (e. g. ,
anneal ed) at experigenoatl y| sifoul220%dALOIMER%] Bé:050ndi {§ARSicall Marfcle

tenperatuyre of 18000C for 1003k SiOntysdnopien: 6 4 ng at a rate of 50
cc/ mn. rcial gh e re, 0 C furnace ffaci Tty |was
used to ¢onduct thi gzgyperi T% 2 %Cé%ﬁ%}%{%}% M)?él i é)g%g%ﬁd%ﬁre at |18000C
was segnented in 5(cycles of NQO/O izjz ch./> PV Eact Rycl éCrskEIE 2450 e hody or
conponent—was—heated-to 18000@Q10-L2% et | ng—rateof 15C/  mn—heldat118000C
for 20 hrs and cooled to 5Q0C (anbient) at a cooling rate of 15C/ min. Five

cycl es wdP®9Unpl oyethe abose pxaranle, Yapildo of sparsapritefcstabnlized gagpnip Povdssasl and

to i nvesty gat, f. f - r nalk < Fla.. |l i qur . | des an
SeM | mage a5 oL Mg BHL P by Pigbho Ol BOREE G il DB o o Bp B LA
hour s i n ifilagwkfrgsidy oo N Thefanedah pbivded rageurd was kxtredgudas €itiraley gioen oy
i mge di scloses spherical coarse grits that are still in the D50 average

grain si ZB by sigpehrbay b nyuthickeess.i hd i widthand 108G pun Aeetthnd hp sxbnged
bst ti i i ) . i
Por ooy Rl B RPN 5 AO0ER 300 RoRa RERRIRBORLA R IHY S

measur ed gitocdtydpf the anneal ed body is about 17 vol.% The nornalized
thermal shock resistance rating is 5 and the MOR Fl exural strength is

neasur ed (8998, 8 Rgferringripuigusesh fiig hl a Hlastptepe Seamdng Elecen digioseany (SEM)
t. i . t s
componen 1m%g§ §f{h§%ﬁ%eg?&,gﬁnﬂ&f ée?ﬁﬁlgchﬁﬁgh%g ( fﬁigg{é gf’ Rfs) JRIBARE LA EEn G I

size and po SO provi
invention, wherein the legend bar represents 50 um. Spherical coarse grains are in the D50

15 average grain size of about 30 um and fine grains are 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 1) 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
i1) 30 vol.% porosity
1i1) 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., anncaled) at

experimentally simulated commercial conditions, to a temperature of 1800°C for 100 hrs in
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superior mechanical strength and thermal shock resistance. The ability of
the selected coarse grit node to maintain its grain size while exposed to
anneal i ngyvoasioosprare to the grit size after sintering may/usedo/oprosyi de and
explain, at least in part, why the thermal shock resistance renains high
after sintering and even after annealing. At |east part of this property
may be due to the selected D50 size range for the coarse grit node (e.g.,
5mmto 800 mm). The neasured properties of the further anneal ed enbodi nent
conpr i sediydrogen Shpvapg st ai rz'l&édog PO commig. natgommerpial, dughy ampgrarce highy vaqupm

Nor mal i : [ rat LS 5 E I h
N el 2 el DRCHHSS AT S bk, o100 T Eb Sl GO
after sint8@0?Mgvdsosegheuted6in8s aktles of @Ohhdngrehl i ImgeachhtigledehdRahplat boly e net

gain in such strength. The SEM phot ographs cl earollcy denonstrate the change
i n appear@APENgEtWsdiratadrio SO aha hantingaratngl 13C/men, heldogin} 898C HeweY BFs

t hat %Veranaic%ie‘hitc%@% )(anqﬁlégti)l%%(g%go 6 RELHPPS L ARERIL B %rereusn‘?%los‘{ﬁ% as
over several mont s of “Use i n “a* comer cral’ reac or, Yha such STPRRYTh ey
begi n to askheassidangt upindahtitidiy phoecses 4l 8 ipRkfitaté thatefictt dTeR@ARS shock.
desirable to replace the conponent. However, it is anticipated that such

occur r endagniyonBiguteappevidesranrdiy imeae hé ther "anneatedy dwdy alonpeatiagiay d8¢Ca&| e

2 : Mononod [ 0094] To illustrate the beneficial effect of th
mui 1 moadp g9 cotal Bt i i meHesh WEek herivaT bR, reBrecalip P dihyerhe
sanpl e WethaRE aRaMSS SpREHE %oa[’f@@@r%%dt 8 i1 o Bk rDM\JePe%e %faiﬁts?z@'olf 386 30
zirconia (coarse grit) was obtained from Al fa Aesar (Stock No. 36272;
Chem st r yurdy R :th8fihagos, ha¥2 @8mbihed @nd BeOfpe bift@RNti 2110 ladigdd Und PodviRaeniaote

si ze: -32 sh, i.e. D50 size of abaut 44 mm), and m xed with organi ¢ bi nder
ceded T QOTGRE: b ﬁP%ré%s%%ts-ThPeorﬁi‘%’e&PRF&Wjéﬁg‘mé%‘{n ki PTGy oo o
green body,@fjcd -b%g;;imﬁﬁé"hfe!éﬁﬁ'éé pofostty BP We%ﬂﬂeal@@%oﬁQ T8N hyol IN€ The

extruded green body was dried and fired at 15000C for 2 hrs in an
i ndust ri alorfilizedttherfrabshochtresisiarsk mtergad Shodyhe YIO0OBlexRef granigthgis neeafiirgdine 2,

Fig. 2 trat SEM i .of esul.t ] int b 15000C, 2
hlr g) p?o 262@55} ; 1%? 8? nr‘ivdt%t J%{Ie !tl{{r%ge%g%a?}f;{%g, Sq&%%peﬁloﬁ%tosﬂéﬂl e%@ﬁign%&%’thﬁeetgpgg% nts
S mm sl N dhhkded FBRABoncRk ldeBbhitiut@ SainNsitHAnPIHIrAUSBACINS PrdVidd AR &fsirablout

3.0 mm and porosity appears dark. The resultant Sintered body conprised: i)
96% st abisupetef mechawinglstreesth and theewaphpel registanaendhe abilityyplihe seleeed FeARd on

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 least in part, why the thermal shock
resistance remains high after sintering and even after annealing. 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
i1) 25 vol.% porosity
1i1) 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 several months of use 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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in average grain size of about 3 mMmii) 4 vol.%porosity iii) Normalized
thermal shock resistance = 1 iv) MOR flexural strength = 40.0 kpsi [0096]
To det er mwoeotonsozzher nal stability of the stabilized zi PCOMNIS20000685F CS
havi ng nononodal grit distribution, the sintered body (15000C, 2 hrs) was
further annealed at 17000C for 100 hrs in air. A conventional high
tenperature box furnace was used for this experiment. Fig. 2b discloses an
SEM i nrage of the component body after reheating at 17000C for total 100 hrs
inair, quw&mﬂgg&wmm%@g]Mpnmnewﬂ Iiherei n the | egend bar represents 50
nmm The

because (e Hasur b g el Buicidh bt iR AORR: Sttt BBl Sinfone
dense ceriavintioand @uglardiat esranq,alle iws1s kpfrepmed msingvaa nv@ioynddeWwgtih distthuti®hoc
resi stance and woul d have been highly fr ctur and OSSIb| even i

dest r uct tRPREFArIICHALEHENHID Bde PaIHddTg F@p’é Figck h@h%é%?r i(hemistry
annealsl nngOIhBafaW%efo} . 9~152(§%9' HF6L.08654. W,”%dﬁa{m&%'siz% Shatn L&, D50
orlglnal y about 0'size of 3.0°mmin size that have significantly grown
to D50 siste affabainoidt mﬁ})arrd*mnmd vmehr yrghiit birelet neadod forasusiyn ipsocoks #hy edxedThe
substantially densifie tapilized z onja_cerani.c demnstrate exce55|ve
grain gr mfsiyeawas Briidedde Sfﬁ‘h“@ﬂter?e%‘ﬁ%{h egx é@ %émﬁl khiclgygps, &rQemI‘“bW“f thetnda)

shock r eShmtl élilgtﬁ ThE g}@t‘i’ﬁ({%g gtrggnsoogﬁtv@ars'dﬁed ldﬂg ?%H & 1'560‘(@/9& fZChrE 'nggh 1ndu?trlél

t enperature pyrolysis reactors e neasured properties o e anneal e
enbodi merkilnao fbiricard sintpre8do8P st abi | i zed zirconia matrix ii) O. 01 VO

porosity |||% Normal i.zed thermal shock resistance rating is 1.iv)
Fl exual 18093ngt Refegﬂ%t@ Rigue 4| Figs e adgmenssigpsineSEM Tippgps F ﬁ%%ﬁ?wgmmh

mat er | al ST eROR P €2 8 pPaR e G AR ERPESESulordE i Meeng bar
st abi | i zagpidneon lw'm pendgy inpd, A0 oviel ar%u@f[hef DB aQéruge Blairbtiabbl kBad 320 [goNi a

powder, were nixed with organic binder for extrusion processing. The
bi modal podderosty sppaaes deak. Bretrevidient sigferedholdy sempasegi een body in the size

o shou 555 L A SRR O R

green body was dr| ire

fabrigate a S|ntﬁﬂeQnQQQymnkﬁggsmmﬁng ma of Figure 3 illustrates an SEM
i mge of the resulting sintered conponent (15000C, 2 hrs) processed

according to thi¥ ek eoro@fier ei n the | egend bar represents 10

1i1) 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 annecaled 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 annealed 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 um 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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mm In this inmage, substantially spherical coarse grits are in the D50
average grain size of about 30 mmand the D50 fine grits are in the average
grain si 2&0abioaisesze 0.3 mm The fine grits are benefi ci &Cryusdémssiobiit ed

t hroughout the various pores or necks between coarse grits and provide
enhanced bondi ng between coarse grits while maintaining the desired
porosity and correspondi ng desirabl e nechani cal properties. In this inmage,
porosity appears dark and | ocated at interspaces created between coarse
grits. THengesdg|thismatesiashupysslleysgyclicoiph taerpratise ppsolyys reactorabing megpured

zirconia ﬂ;gllge{rﬁé% L ShRg eﬂlb%i}i%%?‘l:o Al di stribution including 90 vol. %
a

coarse st Ized zirconta wmth avera grain size of about 30 mm and 10
vol . % fi ne st abi I)i 29D%4 stabihized wrdoniavietiage grain size of about 0.3 mmii)
25 vol . % porosity iii) Nornmalized thermal shock resistance = 5 iv) MR

f 1 exur al streng;H)il%.gﬂkﬁ§P“F6ﬁ99] To understand the thermal stability of
the exenplary zi ﬁg%&ﬁ%@fﬁ@ﬁﬂém&&%ﬁbﬁﬁ@é ﬁﬁln%fédiy (15000C, 2 hrs) was
further anneal ed at 18000C for 100 hrs in flownhg hydrogen at a rate of 50
cc/mn. A high tenpdO& kiceyrah$tgingthais 4ard ipsdustri al furnace was used for
this exp%hj L. pExposur tine gf 100 hrs. at 000C. segnented in 5
cycl es of 2B PSR ES - Exip e EE : un i red body was
heat ed t qod$00CTRE sand&bdcNBaR Rft ndap&lal 6F il1hgtAivaExBBROC1ERLs, B0 vBI. 5
and cooled to 500C at a cooling rate of 15C/ m n. Five such cycles were
enpl oyed aoarssigrifl ft datifgiddzistoara pesdernands Mutvobibmaf fine cad sefssteinlizadozirconia

L nvest gato%vc{[ehewgrf fr(ralf: tedO\IliﬂIl %(;ragal msnﬁgrc k(orI er}(ft}uh%nar}ggeasl i%d. C%eamn%(g?dx{wder

[ 00100] ﬁ?g. 3p 71 UETF at'e's Yo SE I'mage 0 PRe FPact'ire clog €ect’on of
t he conpahihire Bedyexatiddd ©@. faBhcad b @iccartirialihnige size dBABKAE Of I mhDthadknd Q) 719 s
in flow ng hydrogen, wherein the | egend bar represents 100 mm In this

i mge, spherviddl, aadap semdenetls Rhecdrudefl greentbiody aves dsige apd &rad &i1280%f faBout
30 mm byt fine grits have_.heconme sybstantially |arger, providing enhanced
bondi ng gg%FI?ﬂ%g%%%@é?ﬁé%gﬁnﬁgFﬁfglﬁﬁg$8&¥he | arge grains touch and are
bonded t qoeg§|acepig. GRar Faut®dallgtatddsn SHM imRgs bf tHegeh0edd biareraf cdrigonkhine
grains after sintering and even after annealing, serves to preserve

por osist y (1804 ke 2slirghpioresaed agerdingte s exmplar wheremothe legent thar periresestsold

adj acent contact. between the. coarse.grits. Such resul ti matrix . .

Conat r UctiTBn e PHALS. PHEITELY aP G S5t GHSre EhMaeune FrESean L85 ¥hat h
conbi ned Ren r - TS| T 0 td of
t he anneéﬁggp%ﬁgodlngﬂ%&ggéggé%gggﬁ#gugg£§%?§%gﬁyéggag??%%%?g’%%tfﬁ%iﬁl 15
vol . % porgygs hse beneficially distributed throughout the various pores or necks between coarse grits

Il

and provide enhanced bonding between coarse grits while maintaining the desired porosity
20 and corresponding desirable mechanical properties. In this image, porosity appears dark and
located at interspaces created between coarse grits. The resultant sintered body comprised:
1) 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 um
25 i1) 25 vol.% porosity
ii1) 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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iii) Normalized thermal shock resistance rating is 5 iv) MOR Fl exural
Strength is 7.2 kpsi [00101] The optinumgrain size and porosity in the
anneal ed woayiopseszede superi or mechani cal strength and rhEmsaoIshmsk

resi stance. Although not shown herein, further extended experinmentation
durations have denonstrated still further increases in MOR strength with
additional annealing tine, while also maintaining desired porosity. [00102]
Further, it is believed that maintaining the proper selection of grain size

rati os beeigeeh 18 Hemyn.i heldodeB0RHy far 20ekist and cpaled Ha2(°Ci e ecostinatraicnding
t hese pro ies at hi t enper ature., For exa , selectjon of fi pe node
R o R N A i R B AT I R AN S

the coar sgo@sisRndRARvERYalcthS OffE:t STRRAWABAbS fakd hideated cdiaghehsdy1g the
fine grain node grains such that when sintered they are predom nantly

sintered [401M nEw 3bhBugtoiastan DEMt immge rod hevfraeturcegpescsection phéheadjnameant
coarse grai.ns.. It may al so pbe pr le | enpodi nts that, the fine
O SRR gt Fid. g ahet wimalirg P BlBRE ool 136 DR GTRR p B Gan Attt

D50 si Ze_lQéerIrlgggar nggés%ﬁtsg R ;Iﬁ‘mm%is'i&a@&]‘s@ﬁwﬁ&@%@%ﬂ?@%ﬁ% ér@%til:l)qg td é%rQ%e t he

fine grain not be Targer than one-tent ne order of magnitude

of the Difaiai giec @ff dthat Goanse g dine grdehalenbsdond seiisheriakypliagenembsididghe
D50 size of the fine grain node may not be | arger than two orders of
magni t udenpancgd bongding neprthe epnydiggrice peintsheicAbe bree grinsdardieanyl 3 hopdrde.

For simlg 'rarclif aﬁ%ﬁ%ﬁrse ![n}locdlgg?igg N g‘h@ fr@sﬁﬁ%{gqg%‘g%&ché Rap %ra%s ﬂ“ter ! sﬁﬁ‘éﬁnﬁ 0e

coarse grai e par In so iments al°so the fine grain

node par taveh efier( ainkilongg kervypioqatdeyvd wassipriaftbe alghdichitavvidviatdas thae acaamse

grai n node) be as gh.eri cal or subst aFti al l%gztlf?h ri.cal as possible, In many
: e

enbodi merf he pein Piacyit sPupchiicBV e spars Uhfest g MRS SHECHI ¢ h

coarse grrﬁéﬁ (HRAR cAftAk rb?pti%ﬁﬁé%{b%t BiareﬁhaéacéJ‘é}RﬁuFaﬁ%EI@ﬁgtﬁfco'ﬂﬁﬁn&ir Qathetntafany 2. 0
(e.g., theratio of the'length of the longest 3-d axis of a grain to the

| engt h ofthghwt slewk r@idaraxi hoinegsiobd grogemies of the shindaledotrhadimeisedimpentd, it

may be preferable t ..least a.majarity by weight of the fine node
grains al so havesa %?&ﬁtgéllhé%(f%ﬁw&arﬂ%) Xgreater than 2.0, although the shape

of thg fine grain)is Jatki patobiyy of | ower significance. [00103] In other
enbodi ments, the present Invention includes a process for the manufacture
of a hydr ocar boniipy¥emadized themanl shodkrigsistantpydfieg Bribon f eed using a

regenerative pyrf’{ﬂﬁbﬁﬁ%%ﬁ%f’én&%ﬁ%%%%mri sing the steps of: (a)

provi ding a pyrolysis reactor w 3 ‘Fedcti ve region that conprises a

mul ti mrodgDoBiIgbi The eghtiAiuiC @RiiA Ay aid Gotsitpoineth, antasieei body hErovkle aguiperior
conponent has porosity at apbient tenperature in the range of from5 to 45
vol . % ba%@héﬁlcﬁlhétr%ﬁh gad ghermab sheghp sesestnce c ofhpughs nat phasyry hgreinst fughglt h

of 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 one-tenth or one
order of magnitude of the D50 size of the coarse grain mode. In still other embodiments, 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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at least 6 kpsi, and includes a normalized thernmal shock resistance rating
of at least four; (b) heating the pyrolysis reactor reactive region to a

t enper at Wwe 20fo/@b32keast 15000C to create a heat ed react iPce/use@oontosg c)
feeding a hydrocarbon feed to the heated reactive region to pyrolyze the
hydr ocarbon feed and create a pyrolyzed hydrocarbon feed; and (d) quenching
the pyrol yzed hydrocarbon feed to produce the hydrocarbon pyrolysis
product. The process may optionally include the step of heating the react or
by i n-si tthattthe phape of @{a&aﬁtdﬁe ceaish e made paticlesmnddy spamegatiodiants also the

combust i g, S%’aﬁh%&% a 8&?@&1?&?&2@2%1‘1 {%ss @%ﬁer&!l& fizh v%ﬁ?ﬁ’m%ﬁ%é‘é%aﬁr?ﬂmd@h

processes, processes beln nown I n the pyrolys
producedlmymomy&hsar@a@ﬂmampmgﬂs@kxmnyabpoquﬂﬂchednmnzammbmﬂmnmeachaylm
region that_ conprises the inventjve myltinodal stabjlized zirconia ceranlc
conponentpraﬁ%ff%&ﬁ thahglt Fet qBEIRER’ REdEnt P6A1DNINEFROTALT SEePetqmonstige a

I nvent Orbhhékgfa\:% df fobP &ﬁ%?ﬁlafnqo I?é ?pﬁ{f 1280 drREIABh JEAC I GIR LRI JFG t he

steps of ng a |ntere ceram c conponent &N a reactive
regi on o&yanﬂhemﬂhhgmeﬁshQM¢nBhbwnmbfmumdamn¢ehaﬂﬂboﬁmnpnhmhnwn@npnm@mhe

t f th el udi t.abilized th
Conr a6 gty bttt A Tise0 i Roighos i Fpparadt tinnnse hte £ Himeasdy 500
nm bas e%f%@@@reﬁﬂéﬁthtaﬁtzai aMBd @ tth O$hab O 8F HRTRERENA is @pféalﬂy bi loder bigASicadceMt %

of a fine grarns including stabilized zirconia, the fine grains including a
D50 grai 108103 i tcnberra digfiengs, Othet prepont memlglpem@bdewa hraceshefagodliss e
grain mdeanul%ac%urg gPon 4 Ial?octa tal Pyro'l ht H)%(%l}cp S ngoﬂg?cﬂ’oc%rhohne & al?é‘lt?g
conponent conpri ses a paer osi t enperature e range 015 1% om

5 to 45 uefentatiRasseoloss trb@tméysfem OJorﬁﬂmm;gomogtemt of: ah) Prdiidingsd perdYishs of
at least 6 kpsi, and a nornalized thernmal shock resjstance ratlng of at
| east f ougactothaithy @acréévélvr%ravg&nsawr FOMPHECS hemgktlérgpd@# spbdizedi AonRecypMicer ed

ceram ¢ GOmMANSHt whief tﬂ%“é&%&ﬁé‘%{%&g{egﬂ;hagf o% %Yﬁr%%ﬁ{ t%n{p%?a@&rQ in (e Ffoc t he

i nventive process may conprise {Rer 't her ma processi
ceram c adifponénd 4% eblt Hidasaliod thg volmparfeind cdm;hmenabomprlm a(ﬂuxumg sta@tgﬂad)f
commerci al use) by heating the cera nent to a tenperature of at
st isT 50BN ok aidgghidesEnerRRiZcd dopRgrs GETSERNES gl abrastdlp %Z‘ﬂ
such as 'H%a@ﬁ%theap E96L YRR rf@gum 1 BaEhp GRS BNIERLst 19007 X LB o
t hereof. [001 he“invention further includes a process for formng a
ceram c dr@n’pdntemtweswgbnaimlfﬂedmgt a Ihyldr(tcedmnofead pyrtoe mawdr@a@t\@rreglon to

1 moadiyr s e ERERBT B PROFEUEAPYTC D rob by Berbborlief SHERD cBar it
grai n modge bielpal hgdokabbh ifZ@ttoZir6 &RB IR hirdi@ca%tﬁ{ lsﬁogrsﬁ,lp%omdem@ WRSdesd NY

a D50 grain size in the range of fromb5 to mm_ based upon the total
wei ghto ofmasheptionatho ieshide thasfep of heaémgltbfa@@c@r bw 93-pitu fhueﬁ@algmhnnmb as but

conpri se n%& hrn%%atto Qf%rrg(]i cc?tngus%%n,l‘tl) I'S%g,z &o O?r'n(f% 1%”9[10% gﬁc?ckﬁrect £&' 1 combustion
processes, such processes being generally known in the pyrolysis art. The produced pyrolysis
reactor product may be quenched in another reactor region that comprises the inventive
multimodal stabilized zirconia ceramic component and/or another quench media.

25 [00104] In another aspect, the invention includes a process for preparing a thermal reactor
comprising the steps of: providing a sintered multimodal ceramic component in a reactive
region of a thermal reactor, the multimodal ceramic component comprises; (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 um, based upon the total weight of the component; and (ii)

30  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 dispersed within the coarse grain mode, based upon
the total weight of the component, the ceramic component comprises a porosity at ambient

temperature in the range of from 5 to 45 vol.%, based on the volume of the component, a
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the fine grain node conprising a D50 average grain size not greater than
one-fourth the D50 grain size of the coarse grain node, dispersed within
t he coar swognavoig322based upon t he wei ght of the m xturePCthS2600/0mio8g t he
m xture into a shape; (c) sintering the shape; wherein after sintering, the
conponent has porosity at anbient tenperature in the range of from5 to 45
vol . % based upon the fornmed vol une of the conponent. The prepared m xture
of step (a) nmay be poured, rolled, pressed, or extruded, etc., into the

desi red dhapel sirernegh oh 4deasho Epsnandi aveprmghecsl thegmab viagck resstancgdating of at least
manuf act uy.j | [ - ' |.Li j.mting
(such as%Egpg%%ﬁ?%?%ﬁéﬁgﬁ%ﬁégﬁé%?@ggF€%ﬁkp y#%%gmﬁﬁg&é §%?ﬁgc or‘%%ﬁgﬁc as
by usi ng dueschifipregéont dfahe praylaveadieeMiapphe @dehtive @boass ucly coaippion ertstapsi Ng
prior art ceram cs and techniqyes, such that the resulting porosity after

si nt er i ngTit4rtgr th@aga;ﬂym%&%r CofCragfg RBIPEN N Z?I&Gaﬁwn%fomgwt yTigEony,
“h"esa|%9<£Pﬁggﬁﬁﬁﬁb&ﬁmgﬂﬁﬁ1@9}%@%@&%@1ﬁeQ@%hgy fP0ESt 1S Y EmASathre ¥Phe %0

or nore prefer y not greater than 30 vol.% eferably the porosity Is at
| east wi tlbdsh 150 Crfangelcadt tivo douis, ¢ithed Syslshllppr oroneoitagepsiehers abbiy, avidabiive a
range of 10.to 30 vol.9%. or in sone inshsggﬁs even nore preferably within a

|
range of PHTPYNYE. DG CHYIYUAHG A FYAM ¢ me of the ceranmic conponent.

" Cont r ol l[ppe)s)t hehé ARG ARt hdlid¥ ta fri&s@IRURIMB § SdrERiceRRhpRenSu@s to
avoi d excessive conpaction or crushing of the nultinodal grains, such that

t he resulasibygnpolimsed (o 4 pylobysesrreadiaihcanpongets theepioteswepmpiising:, (ap . pyeparig a
vol . % Sim|arl "contraolling', al so ns to _avpi d ASi l.btthe or. too
o of o sttt berSPRa Pl Pal BB AT RRRal i Bhe (HEL"Beb 88wt bl Sl o

or exceedgaihhfodieintiieihgHebiliAdiNzRe6:0s) thy cbirSd Erairem@de cdlpighg %D F00¢rainheze
particul ar conponent being forned. Theanount of force applied is outcone

det er nmi natitheraage offipnge he R0 upbmascsctronshe indH vweighted the rewmpencasmpddiil hlon

(mul tinmodal , conten of .the . forned c onent .. desi.r.ed, r.esul t i r.psity,
o ondog Tatse TRV EOF e Bt 8l SYABCHTRINGY e LGR0iFH £fHlalgd BATR: ¥

(ei ther dhé¢ €i6é byain hidde ce@ibtising @D 3WYavierdoe @418 8ize INBE Lid@ich thab WheMedrt heiD3d t o
observation, electronic, optical, analytical, physical, or any ot her neans
for nBni tBrNEEE of Hie erEsighyn Mndgedisrersgd wighip g goarsefgstipe baspgldpon ghe weight
resi stance, - a - i f. e i n:f.0Fm :

(g o nExtel 16 RAREE S B e R PUBRTc il idD 8 i, SECRARERLr
conponentsjntening, esgpomaportent hiweporosiiyt o adbishtaenpgratwoe de thd 80EO6F fiohe Spooksess

oo oY IE e L hL TG, RSB M oL P LSS AR0000 Sy T8
or anneal hAgpt BB uRMNTAIRd pRATROTE Mk trdlic® HEMRRS MIA&IRH Rhpd Gﬁ‘%miﬁ%g%
For further exanpl e, heaang to a tenperature of at | east %SOOOC for at
| east 20t wohhpuog sforaghetiwevar, t @re sud hmprdesassiggondideration may need be taken in
controlling and limiting (such as by monitoring and selectively applying) the shaping force,
such as by using less force than may have been applied to form such component using 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 the amount of force applied so as to avoid excessive 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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conponent has porosity at anbient tenperature in the range of from5 to 45
vol . % based upon the fornmed vol une of the conponent, and an MOR of at | east
6 kpsi (MoNPwyosed22nore preferably an MOR of at | east 10Ckaseoo9®810MPa); and
normal i zed thermal shock resistance rating of at |east four or nore
preferably at |east five. The process of may still further include the step
of further heating the sintered conponent at a tenperature of at |east
15000C, or at |east 16000C, or at |east 17000C, for at |least two hours,
wher ei n amant efftic gpnlivdrs RugPMA getcHaINgB Y ARk ARy @mﬂdi upos factgerwish gy they

anbi ent t t o]
vol une ofrﬁt eE 3%30% ?ﬁ%lﬁ?. &?8]8%8%? géﬂt Iggﬂ)]é ﬂ%er efosenetYl bor Or#t% ?%n&hH&Pg%%lﬁﬁlg
descri bechoaswityi intersied atsedtor The pesjescnay duﬂlﬁrtiﬁélﬁd@fﬂ&&ﬂhpT&f‘lttﬁmtmﬁng' &ither be

understood that. the jnvention is not |limted to the particulars djscl osed
and ext erfgfse% B il aPe HTSTeRFS HPFluding Rt gt lgpit %ﬁ L%ﬁrﬁaélonuﬁ eglygnic,

ot her w S& Eﬁt %ﬂalgﬁé s?c%pt@lfgﬁ?n oRF bh$oans Ef&' ﬁﬁ)nlt&tlﬁ e eshg 1n%’el’0%t e.

Unl ess ot rvvl se a refe ce to a conpound o corrponen inclu
t he corrpqucﬂdumr fom‘npmasmt obyesistawkf cas) wel Icoagoliing cmrf@cnatsmbrmv\fomhmg Itia

el ements, co 2 , O{rpcorrponents such.as xtur es %i frq%stlﬂnds Fur her,
when an 4GRS e B&c SRE P ERMPLFS P HRESL: L‘i 8% Pariretere &C%RO%@

list of qﬁp@srpoﬂgeq{)%eqhbﬁt&@d yuRpimdrdcower preferable values, this is to be
under stood as specifically disclosing all ranges fornmed from an air of an

upper prdf@rtedd Vhe pecenidls mmplupif: émarm@teéﬂmr@ratu@gﬁraﬁleegsw@g e«tlh@r
rangey altom qg%‘% % }/8(}6'06(: C1‘50 nl\l/ﬁux\h e steéan?q t%rtﬁgr smterlng or 'g‘nrb %) n ﬂ%?al

stabl €, formed ceram ¢ cohponen sal d conpon conpri si'ng: nu

grain di sfitéledtcoaipohsitlaudi tB@pet(atu)re af al Rast1590°Ot %oeffu@lmares@mgreahwmg to a
including stabilized zirconia, said coarse grains conpr|5|n raln
gk&\é’if‘ﬁﬁﬁﬂ

size in tREDPPARGR obft A%l 80Q°E Bocetngst Basepuiporhareia aftsr auc 1 they
conmponentg, nﬂj'aﬁex{t'ﬁa)s p%}os'nﬁaa%tanilbl %&{y?{tl{uﬁee %‘ ﬁﬁ%&BWoh%lsf} !%39 ao\é%dage

grain size greater than one our in size o coar se
grain, digperisetbrmed hohneaifdhe canpeegt, andsn MﬁReﬂf atppast G kyesi (étit MIPa)wn wbte of

sai d conponent; wherejn after nterjng, sai d conponent has sity at
anbi elit tpé?%@ﬁﬂ!a}tmw il 1?%3@ Kot (ODOMPS: 8d Aemhelized,he ek ahosk EHEA0E ume
of said fQriEGr 4MPREPEr mére PR AXNRARRRFVOS TR Alofesh 1ofMA?rsﬁllrfuﬁﬁ’érQnd‘lhdée

grains conprise at |east one of (1) a stabilized zirconia; (ii)
st abi | i zehg stapef fithcy hentatathe sintéred sofaponent at a temperature of at least 1500°C or at

least 1600°C, or at least 1700°C, for at least 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 value, regardless of whether ranges are separately disclosed.
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3. The component of claim 1, wherein said fornmed ceram c conponent was
sintered at a tenperature of at |east 15000C. 4. The conponent of claim1,
wher ei n swiodofoasaed ceram ¢ conponent conprises a fl exuralr/uskeogogtons ( MOR)
of at least 6 kpsi and a normalized thermal shock resistance rating of at
| east four. 5. The conponent of claim1l, wherein said (MOR) flexural
strength is at |least 10 kpsi. 6. The conponent of claim1l, wherein said
normal i zed thermal shock resistance rating is at least four. 7. The
conmponentCAILMS;i m 1, wherein said fine grain node conprises a D50 grain
size of fromO0.01 mmto 100 mm 8. The conponent of claim1l, wherein after
anneal i ngVaaild Céaimeéied conponent at a tenperature of at |east 18000C for

two hours, said, co nt. i ngl udes porosity at anmbient tenperature in the
ange of Fr om0t S Sy G SHEEIC FUBREHE SUEICORBOR SaEN S Baponent . a MOR
of at sl east 6 KpghimAAAg@insHABLiGER Rl shock resistance rating of at
| east four. 9. The conponent of claim1l, wherein said coarse grain

stabilized zi r®@oiileast $0srtbiof coasse Bipinstintladisne stabiizglofircanist syl Icparee gramest

upon t o e et D88 i - oD rine SCTiapi T a0 B Bkt HPGR o AT Biepbfnt

of cl ai mgid agoakbM; hite shape of at least a majority by weight of said
coarse grains have a shape factor of not greater than 2.5. 11. The
conponent of diiaritedst Iwhiés ef fing giaghsraghtprivmgal DoP averagti geini siaet nod igrdagar tthasr

conprjses; (dii) .at ast 5 wt 0 of an internediat ai n. mode of .stabilized
ST bolt a inscblit 15 RoBaR I a B L e b e ARE R Cn BBl AR B W ach
of said apansie: @laRwidieoLsAdeoseddnf,i ne grain node, based upon the total

wei ght of said conponent, 12. The conponent of claim 2, wherein said

stabi | i zer corprargasiftep emtering, saqifCosmPpeH e NUERSHY it gnRientdagipeRtEan the
precedi ng, ¢l AlAR S48 45 Dot DREEBh ;@&o%ﬁb?sa“c?ro%%& céﬁgoﬁ’éﬁ'&o' yzing a

f eedst ock, said reactof conprising: a nu Prbdal cer am conponent

i ncl udi n@.at |I'Bastonspdnecnteofgyclainn Inoderamdaid ftreagsemsgroaprisot deass and o€ garase
grai n node con‘ﬁrisi ng st abi gized zi r.conia anohgsai d fine grain node

conpr Psi mipbalizefeygsenig(y) g ptabilizes pad AH) PiXIUEHIEeoRd st abi i zer: wherein

LT oo D ST el gt o hpad conpbeal shemmesal e |
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 least 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,03, CeO,, and

mixtures thereof, based upon the weight of said coarse grain stabilized zirconia.
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14. The reactor of any of the preceding clains, wherein said coarse grain
node stabilized zirconia conprises partially stabilized zirconia. 15. The
react or ovoanw/msp32zhe precedi ng cl ai ms, wherein said st &biritus2zed/ ogiostoni a of
said fine grain node conprises fully stabilized zirconia. 16. The apparatus
according to any of the preceding clains used in a process for the
manuf acture of a hydrocarbon pyrolysis product froma hydrocarbon feed
using a pyrolysis reactor, the process conprising the steps of: (a) )
provi di ngl%a py¥hsi spsiponertpfickyimyj, tthesein diecthppeof @3?% atoppaerity drypi pisltsofzpaid
mul ti nod L [ j ' nt, wherein said ceramc
corrponenta(JO %&gg%é%%ﬁgﬁ%g%&gﬁgﬁéﬁf&? ﬁ%g%g@%ﬁ%gin the range of from5 to 45
vol . % basldd oriTtcheompdneme off clami dl, cohpoinentid maitpnoédne sgrainf Hskibuabn sfurteagt h
of at |east 6 kpsi, and has a nornalized thermal shock resistance rating of
at | east W'Y b) heating said reactive region conponent to a tenperature
of at o east 19000F LR Seak Br an MABKACIKEACL Wodoad! @bilid)2ifBRA! HAuding o
hydr ocarbon feed to said heated reactive region to pyrolyze said
hydr ocar Ho¥) geedsiandtemesliae sheply b0 lgyae dizhydreactapheaid sbamagraiamebdedind said
guenchi ng. sai d pyrpol yzed hydrocarpon streamto produce said hydrocarbon
pyr ol ysi gﬁlﬁr%?fﬂé’go.d%?g”?&Bpéb%ﬁ&(gtﬂe‘é’elﬁﬁtc%@mdncﬁnipgngﬂy of the preceding
claims made byrig uReass of hirh @f Whb@idsaeLstabilicer COMPERGNY 0,52l d process
conprising: (a) preparing a m xture conprising a nultinodal grain '
di st ri buth3en iThsl aeeinegent(acyordingl tezsy ofdhapweesting elaimsseusgdaia t | prislyse ng
stabibizqgwiéqggnhalZﬁgid eyg&QQEmggge S9 rising a D50 grain size in
the range o o8¢0 ase upon]PHe tot al wei ght of said
conponent; and fiuitmédal keastic tompdacat ifdutingaaicastrefe gaiipmdse ald 4 easic one
of a stabiljzed zirconia and a stabilizer, said fine grain nmode conprising
a D50 avedaigangfoapidspaisc giin grodgcempripiag stbdized gireoni gad pad fgicrpingpode of
sai d coar I Al ' it b & coarse grains, based upon the
wei ght o#%gg?ﬁﬂ%¥§?%9§¥w?%§gﬁ%?§?ﬁ%ﬁéég%béﬁ%ﬁﬂﬁﬁg into a shape; (c)
si ntering sai dvishapeftenhmrtceing, sdidd eompomine rindigdes y@irabityatparbentt téragerparosi ty
at anbient tenperature in the range of from5 to 45 vol.% based upon the
e @éﬁﬁf&@{s o |

formeld vd offse¢ on the volume of said ceramic component.

14.  The reactor of any of the preceding claims, wherein said coarse grain mode stabilized

AT
i

zirconia comprises partially stabilized zirconia.
15.  The reactor of any of the preceding claims, wherein said stabilized zirconia of said
fine grain mode comprises fully stabilized zirconia.

20 16.  The apparatus according to any of the preceding claims used in a process for the
manufacture of a hydrocarbon pyrolysis product from a hydrocarbon feed using a pyrolysis
reactor, the process comprising the steps of:

(a) providing a pyrolysis reactor with a reactive region that comprises a
multimodal stabilized zirconia ceramic component, wherein said ceramic component has

25  porosity at ambient temperature in the range of from 5 to 45 vol.% based on the volume of
said component, comprises a flexural strength of at least 6 kpsi, and has a normalized thermal
shock resistance rating of at least four;

(b) heating said reactive region component to a temperature of at least 1500°C to
create a heated reactive region;

30 () feeding a hydrocarbon feed to said heated reactive region to pyrolyze said
hydrocarbon feed and create a pyrolyzed hydrocarbon stream; and

(d) quenching said pyrolyzed hydrocarbon stream to produce said hydrocarbon

pyrolysis product.
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17.  The apparatus according to any of the preceding claims made by a process for
forming a ceramic component, said 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
5 coarse grain mode comprising a D50 grain size in the range of from 5 to 800 um,
based upon the total weight of said component; and
(i1) 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
10 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.

15
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