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invention relates generally to joining materials having dissimlar
coefficients of thermal expansion and, nore particularly, to furnace tubes
and net hods of fabricating a joint, between two different materials in an
apparatus, which is functionally or conpositionally graded and provides a
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of pipes and tubes (hereinafter "tUbeR:;%S ﬁﬁocesm ng fluids. In many
applications, tubing i s uEEdDNOF DRAEFRESENTERENTIPYr transporting fluids

to be processed but also as an integral conmponent of the chem cal plant
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bur ners at ed he tloor and/or walls of the firebox. This heat
transf €CdE).hr ough the alloy reaction lines (reactor furnace tubes) into
hydr ocar bon feedstock that flows there within to provide the necessary

energy for cracking t%%ggmg%ﬁrr EOP}QEél%N §racking furnaces,
Irde resi de

as constructed today, I'Secon nce t| me at a nmaxi num
bul k fluid tenperature of about 1625 F., and are, with respect to their
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The fireboxes thenselves, which nmay _ be lined with refra to;@/ materials, are
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of the t he reactor furnace tubes are
const r wgtigehent, ifon ¢xemiphs cpekingrimmacetubs.t he af orenenti oned reactor furnace
tubes with regard to their capacity (V\/ni ch should be-as high as possible),
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containing a multiplicity of highly alloyed (metalhc) reactor furnace tubes through the interior of
which flows the hydrocarbon feedstock to be cracked, together with a suitable amount of dilution
steam. The sensible heat and the heat of cracking are supplied primarily by radiant heat from
burners located on the floor and/or walls of the firebox. This heat transfers through the alloy
reaction lines (reactor furnace tubes) into hydrocarbon feedstock that flows there within to

provide the necessary energy for cracking the hydrocarbons.

[00004] Moreover, cracking furnaces, as constructed today, provide for millisecond residence
time at a maximum bulk fluid temperature of about 1625° F., and are, with respect to their
radiant heated reactor furnace tubes, constructed of metallic materials. The fireboxes
thémselves, which may be lined with refractory materials, are capable of delivering a greater heat
load than the metallic materials of the reactor furnace tubes can withstand. This maximum
service temperature of the metallic materials, of which the reactor furnace tubes are constructed,
limits the performance of the aforementioned reactor furnace tubes with regard to their capacity
(which should be as high as possible), and their residence time (which should be as short as

possible) and, hence, selectivity (to achieve the highest possible yield of valuable olefinic
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propyl ene, for exanple). [00005] Gven the relatively high tenperatures to
whi ch t hewoeatit@i62Bur nace t ubes are exposed in a ther malPCErsekioog6pt ocess,
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such tubes. As reactor designers have strived for the higher capacity and
hi gher selectivity in the process, which would result fromthe use of
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reactor furnace tubes are manufactured. [00006] Conventional reactor
furnace tubes are constructed of nickel-containing alloys, the magjority of
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in théﬁ‘ﬁ@}?@e@ F“%&“ﬁ{?t%‘y LGP EBhE WHFD Hcdff ClorgUingcaBibaRarg srPesed dent
ni ckela thédeal ARG Srd ) mdtalBe mablRR! 1Bive BB @k ER&Y&F&] 1ﬂggfi%l's ¥&SondififEiBn
alloys are used in'industrial processes that operate at elevat ed

t enpeodsushelsbege by whttyr déstanerslib@o sEived fior thphigber2QPkify. anddrighepseectivity in

energl . the develo t aof .the,nickel -cont.ainj al l oys for reactor
19 ur nagheé Po6Es; W?{lﬁhgg’g@]ref‘g“ oty ths Uge ehnaterals B QE%WP@ PERSENV S Cur e of the
af or es@hperaRactifits ftHETRER stedBBpimpasedBe PrafadBl ithadaltv 1B cahsiiibn

control of conposition and microstructure to produce, for exanple, | nproved
qual i the wastorfireace tehesiied menasthieth st eel s. . See, for exanple, Kl eeman, U.S.
Pat. No. 6,409,847 (the contents of which are incorporated herein by
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pyrolysis itself; i.e., the action of time and temperature (particularly the very hot wall

temperature) on the coke precursor material produced in the reactant mass. This type of coke,

having both a different formation mechanism and a different structure from catalytic coke, is

known as “pyrolytic coke.” The coke formed by pyrolysis overlays on top of the catalytic coke

in the reactor furnace tube. The deposition of pyrolytic coke, being a function of time,

temperature and coke precursor material, increases in amount along the tube length, peaking at

the output end of the reaction tube where time, temperature and precursors are at increased



[ 00008] Coke formation is deleterious to the process for a nunber of
reasons. The deposition of coke on the insides of the reactor furnace tubes
constri ctwotha/@Bhe@w path for the hydrocarbons, causing &aTiusesieasmsdl syst em
pressure drop and reduced throughput. The hi gher average hydrocarbon
partial pressure reduces the selectivity of the process; and in extrene
cases, the coke can cause nmaldistribution of flow (between parallel reactor
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The use of n}xtures of .vari ous n%%arla“% %gh as, ceramcs, netallic and
the | PRASTAIHHIOEERYTPEPTS SR HaIOP i haekocpibpRs ke EeRAIQH Whst mAde HPBher
tenperatures, increase capacity and higher selectivity, has invariably | ead
to the need for joining together ceramcs and netallic alloys in various
processi ng equi pnent conponents. 3.



[ 00012] Moreover, the joining of netals/alloys and ceramic materials is
probl ematic. Joining can be considered as the creation of a controlled

i nt erf acewbebmwesme28he two conponents or naterials to bePComiuseao/oht69i s
inmportant to control the interface for two main reasons: first, to ensure
that appropriate or advantageous chem cal reactions occur (to ensure
wetting and bonding WD 2011/031623PCT/ US2010/047691 in a brazing
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ef f ectPEodemEPecysidyrpg 819 Praeeese i ncl ude the use of a single interlayer,
double interlayers and flexible interlayers. These interlayers bei ng bonded
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Soci ety, 27 (2007) - 1286 and Ruys et al., Journal of the

. , Pgs. 128
Eur ope’dnclwﬁamm@@@ﬁglﬁsﬁ;nmreéqel@@, pgs. 2025-2029, the nethods discl osed
in the prior art have net with some utility, but suffer from drawbacks.
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pol ytypoid functional gradients', Ac%a Mater., 2001, 49, 37%5-3780.
furnace are required to tolerate temperatures above the cracking temperature of the feedstock. It
1s very important only to have the feed at a temperature above cracking for a specific amount of
time in order to prevent overcracking or non-selective cracking. Furnace tubes, however, are
connected to other tubes, such as, transfer and cross-over tubes for transporting the hydrocarbon
gases. Because cross-over tubes and transfer tubes are not exposed to as much heat as the
furnace tubes are exposed to, their composition can be quite different than that of the furnace
tubes. The use of mixtures of various materials, such as, ceramics, metallic and the like, in order
to provide furnace tubes that can withstand higher temperatures, increase capacity and higher

selectivity, has invariably lead to the need for joining together ceramics and metallic alloys in

various processing equipment components.

[00012] Moreover, the joining of metals/alloys and ceramic materials is problematic. Joining
can be considered as the creation of a controlled interface between the two components or
materials to be joined. It is important to control the interface for two main reasons: first, to

ensure that appropriate or advantageous chemical reactions occur (to ensure wetting and bonding



[ 00016] Thus, there remains a need within the industry for joining
different materials having dissimlar coefficients of thermal expansion,
such as awoOancedie@eram cs with nmetallic materials, to proviuseoimgreoved
tubes, for use in, e.g., chemcal plant processing equipnment. W

2011/ 031623PCT/ US2010/ 047691 SUMVARY OF THE PRESENT | NVENTI ON [ 00017] The
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t hermonmechani cal reasons), at the tenperature of operation of said furnace,

and a ldécond material C  wherein said second material Cis conpati bl e at
the tenperature of operation of said furnace with both first material A and
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1286 and Ruys et al., Journal of the European Ceramic Society, 21 (2001), pgs. 2025-2029, the

methods disclosed in the prior art have met with some utility, but suffer from drawbacks.
Similarly, the production of functionally graded materials based on two ceramics has been
demonstrated, C. S. Lee, X. F. Zhang and G. Thomas: ‘Novel joining of dissimilar ceramics in

the Si3N4—Al,O; system using polytypoid functional gradients’, Acta Mater., 2001, 49,
3775-3780.

[00016] Thus, there remains a need within the industry for joining different materials having
dissimilar coefficients of thermal expansion, such as advanced ceramics with metallic materials,

to provide improved tubes, for use in, e.g., chemical plant processing equipment.



WO 2011/ 031623PCT/ US2010/ 047691 [ 00019] A process for cracking a

hydr ocar bon feedstock into ol efinic hydrocarbon products, said process
conpri si yoenuakierd sai d hydrocarbons in a furnace at aPCemseriaureel of at

| east about 1300 F. in a pyrolysis cracking furnace conprising a plurality
of reactor furnace tubes, wherein at |east one said reactor furnace tube
conprises a joint having a first material A a first netal material B,

wherein the first mater) A t irst netal material B are
i nconpatible (for any %ﬁ@!ﬁdé\é{ﬁpgﬁ“ ﬁﬁ]:erpﬁ*g-s%gh%‘i’@é{mq)@asons), at said
tenperature, and a second material C, wherein second material Cis
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car bi gteeganfd t he {’ret al fll | oy. [00021 The novel  joint/design is

chara Fetmpol maiegat B rarduh %@Hﬁ%‘éllﬁrftd%ﬁtleﬂlélﬂ@étwqenéim magerzd A fsh"  (from
Ato here is
e by ] G PR & ER R AT o pa d T

mat er c@hposameh drvéori cohBceamt ofiihsmadl Rpansio@HEtweenahs Airsoumtasaim. andBecdndvent i ve

j oi nt an. Pg s%:{ ategically positioned within a hydrocarbon cracking furnace
to prg\?’ #4t nace tube havi ng superior heat resistance and strength

where it ig) m&orﬂftfae@&ioﬁﬂbi%beﬂﬁ&@leﬂe {Rbn P EIPCTNE i RBREtal fnfateQQISB red).
BRI EF DESCRI PTI ON OF THE W NGS [00022] FIG 1 depicts a side planar

vi ew Hhemg %wpn@ﬁ@n&mranmbeww the aeeoind ingaterial jCoandt lirvenelebmateviel iBrisd pi ece

mat er . al i ca nd. irons chro um ni.ckel based Ion,
whi ¢ hhiglrct}na{llg c%%d% t!) g?og);%eon er Iaé/}ng a ﬁubstalhtéa S d composition and/or
coefﬁ01ent of thermal expansion between the second material C and the first metal material B,

with the proviso that said joint contains at least two gradations .

[00018] The present invention is also directed to a furnace element for use with a furnace for
thermally cracking a hydrocarbon feedstock into olefinic hydrocarbon products, the furnace
element comprises a joint having first material A, a first metal material B, wherein the first
material A and the first metal material B are incompatible (for any chemical or thermo-
mechanical reasons), at the temperature of operation of said furnace, and a second material C,
wherein said second material C is compatible at the temperature of operation of said furnace with
both first material A and first metal material B, and wherein said second material C is
functionally graded between first material A and first metal material B to provide a gradation
having a substantially graded composition and/or coefficient of thermal expansion between first
material A and first metal material B, with the proviso that said joint contains at least two

gradations.



WO 2011/ 031623PCT/ US2010/ 047691 [00023] FIG 2 depicts in schematic form an
enbodi nent of a cracking furnace tube useful in the practice of the present
i nvent i orwwODETABLED DESCRI PTI ON OF THE PRESENT | NVENTI ORCrQGe®@4j0476he
followi ng detailed description of present invention is presented to
illustrate the present invention and is not to be construed to limt the
scope of the appended clains in any manner what soever. [00025] The design

of th esent invention provides ngvel double transitional "joint"
bet meiﬁ&ﬁﬂﬂ‘ﬁ f‘grpé‘??ﬁs f efer'dng arklé(gm@r%ap edpipriainte glefipicdydrearben prordicital

expanshihrofRs c&ﬁﬁx‘é@l?ﬁ%craéﬁih%%ﬁg)}; 8‘{0\%{9 dasednet & %ﬁy@%ﬂne of at least

iron-chromumnic ased ich are chem ca
t her norecthiB00CE] ihy dyndgsip atacking famatestmpgratngragsurabiguof reaktomiuenach aes al

processi ng apparat us,..such as those necessary for hydracarbon. cracking, or
Guri ng TETRRRGApABE S Sty Jomae] Re EOPRTIY YN A SHbb I haHergl Ar pers

| NVenth @R mitehAB, WHeE h Ae ArsOhafeR8 RRES BRLIAMERAT BRrSAD aREn&MpLbId (oS €
materials that are used, or could be used, in the production

hi gh- gav chemeae thaaetoeclfanioabisesangb ebsaideapetabgrepdndrrateeenicaingtetislef,ul i n t he

or oceatair send hRAErBF G hPB AL ACSAS ey o fE Fab T nih il Koph Rfgine:

react giethluhitass B, 4he wheraesatbhd 8ftdraB0 1P A M \er RicaMetwed irsthgd e A
cerani cs, advanced ceramnm cs, cerani ¢ based conposites, internetallics

and/ orang ¥iry ancigl gpaterigl htosirp g e Igadationdesing alsybgtpantially gragedcymppdtiethe | ke.
[ 0002 kG ' : [ inar j -mRtal lic
e b S e e S e R KR R T
t he pmadt the erovfisotthet spidgsantontaivie at least tas gradedisi cal , engi neering or
advanced ceramc materials. These are generally. based on relatively sinple
conbi ' of B, C. N 0O, A, S, Zr and Ti.., There are three general

cat g L0 Shnag ki aryaatiyg ARUNY hip SiRraREear Bemiee AuTLenane CHEREhat t or
" advang it MHt & APk LAk 2dlisdimiWNE S di B BOBernD ledBmsichUaRhAS, bR IE
(AI'203), and zirconia (Zr02); non-oxides, such as, carbides, e.g., silicon
car bi ¢Bicosicgbidsdras esaaricsl end3u@)-chnechitmmyekek based rbip e by voyviding atdeashbwé des,

o bi dgicoseadi wbia st chanioamhckode idins edeasbor d
(s s PEn ARG A iy B b O e ons T RS g ponBselfREerdit B

any ceowdelndibi.on of oxi des and non-oxides (ternmed ceram c matrix conposites;
CMCs). These materials can be

[00021] The novel joint/design is characterized by a continuous compositional change. i.e.,

2%

“gradation’” (from A to C to B) and a graded coefficient of thermal expansion. Thus, there is the
prevention of deleterious chemical reactions between the different materials and the inherent
mismatch in CTE is also overcome. The inventive joint can be strategically positioned within a
hydrocarbon cracking furnace to provide a furnace tube having superior heat resistance and

strength where it is most effectively needed (or outside the furnace, if desired).

BRIEF DESCRIPTION OF THE DRAWINGS

[00022] FIG. 1 depicts a side planar view of an embodiment of a double transitional joint
between two end piece materials, i.e., silicon carbide and iron-chromium-nickel based alloy,

which are graded by a second material, alumina Al,Os.



WO 2011/ 031623PCT/ US2010/ 047691 manuf actured/ fornmed to shape in a nunber of
ways including, but not limted to, sintering (S), hot pressing (HP) and
reacti on wondimgi2RB) . For exanple, silicon carbide (SCpCtams2iue/giont er ed
(SSC), pressureless sintered (PSSC), hot pressed (HPSC) and reacti on bonded
(RBSC). They may al so be sprayed, or forned via liquid or gaseous reaction.
[00028] First material A may include a wide variety of any advanced ceramc
mat er '[0602_3! @@Q'dgﬂictSQHEcMat@W% YBbydirleht HBSEEIGES Aifhdee TRIRIERl 1
silicon nitride (SI3N4) based materials, alum na based, magnesi um di boride
( MyB2he mhetatei aféhe pragpmé siventian. | i cat es), zirconi um di oxi de (zirconia) based,
and any conposites/conbinations of these materials. According to one

speci fic enbodi i I QO Ao st i | i con carbide,
in any of its fgﬁ%Tghgg%ﬂ%E&@S@?fg?%@@’g%@a@@ The ceram c
materials useful in the present invention are any of the known advanced
cer am|@002a] erteabBowingtdetiled desceipapeaf pretedt Bvention @presemsd tditlustedne tied
include, but are not limted to, silicon carbide £Si C materjial. in any of
its foFeent Ipyentionaad synotitebe censiruedto lipid thesgepeueldhe apranded ¢laignsig any ypes

sol d Er&rﬂ%ts&e‘iz@xde nanme Hexol oy(r) SA by Sai nt-Gobai n Advanced Ceram cs
(formerly Carborundum and tubes sold under the trade name Hal sic-S by W
Hal denwanger Techni sche Keram k GrbH & Co. KG [00030] According to an
enmbodi[025] dFhetdesigh 0¥ grtpresent vergtoneodtiesvatme]l ddubB: whnsitimabtjewéhbetween

i nventian can be .any .netal. material. kno in the art f.or the manufacturing
of |t USRS BrGRESar Y b o REERSa, MyHPHCAPBONG: [GxBPle, FURbor t1 ng
f eedsi-apkid thsdd E@ARIOand TOB-ARnfLAhiSkdl DR dtaflo Py, JAEILarB CRERREIY DI NY
enconpasses conventional netallic materials, e.g., netal 25Cr35Ni . However,

i mpr oviedmeswchanically shepmpapblpat tioreeraihigh sequisap sicd ehemzinel MPeRERS aRasttes, vi ty

in the process have been the result ,;of i nproved. N | 1 oys from which
the r adiBrRR G REEEDRE et flir ol EEO TGRS PRskedi ng to an

enbodi nent of the invention, first metal material B of the present

i nvenfdem 6] A@ordgiigio @l dnohyodirkx@ g tlesinoéntior) fdst ambteaygbAiof theugtesenbinve@tiom not

limted to ys of alum num all oys

, al ! f copper, alloys of. nesi um
al | oy§ape Elil}h%% thgrayerigs & 6‘?‘?,“%‘?4%?8“18#’6&? gt thegre EO%ngH?P%éngH?ﬁceand
the |ikRid FoBcPRibe Sk Anples o PMteRRls ik SruhahMeaStaShRedr RMMlpLAGRIaAYS8) -
However, according to one specific enbodi ment of the invention first netal
mat er ireectoB furnace fuben(@hy, ori therproceiself chaaking ofhydrpcarbgi® by pyrolysis at
2011/ glsg]riﬁ‘lzc%rl?t%/r {xggﬁgror]égétgrd' gl%;a]ée tube temperatures than previously practiced) include
ceramics, advanced ceramics, ceramic based composites, intermetallics and/or oxide dispersion-

strengthened materials (i.e., “ODS”) and the like.

[00027] Ceramic materials are generally defined as inorganic non-metallic materials that are
formed by the action of heat. However, more relevant to the practice of the present invention are
technical, engineering or advanced ceramic materials. These are generally based on relatively
simple combinations of B, C, N, O, Al, Si, Zr and Ti. There are three general categories of
technical/engineering/advanced ceramic materials (hereinafter “advanced ceramic material”),
which include: oxides, such as, alumina (Al,O3), and zirconia (ZrO,); non-oxides, such as,
carbides, e.g., silicon carbide, SiC, boron carbide B4C, and tungsten carbide (WC) based,
borides, e.g., TiB; and ZrB,_ nitrides, e.g., boron nitride (BN), silicon nitride (Si13N4), and
SiAlONSs), and silicides e.g. Ti3Sis; and composites, such as any combination of oxides and non-

oxides (termed ceramic matrix composites; CMCs). These materials can be



[ 00032] An associ ated problemof joining different materials together, such
as ceramcs and netal alloys, is that different materials usually have

di f f er entwoaeftfi3ei2zent s of thermal expansion (CTE). The ETEUSS01&/04BABUr €
that represents the dinensional response of a substance to changes in
tenperature, i.e., how nuch a material expands when heated. |In general, but
not al ways, netals expand nore than ceramcs for a given (positive) change

i t t 0003 Th st t t.al terial
B wer SGRLECUBUEENG) SHPF SLE PYmDEH s gyt il By g (T °'
di ff e%@ﬂf)resﬁﬁ§§{ﬁ)eanﬁ reddi®n @Egdlﬁé (B Fét ex%?le&ﬂt@orﬁca@ﬁd@(Etf@@fﬂé"smtered

(i ron-chrom um nickel based alloy) 1s -14 x 10 -6 C -1, respectively). The
r esul {(8BE), presewrskess vinterad (H5SE), hohererswdéHm@éanctete@ﬁem W?%&MT hey or
thermal cyclin 1 errfvl ce v1 u d (% nost ceeat:ttl(% nly cause failure - or at
best &'d€ V%e%ﬁ?y 9a‘t ed "4 So‘tqut ngF aangerous stress system [00034] In
an effort to join dlfferent materi al s, the use of functionally graded

nat er ijed(28{ FEMt thasid)eemas tintdidath \ivfdetviaﬁet@rdf@ﬁy advtanc&GMdranie mehatidAct eri zed by
a variatign in conposition and structure gr dueﬁl |y over vol u%ﬁ resul ting

i n corP@upBndihpolcaRgREh HCrech FEpBIATHETYF SRONTATER el dan be
d f
esi gnede L 4 ﬁﬁﬁﬁb bigal %Q&ésﬁl dl%B d%@ﬂ%]k?astéémé(m eglﬁﬁll"!nhda'ﬂss D& ut bm

vari ous approaches can’ be use e FGM e processes ‘inc

parti dihxade(zpradessisad anpasy é@nmsmesicmlsmatgqnsloﬁytmse pmbmakss |A@prdeu<g tousieon,
sprayi ‘tg nd A.t Rrﬁcﬁssing githefa rlcalono re.ds a

7 Pr anepd B B diteRt AR s Bftion SR oy SSH08 cSfoiseath A CHS A er
passagRsy QRCREIFRLE R leRhmple. CONPOSi tion to anot her. According to a

speci fic énbodi nent of the pr esent |nvent| on, the gradual change from one
material to another (i.e,, "gradation," or "graded") is utilized to effect
a subd00R0] ATheycerpmia anntariphpessful |11®Fh€a>rﬁ@$ﬁ@trm‘é@éfpﬂla€q amtofdhe knpsymedvassgdansi on

bet ween &%{\Aé)m%tn%fs tﬁ(lit can\é\'étsﬂ%p%d ujﬁg a(tgl;ulgﬁ(éon t’lg)ttlgg afll ﬁ‘ﬁ:‘ﬁme B\{g}fa?@ﬁdtq{?mteﬁev( s)

are USE are a or connecti on erent materials

or COm@Qﬂ[dthﬁﬂold'bﬁ(\Sh(D)Jndﬂeﬁsli ifah@bf o &frinisC Eemhple@bf Sttetubed inelijarsit are.not
[ 00035] Second material C of the present mvgntl on provi dgs t he necessary

mat er ilgHteddodpbssspld ‘&ldFﬁH)@ttYaéﬁéthﬁ Hexalox® S P spit-CobpingpdvpResbnerapitween
the fifoitheflRCaodindinBRtd biks bbla @h@traﬂ@ﬁa‘?ﬁé BhisB-s 5% Q@al@@ﬁ@tﬁ?@ C of

the present”invention’is prep arez&grom material s or conpounds use
transﬂter:knnsadheri@rmmkaﬂ}mbHc& (IthCprepar ation of FGM and includes materi aI S
and conpounds, such as, but not limted to, alumna, zirconia and spinel
(magn al,um ate WD.20Q11/ 3PCT/.US2010/ 04 69 Accordi ng
o onddtiL " AR B amsmoeg e & RBHESR Trecealmtr e of Hhre Bl 0L ha

[ 00036}veNE6REA higardin&ARaicAEINnodh ih g 4t fF & mhmBALHONOf BBGQRgedmt eri al C
is a material or COfT‘[ﬁOSItIOﬂ possessing a CTE that is internediate to

mat er |P§?C€$$I%1@f qrpqket hidtogrrbpps ef feitrapsporiingfeedstemtprd, reaqtonmat by materialsi s Sj C
whi ch | t t | B
1 o 088y T s RRRSEL DRSS 3 Gl Pl B b et e 2

mat er RaCrIBNID Hosvdoer, anpmty ed r@btoﬁﬂesﬁmms‘i'lﬂlngﬂhlglﬁabaﬂmaﬂy andfighémekectivdi at e
to the CTE of SiC and steel, i 8 V\/qere bet ween 3.5 x 10-6_.0C-1 and 14
x 10- & hepprocess have been the result of 1mprove metallic alloys from which the reactor furnace

tubes are manufactured.

[00031] According to an embodiment of the invention, first metal material B of the present
invention is a metal alloy. Examples of metal alloys include, but are not limited to, alloys of
aluminum, alloys of copper, alloys of magnesium, alloys of zinc, alloys of iron, alloys of nickel,
alloys of titanium, and the like (such as, 25Cr35Ni, austenitic stainless steel and Incoloy®) .
However, according to one specific embodiment of the invention first metal material B is a iron-

chromium-nickel based alloy.



[ 00037] The present invention involves a nethod of fabricating a joint
between two different materials, in this case one is a ceramc and the

ot her a rwoDab11/0Bl@se are several methods known in the aPCTfuseolpoewaci ng
ceram c-netal joints. These may be generally categorized as either

mechani cal or chemi cal. There are advantages and di sadvantages to both,
depending on the final requirements of the conponents. Frequently the

bi gges OD§ UR niaSsdchidd Rbbiinssmbmthd AEREf hhhgto nd:

(CTE). EO 0038] Conventrlgona ﬁansé[o over comhng (t)%e eplrgggl}lggrr?eg%m%%%m smat ch
bet \A/eemewhaliayasls theet diffeatrs nhderidlnedualie Hatehdiffaeat afefficitras of tyana eepanédhunes

j oi ned such that the CTE of helnter-layer i's

i nter n%cg&évﬁ%?gtﬁhﬁl&aénwuﬁeﬁéaté@rﬁ?ﬁn&“ fgimgosignal repponss ol SbStaneR r - | ayer is
a si ngdtengdsas erberifaicel t.ahow lnﬂlcﬁ%rlﬁatbﬁzﬁte@ﬁﬁﬁ@ Wﬂéh%eétg@nlrpé@lefamtbﬁf pbrdyer can
be used Anot her option is to use a conpltant inter-layer (e.g., spring or
f oam |3lways, msfds erenand piare than seranvesetor aawtehépcrmiveethrgsumtempemmch i ncl udes
a Iayer of suitably graded material. The depth of a solid graded |ayer is

dependind A LR et B4 R ERERAEhalitl BRERLEA el BT G

Wil evtuieexeadsed chetrdeo additordhatdtesore. g:cﬂm C1B of Bt he skordi g dnareer®t ur e,
premature failure. [P0039] The present invention

or will Bgorlbutet? %

conteerrP%’t npif-piskel bpsed algybiscolhr éQ c?@s g‘rﬁpﬁ%{s"@b’)o he fesulian sgesset | east
two gr [ aI |y

or aded e up et Ratace, itk SRR BhRMEbShenfl Elcthe IRS BB SHITHASH 2 ¥ 1 o
t r ansiceitamly calibefaiwe goaatdestongrp camplieata aﬂldlpbteﬁtlhﬂﬁﬂmget‘(m@ sﬁréssgyadﬁd
materials between the different end piece materials (i .e., first material A

2011/ JTbMERkAn BB ) B st ot St B Dere el TP

cont erfiak 8é@GktiBE®Inthe Brilr art.t FERFhreicARtaBetiNRIesy 4 Vdrikio 8t &mpodtfii a4l B and
third material D and/or transition between first material ‘A and fourth

nat er iSHPCEYE gragually pyenyqlyme; whwting sstogiespandiriedbgngosde theemopftlh@rofﬁhe shock
resis ?ﬁ?] | en t oughness. serV| ce,

t he htg’?ﬂgﬁé 3 h%?%%?%e%ﬂ d f{)g%ml?lcqu ﬁ%?) aI%t%PBglgge{H)nts ogts Pélf greater

t han nedessapyodches daydeased bohbtcac RGM thaptdedshie iaglaliebulepdrtivalags i al  whi ch
make u for exanple, a cross over or transfer tube, w |l experience
t enper Q5P HE PRETOTRY MOPRSSIag Iaxer nhecesyBg Sy rpgen, WWH@@H"SG&GIEPT@@W% Imhus,

the i nyenbliofiondreanibhe el apfrgrYs’ll‘ijdrpxg%;’f()lfr’t nge\%h }chf@e@ %vﬁﬁf and

hi gher tenperatures, 1ncrease capaclt er Sel t| Vit e being
j ol nedh@rtgetomipe@agfr ﬁfrmarwd rmaftamalmnmepd)smnaﬂo armlthaf Aatoeahnglto asrp:bcﬁ“uer conmes the

probl e agtivit bet he first material A and first netal

mat er i°81°° &ﬁaﬁﬁ‘ﬁé’f‘rs %ﬂr&%e §o ¢ & a]\/ﬁthla?rgerf%‘ﬂé’tn&ﬁ‘qt?{l atieEnotnbad] FIG 1
depi ct §radat$cﬁﬁ’cb1f"g$a&6'bﬂ§ uERSd efefead@w%ﬁnﬁarl@ﬂg?h&éd%a{pobi@r'oﬂtanéropet ween two
di fferent end t}él ece materials, one end piece material 'is silicon carbide

(Si ) cagfiiciepoigheraral emrmpﬁoe@@twmnéwpmatwla rwnhnﬁhgnvmﬁmtmf@mreqeﬁe Cr-Ni)

can: b caRd FEISISE e BB R TR IR chlieFiF B Ret Blad0f P bt bos,

and acempdiitighstavimgpiisiiliadefdon aanémof etfa@sionvention silicon carbide is
the first material A of the invention. Iron chrom umnickel netal alloys

are a sed ter als in the constructi on of reactor furnace tubes
to sub@grgg}) gﬁ%@éﬁ?“&%’ff i EEEICRETERAEY eraine PRI A heccetsaly wpkssiRk P @renstodi ment

g}c | gc%dcﬂgﬁdﬁy' §5Hedfrh£t§1tlal[7§1t eradmtn?ﬁét@/leerﬁh% $ir@Mndt &A1 A HOML I Rl Ghel based

material B. Second material C of the present invention is prepared from materials or compounds
useful as transitional materials for the preparation of FGM and includes materials and

compounds, such as, but not limited to, alumina, zirconia and spinel (magnesium aluminate,

-10-



[00041] FIG 1 presents exanples of conponent materials necessary to
overcone the difficulties arising fromthe msnmatch in the coefficient of

t hermal ewpansi@ne2Bet ween silicon carbide and iron chromrcuruseéioketsonl | oys.
The direct joining of silicon carbide and iron chrom um nickel alloys
cannot be acconplished (for the required service tenperatures) because the
two materials react to formrelatively low nelting point N -silicides. They
also h y different Es.whic rohibit direct joining. of.large
o1 ces AN A BERone PR ABRIEI b PheTEon, sy Rl 1 Pot
supporlutite. t enper at ures necessary for cracki ng hydrocarbon feedstock

[ 00042] The current inventors have solved this problem by preparing a joint
t hat p@gﬁgges a "double transition" fromthe silicon carbide of the high
per f or AGrRdiag ap spdedingent petheyyssopinny etionsspend weEnaldf cvermaterial or
Convenédnﬁ%@ltiol%g)@é%bsi_ £ e EBAAL i, Al totrﬂftelrizgl%ﬁrflc??rs@ﬁ]%a?'fna?g @APB. AT
tubes. As presented inh FIG 1, graded conpositions of the i nvent i on are

pr eparaxexatrpld, Zi maefialnc is SiGavhichgrmad € o fe egpraxifiafiiz3 ') 1@htC T amicfissonal |y
graded _piece 2 (LEMG 2") to prQuide two .gradatjons.qQr,transitignal segnments
bet weerﬁgtflﬁ@a‘ﬁpg]sl? ik %{Felﬁ)ﬁy@giaﬁ 0 ﬁﬁ’r?}fflgjﬂﬁ"?x i)%é lgr Er aH?PtS?QS’Hanaé ts

ar e maglsulfl be Mnfat&redl o SorRpodiBdBihh@has a (M GllerfRBatd WQHS Y EQYr giC and steel, i.e.,

sem -conti nuously grade rom one anothgr to formthe grade |nter-Tayers or
vol umesomswhergsbetwigaans Svel § 0iGitandTiHex §0°4%AEL i ons, once bonded t oget her,
provide a transition between the silicon carbide and iron chrom um ni ckel
base alloy. Wthin the current enbodi nent of the double transition joint,
there are three areas of bonding represented in FIG 1 as joint la, joint
2a and0pest Tiaepresenspeeiitiontihyolvécs tiethot @ f FdriaftiridpehtmeRvecaltwb Aerfdrentent i on,
joint la and joint 2a are produced using techni ques based on uni axi al

di f f usTERIHSARITHE Casgions 150F Camisne thhethersemetel. c&éﬁﬁe@w seygesh methods known

di £ f usi . _ . . . . . ’

par i iy B aleintfaidbibue, | Kok Blebibe baREL MR Bl RIR: it

nomi nah¢ohafhicatorich¢reichlacBere ae adearjtajen and disadnnikesatbeth, tdepanairat air the Gablout
50% 90% of th olute nmelting poin f the parent terial) using an

appl i éﬁqlﬂ?egéeélgsrozqﬁ%?onép%eﬂ@ b:é%é‘ielﬁ%y #hf" gﬁgggstflgﬁ,e i ﬁ%‘ﬂ? %’r%mtsﬁlaé‘ﬁhf”éﬁi’?f gest  Use
of di fdfusdr@nl HPaskigd ASFERS know in the art, can be utilized in the process.
Hot isostatic pressing (HHPing) is also contenplated here. [00043] Joint 3a

can be &)rﬁared by the techni que of brazing, or diffusion brazing as known
to thd8 Gventiqngl mgansgproversemaratiha grableraabERErmispratchrbetyyesnvanges i s

wel de . I . I 0 :th skilled in the art.

{Sooaty A SRR AuER b SR SRR ST Beden it P S il 1)
i.e., thdiehgCaHaf therintet-$ayer BaAteatdediyte g5 AdbNGS the béramic gar e THd sisplepmt eri al
A) co Iefel ~through to second material C i.e., A 203,. The gradi ng of
the mattEF{aYPisls @Singreapisrearf BEREr Incw9mte intiansss (oss thap ene s¥erlayesar by ussd neans

i ey

may i nclude, for exanple, sintering, qui d or
gas phaseni mfheimal kpawjonerismagihanclade adhydr ef swigpbingradat myiengl. TAeckepdiofg t o
one specj.fic enbodinent of the.invention, Alumina (i .e., any of several

For s Pop i iFR HtrL RS S8 e Fasidnier BiaroRtaeles) & i Le onrongrir | al
C, Whioglthd &tédiof @RUCEE nAsmath.| HeE TRIUALY bilRE §F Wil cilRl WRRR idWondith FEON
carbide and Ni-containing alloys. The use of alum na has two beneficial

ef f ectos coplingsfromithe bandine tgmperapeemeatillsontsibricde phesatersrfaiidre. si | i con car bi de
and the iron chrom um nickel nmetal alloy and secondly it possesses an

;BL?;M?L iq;b% ?)?Jsgljltq}n?&ttiogfcoﬁl@%‘bﬁ%s tﬁ%( Qsaéno%jaorrrllc')re %iOHp?egcndeglagB %iageed oqlatﬁe ﬁseCTE of
of at least two gradations (e.g., two separate inter-layers) having a substantially graded
composition and/or coefficient of thermal expansion, i.e., a “double transition.” The two
gradations provide a double transition of graded materials between the different end piece

materials (i.e., first material A and first metal material B), which are to be joined together (the
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WO 2011/ 031623PCT/ US2010/ 047691 3.5 x 10-6 C- 1, Al 203 has a CTE of
approximately 8.0 x 10-6 C1; and "FeCrN " has a CTE of approximtely 14 x
10-6 C 1,woespastézsel y. [00045] If continuous gradi ng i #Cpastaooem®olt he
materials may be graded continuously through appropriate m xing of |oose
powders and sintering. For exanple, 100 percent silicon carbide provides
the starting point and it is gradually decreased though adjustnents in

anouintsusé{égﬁio% tﬁ&g{v%aggﬁamrﬁeﬁ fCEf?t%ﬁltpméd het@hid, %E Hensatsh U EACHst hefgl - | OF Nt

2a, per cen um na. sem -conti nuous grading I1s performed, the
mat er inadteriAMeargh thité chs@idl Doant/ omtamsisioy bbtyveeh rat seatafal di ol fetieh hayerasE).
stacked on top of each other and%}? et her. Sem -cont

b . B,
o1 ovi 0 TPUFEYs o GReoGREI e SRS HRP Y B B RS B SEP L Ly epiEn

cont aisﬂieﬁgh 109 to%%,ﬁﬁc%_@.t 154drbic@MhERGRINE & f AR 0B ePRIafE s WHIIWE kPoscd t§econd
di screte Tayer containing 90 percent silicon carbide and 10 percent

al unmi nampaatuhe grdateli $ion eceessary éor lydnicaiben rpacBdgpardibatrodet ¢nsonateaalbyldeh and
20 percent alum na,, a fourth discrete |ayer, containing 7 er,cent .silicon
car bi &G %96 SBUPRlENt CLORY ﬂ?"ﬁé’_,r%r_éﬂﬁef%%tg{’%g(\_“{]r?f(P‘fr_le(nﬁ%_keélgfi%g%l%& ?hs? g?rgtleessl ayer
of 10QhA AFEREryHBFh RiBEIBENEradiihk CPRuS Helheitioh ikeiphisle of bfovidingNpgdcet ood
that other variations in the percentages of the materials of the grading
pr ocedsbeartkat sas withstand higheewpenires, insreaiecapepity ehiighasgscyyibe M‘ge process,

a second transitional pie i.e.. F . i I 1),
o SRR SRS et s S E-Rha B AEAPMAR (eRRL G 1

| ayer redctikA batwesh b fasOmetepal Aand fiks n{etal Mataiull Bp aod tedssues asdgatedivith

| ayers containing, for exanple, 90 percent alum na and 10 percent Fe-Cr-N ,

a f ur thigmaighde | ayer containing 80 percent alum na and 20 percent
Fe-Cr-Ni, and so on until there is a discrete layer of 100 Fe-CrNi and O

per Ceﬂb?_@ﬁgzrﬂl@’l di@?iicﬁhi _Rfkedoanst bPa HA® 14 FrATi EdHaPHIMM tHe & twidet al

al | oy W se, s understood that other variations in theﬂgercent ages
of t heliffatetrdndlpsecefmatéréalgyroadend piscovessiabis silisos sabide. (SfO0M4 The @ger gndt he

sem -conti nuous.gradin r ocess e d o oub transi;tion er, i.e.,
gr adatf & ,m%t%“ﬂz f%??%&h‘gffgﬁ“&rﬂ%ek g%ﬁrme% aé%(.{ﬁl Yu ot © %Sreé)gfé HIQCO% r %T.I(t:’ g&sés} 5

wher ey edhBRrPSf 18 Rlatd A ihBrcahtaNissd inBe B6RELADIVTUEES ferfidithagOntch@tues t o
decrease I n anmount until there is only the iron chrom um ni ckel based all oy

mat er ifatnace tibes, prdesagrdins thepisfredenthodunent of tednyerdian sticep earbisleat D63 and
from Al 203..9a1 78 ot Ny RS E Tk LRlonflih Wekel Q2P AHoys AP S ethfabhlyRR8d 0/ 047691

materials in the construction of reactor furnace tubes to support current services demands, and
according to a specific embodiment of the invention, first metal material B is an iron chromium

nickel based alloy.

[00041] FIG. 1 presents examples of component materials necessary to overcome the difficulties
arising from the mismatch in the coefficient of thermal expansion between silicon carbide and
iron chromium nickel alloys. The direct joining of silicon carbide and iron chromium nickel
alloys cannot be accomplished (for the required service temperatures) because the two materials
react to form relatively low melting point Ni-silicides. They also have very different CTEs which
prohibit direct joining of large pieces. As such, present methods for joining these materials will

not support the temperatures necessary for cracking hydrocarbon feedstock.

[00042] The current inventors have solved this problem by preparing a joint that provides a

“double transition” from the silicon carbide of the high performance furnace tubes to the
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[00048] Significantly, by either of the grading processes presented herein
there are no del eterious reactions between the Si C/ Al 203 and the

Al 203/ Fe-wo-2bivsos8ai ni ng al | oys. [00049] The FGM 2, asPprasemvadoon Fl G
1, can be prepared by any of the techniques known to those skilled in the
art, for exanple, conventional powder processing and firing, by melt
infiltration techniques, extrusion and them al spraying for exanple. A

preferred enbodi nent of the invention is the use of FeCrNi alloy . Qher
nat er capvniional FeoaNukased mifal alleynphihe &gnsferandios gptse-ovaabes. i pictatediave a

e R e e S e
f ur na¢eFMGUSEhtd fundtididlyirabddipieedf (“FRES pr)es erdvidatvwengradniond betrinsitivaele 2

conprises a preheat convection section 4 and a radi ant section 6. The

radi afteadts bowee the dspuviaartoralh wH1q STaRAIRRY & BN S8R AHeRadelo,

uhi 35 Ea SURRLoE ffliottald] whit! ookl fuddB) orlskRESaiifi0busd BNk frobnd MicRRE &5 Of
the present I nvention may conprise ﬁfy wal T bur ne , onﬁy oor burners or
conbi fiati thegrided ieorf-lagad oavelupres o€ tite invennivepents Tefgradatient, once ponded de
sufficient radi.gant heat for effecting the.cracking,reaction .The t
combuliEtiepatesdns ddtutien By ers PEaiGR caBiR Oty AN SEEHDET 4081 ¢ he
fur naggitidn YiPorehl 8066dileht dftheddble RERKRRG o WAEE ave thidel@R o€ 8BNERE | ON
section 4 and exit the furnace via a flue I4. [00051] In the presen

i nventdpoesentet en FEadisasgelnt datjeims 22 hied mom\dectespsativdit Agpordingftoahe f ur nace

t hrough,the feed.tube 16 and, i s eheated in,a first exchanger (also known
hs o EoRbdEbRr wa R eaPon dROLLE Bl RRT At Prha ey LRk R EIAPEFsel B ng Fr om
about uaﬁQiaFdim@ioam@uain%,O&)ﬁh br wiRbitaR@lise dichethicaPageh®ane coifRk®ntay. As
convection section 4 through a separate feed tube 22 and is preheated in a

seconkneX éntsges diffusion bondidgper metemarteiglyneplid-gate dbdusiorsporing is aghout 1200
F. Th i i i th
o RS LS AR LA SR D AR DB YER gt e
t he t 60%a@0th %€ thesibsaateanelting heiat eftht pa@nt @agedaldusing ah applicdgpréssora fabout

900F. to abqut _1450F. The mxture_ in a_tub (c nly referred to as the
cr oss HR&TaRgIBR Tomsa Fewelﬁnas_t?sete BdE gt ISP 84 ﬁé’ﬁ&ogm(? Se2DfPhE hefhace 2.
Al ter pal b1l N EREM:Ss. | 16 i%atic%&ssﬁfgqmpihgws%%%n%e?nplét@@hér@l al

elimnation of dilution steam in which case e feed goes directly from
exchanger 18 to tube 20 and exchangers 17 and 19, and separate feed tube
22, al®@0d3} Jeiat3a eanche weparekby thededhmiqugtof pragingapediffusienhiizate asdeewntie f eed

At STl RSB AL AP AP

el i m aRb &dowd RethokO©SGIMER the!fe 20 to this point is conprised of
conventional nmetallic materials, as are well known to those skilled in the

art. [00044] Referring again to FIG. 1, functionally graded material 1 (FMG 1), i.e., the gradation, is
prepared by grading silicon carbide (first material A) completely through to second material C,
i.e., Al,O;. The grading of the materials is prepared either continuously or semi continuously by
means of ceramic processing routes as known in the art. These processing routes may include,
for example, the use of powder mixing and sintering, liquid or gas phase infiltration, extrusion
and sintering and spraying. According to one specific embodiment of the invention, Alumina
(i.e., any of several forms of aluminum oxide, Al,Os, aka aluminum oxide) is the second material
C, which is introduced as an intermediary material between the silicon carbide and Ni-containing
alloys. The use of alumina has two beneficial effects: first, it forms an impermeable barrier

between the silicon carbide and the iron chromium nickel metal alloy and secondly it possesses

an intermediate coefficient of thermal expansion. Silicon carbide has a CTE of approximately
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[ 00052] The feedstocks to the pyrolytic furnaces of the present invention
can include any of those generally cracked in the art such as, but not
limted two 2priapasre, but ane, naphtha, gas oils, or any eocwhiSa@vioarssl of any
of the foregoing, in order to produce |ess saturated products such as

et hyl ene and ot her higher olefins. A furnace reactor tube which has such a
hi gh resi stance to coke formation would al so be particularly effective for

crackln he@%¥ feeds |ike, for exanple, vacuym gas oil. EspeC|aIIy

pr ef errel 10s G héhfhes §GIE ofrappeaximpisly S@ k6 i slagd EFeoRlihhasst GER®ft 0

et hyl f e~pr t he present invention by which, for
exanp%35.e%ﬂanglgonygrgl5%%%%ﬁvﬁ " inproved fromthe 65%to 75% range of
conventional furnaces to significantly higher levels, such as on the order
of fr ¢eiEshUt c@Bitubes ghdint 9P forn@0hSnaldpialil iayt bagadéd @htinGbwtly Bdough
conprised entir.el f the e odlgents of the present invention. Joint 24

i oi ns *PHEPHFESMXNEHL 19RSE BPYVAFS 4B¢ SKEGE UV &F e’f*\ﬂflﬁ%e 200 petsept 51k C@fblde
conventdedalthdRhRinkip [ I t he
art) gnd reéctor fgr%g@?ﬁ?&1§§édu£%w§%§%$§yh? c@mﬁhglﬁp§§§%§$¥ gj%ﬂgsent
i nvent®ildys migep tagethegbinyil therepd issdabept.c.§ joint Batied DaparcelitabiniaedIfiremei n,

ceranlc or_ oxi rsign.stren hened terjals. such as those
descr CHEHUCHS & a%ngd%?grﬁ?m%? pifF SIS HE ﬁnggtg?rﬂhc‘}%ln‘JQ‘éf&bb%W9ﬂ [ 00054]
The ugRcete a9éraRiatkeddn b @i csdhf KRGt BORAL t6 5&herC CUNRL DB HudRELdi

s, as
the material of construction for the entire Tength of the reac orﬁ%urnace
t ubes PEMVidas daysrse Sarfxainpiee Hiat sfart e\nétﬂ st dineeterlaysk cogfapingrE¥speranbslicam  at

si gni t S racticed nvent i gnal

excampr 2oyt O b ATRE L S R0 B PR et S e gt de Ty

li m t &0 pticent ahuhﬁna;iﬁthﬁlﬂbﬁs&é(b [hy%ﬁémﬁilﬁﬁlg@@ p@fceﬁttsﬂmtca?&@éléndzﬂ(p&r&:ent in the
practice of t present. invention, with the use of a tube constructed of

cer anfEmiR R U%@S?Fﬁfeé?mcgmat% Yupgrens sligpe cakidg and AP eeeenrduian, be at

| east t s.qan. be
enplo?ggg&%gégﬁ?wgeFﬁ%@gﬁgkggﬁép?zgfg’EuZH%@rd%#&ﬂ&g erlgF&dgn g% dgnce
Wi th tShmdpnsmd rthatiothee Netigivns in the,pesuatagessofithe inateaibBW t12OQAdiRg pE&@&‘iﬁé
Accordin the present invention provides a process for cracking

hydro %?%8% feedstocks at a reactor outlet tenperature above about 1300F.,
preferably above about 1450F., WD 2011/ 031623PCT/ US2010/ 047691 and nore
pr ef efoabhy) akevie thb - R0 %m ?ﬁro&é&%' AeR68d trhiRSoraPRGED G e f F@m Q%?Ut
0.02 s to about 0,50 s, preferabl rom about 0.04 s to about 0.2

[ 00058LOR] etad@ﬂ@e@%lf 6.4, israserhrerbbit pratvishing disarbte lasieapibaiofontinee freladh@r

f th t f
tube. e amsf LA BuRb e S R L BN st T RS e einech as

an of fos ekamﬂﬂer@(kmteﬂt alumis@amENd péreert GBIArINL af fultfer dift@ett @0t BorfintnB&0
reactor furpace tu 26 in _the depicted shape is preferably from about 20

feet RYCHHBHADHR perFﬁ\R@@?ﬁr‘Nb ﬁ@d F%%Pwlldher? kred disereteilayer otibe0 Refrrvar y
pasedNpihd d PersHARRmidh ATREREaPOELEDR UENRGPRBRAG hitkelBOGPAl, The T eact of

furnace tube 26 may al'so be provi a neans for conpensating for

t her nlaikewisbeit expanstad thatothd eridtents ﬂmglelperdehiagésaﬂ ithdinaseeialsi odtheodrading
furnace, Any of.hGF known means for conpensating for thermal expansion may
be eﬁBP%?éan?%l “practice of the present invention, including, but not
limted to the use of pigtails as seen in Wallace, U S. Pat. No. 3,671,198

and obe£tsAam $eeimi-BoddnbbeOsadhe k&e@t a@éoond Yr Soutft@trandNeon Byéd9. 055. O
course, other means known to those Skl in the art including, but not

i ni tesadation, isstarted 8t ok Lein wm@n@mwm pragesal wherthy Hifpenseatialwintreout
depardj idnt él%ﬁ]ng%o&%? §r?d~'$on't1qxgsr%ld%crease in amount until there is only the iron

chromium nickel based alloy material, thus providing the unique double transition of SiC to

Al,O3 and from Al,O; to Fe-Cr-Ni based metal alloy.
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[ 00058] The inner dianeter of the reactor furnace tube nay be either
constant or swaged. The outer dianeter of the depicted reactor furnace tube
26 i s prevenatlogid2som about 1.25" to about 5.00" and no®CTArsedienatsby from
about 1.75" to about 3.00", with the inner dianeter rangi ng from about
0.30" to about 1.00" less than the outer dianeter. However, the dianeters
and di nensions of the reaction tube may vary in ways known to those skilled
inth 1 d:0n: j |0 i waged, the
| mner T R B B B 55" P o about
2. 00" datetertdue réactiens tohtweat the SHE/All 103 anddlot Al OefetCradincanémgagfatloys. about 1. 15"
to about 2.50", with a snooth transition fromone to the other. However,

the di ' i f i t i n. K t
tose IGHHET eahf RCMhe BreseniaanEL] e panet HaPERT oha vek s Pl e °
react @k tfd4b BiATEd {iHRE afOfof Btarlife CORSEAtIbRRIBSbvART BrozbRBleaint URRgOby RN conpri se

two or nore tubes joined together. OF course, In the other enbodi nents of
t he priefslention reebrithem extrusion anddghérsabspraviag fersaemptey A picferedenghodipentive t o

e R A R L S Sl S e

f ur nagRampRt ThO aldmitides it @i gler efmpntterdapiibny than thb@agadNagaedallaysa
conventional netallic material by the double transition joint 29 of the

pr esenfdicaybapielanfiligied: 29 joins the dissimlar materials of transfer tube
28 (conprised of conventional netallic materials, as are well known to

t hose i i I : r ikl j oi nt
20, 1 I e o B R R g IR e 6 ¢ ha
ar e nmpdeseht iomemioneThefirmdce Rabepriatss prshéat komeatiomsestieh § and a radiant section

sem - cont.i nuousl rade fra ne, material gr sition to another... The
gr aded rs]][é'kjrfé%lagt %Fg%{’jégrﬂr%‘fl&(g?fga “ﬁﬁ)ﬁﬂ@&erf 868‘5 ﬁg&,qb%?%f/ ?%’ew [ ﬁ’??csflpglhegl ly
gr adedyifRbRl {ialfel (EMnoP §1oMaE N ThB ur A @R tHeqRaent i @ltioh enatedRiiprk ofify
transfer tube 28 (and cross-over tube 20) and the ceramc materials of

r eact oralfkurnersconiyifeordBiners enesinebinatignsithrreof29d arecprosenbin nupebept BdBeient to
invention.arec-not. |imzted in Sy r I i | bow

t ubes Preie€ b s Thb Ry kP o8GRl i Bing FRRR0 0he A SUmbliaGa kel

[ 0006 LlodA@ail By Hefimhdragxit helrhdfantZectttl@ubbftht fidhsdet vn ajt@nsitio? duefl 2t he
present invention connects furnace reactor tube 26 to thlbe 8 (comonly

r ef er PERFeed vRYardhpthreughopayectigp ggctionpand exidheiimagp siastlyg khsters the
reaction product gases to quenching means 30, in which the aforesaid

react ifggosq] OB pRASRSnAnEioh ARt Aledsi6QOLRE:s R nlEIRARBL Y behewakeut 1000
F. to prevent fUIPt her reaction. Oten quenching to nuch | ower tenperatures
i s prdwoougletheffeed tuhe 1 panprgeclehtedde oMpitieshhangemtalsd knawe ae pgynectipre batkcy .
Quenchi ng neans, 30 conprise any of the | | - on i ons known
ot has SR RPRATRAS RS GTRmb &R taging iy Ao SRR R ST AU A, 7S 00"
No. 5,32ibn8D AiluheNEdse entblsBhe Ealvect: sedtidDB thf@dsh ANephakeefeedhube 2Pahd idNo.
3,910, 347; Webcke, U S. Pat. No. 4,356, 151; and Webcke, U S. Pat. No.

5, 271 pedratedfin 8 seapuéd wiehianger l{7He adempredTpra@anat®arkous d00° K & 2brsihhdet eam
processi Vi 2. 0 14:4 t - 2. urely
scherr%ts' i@.% 1531?651} Ei%gg ?(??(néi }%%het%fpeéldﬂg’&gﬁ%%%%%&lg{gg*lg%atkgaﬁgﬁ%?rf %Hiﬁite}% draft
fans, cohvdctiby s€dioveGhioanthlidrdtiRagw tohinwhitiethe ony adinixed seeahs ae hedted fo by way
of exanple, preheating boiler feed water a,nd(ﬁ%pe,r heating v

hi gh
pr ess iFBPER@EFAERE T ahput WO IF- Braliddr St Sod Nsynishie Big ‘i‘l!bégg)%f?f)n!t“%_%nlé{r t as
NECEesg e)‘re&‘ﬂgasttﬂﬁ ARGvel fBL) it Iﬂ‘r:e%é cgfegteﬁ% tlﬁXrQ{iji'aﬁt' sebtYordeSEth Bedadter ei n does
I ncl ude e

not inply that they are not int etai |l ed enbodi nent of the
i nventAltemative arrangements include, but are not limited to, the total elimination of dilution steam,

in which case the feed goes directly from exchanger 18 to tube 20 and exchangers 17 and 19, and
separate feed tube 22, are not required; or the feed is not preheated, in which case the feed in

tube 16 mixes directly with the preheated dilution steam from the exchanger 17 and exchanger
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WO 2011/ 031623PCT/ US2010/ 047691 [ 00063] Al t hough the present invention has
been described in certain preferred enbodi nents, all variations obvious to
one skil w0 20n/Bie@3art are intended to fall wthin the gpirniseoiandgéscope of
t he invention, including the appended clains. Al of the above-referenced
patents, patent applications and publications are hereby incorporated by
reference in their entirety. WO 2011/031623PCT/ US2010/ 047691 WHAT | S

CLAI t hod of |cat a_joint be en two erjals in an
appa'rvggd E@Hﬁ?@s%cﬂ”ﬁ’%ﬂ‘éﬁrﬂ t%lﬁ%mnélsrqor@e’ls SERRUPI R bE G ot et al
mter'n@éte&l%“s‘raﬁé Well kh&hn MPhGE s%'xlle% iAnek 4. rst netal material B are

i nconpati b | € at the tenperature of operation of said apparatus, said method
conpri si ng: i) a first transitioning of said first material Ato a
secondomﬁ% rThzd fe@lsivoiss &1 the perodyiit fmnae:ﬁ:@ af thepiesert omysativbran iaclutpeny of

terrper ture of eration of said th both rst erial and

first i ?{ﬁ{l%?ﬁa ﬁdlls1 Q]é Yt RS %mfte Qt’pforp% |bP{a8(r>‘1|nﬁlnﬁtttl) é)hls’fl rst
mat er iodlanNceMBina @6 Al o thedbreGoing, ﬁr@d@do Fﬂ)dﬁé@wbﬁ@ttﬁa@ﬂ@&aﬁub@%u&ayd ng a
substantially graded conposition and/or coefficient of thennal expansion

bet weéthyiens andosher higher plgfing Addmaecisaetonabe mhigh has syghg high resistance to

coke formation would also be particularly effective for cracking heavy feeds like, for example,
vacuum gas oil. Especially preferred is the pyrolytic process for selectively cracking ethane to
ethylene by use of the process of the present invention by which, for example, ethane conversion
can be improved from the 65% to 75% range of conventional furnaces to significantly higher

levels, such as on the order of from about 85% to about 90%.

[00053] Double transition joint 24 is comprised entirely of the embodiments of the present
invention. Joint 24 joins the dissimilar materials of crossover tube 20 (comprised of
conventional metallic materials, as are well known to those skilled in the art) and reactor furnace
tube 26. Reactor furnace tube(s) 26 of the present invention is preferably comprised of the
materials disclosed herein, ceramics or oxide dispersion strengthened materials (ODS), such as

those described in U.S. patent application publication No. 2004/0147794.

[00054] The use of ceramic, or high strength non-nickel containing materials, as the material of
construction for the entire length of the reactor furnace tubes of the present invention enables the
cracking process to be run at significantly higher temperatures than practiced conventionally.
For example, whereas conventional cracking in furnace tubes was generally limited to a outside
tube skin temperature of at most about 2100° F., in the practice of the present invention, with the
use of a tube constructed of ceramic and/or ODS materials, the outside tube skin temperature can
be at least about 2300° F. Even higher outside tube skin temperatures can be employed where the
tube is constructed of ceramic materials in accordance with the present invention, 1.e., such as up

to about 2900°F.

[00055] Accordingly, the present invention provides a process for cracking hydrocarbon

feedstocks at a reactor outlet temperature above about 1300°F., preferably above about 1450°F.,
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i) a second transitioning between the second material C and first netal
material B wherein said second transitioning between the second material C
and firstwoebdalo3m@Berial B is graded to provide a gradaPconsh@avionson
substantially graded conposition and/or coefficient of thermal expansion
bet ween the second material C and the first netal material B, with the
proviso that said joint contains at | east two gradations. 2. The nethod of

Claiml wh in fi teri ' t | t e selected fromthe group
consi SPAEPraara Ve it te Foanit S cke AT aPaDE FRTLTBbL ey

i nt er mBbal 6568, ORrBY H6mIbSREr6d O HohepgshRened materials. 3. The nethod of
Caim2 wherein first material Ais at | east one material selected fromthe

group consisting of silicon carbide based ceramcs, silicon nitride based
mat er i[89&56] df lnenigpistismcnhmdean éng|véherern resbiapeo fSthe reatoe Syrmagedubé 2eord a, and

conbi ' thereaof. (4 The nethod of Claim3 wherein first materi al I S
ot eadt S RE Ry Hovkhee NE SRaaphedteE Bt 6t Saasan gt gin @ac
VC, BhthosSisBed iBthRl ddlNsudiphlagd O4fsshsieont2 06 sdB&ring cdinRid0 driRflefdmbm 4
wherein first material Ais a conposite material.

the reactor furnace tube 26 in the depicted shape is preferably from about 20 feet to about 40

feet. However, the length of the reaction tube may vary based on its shape, diameter and the

furnace capacity.

[00057] The reactor furnace tube 26 may also be provided with a means for compensating for
thermal tube expansion from the heating in the radiant section of the furnace. Any of the known
means for compensating for thermal expansion may be employed in the practice of the present
invention, including, but not limited to the use of pigtails as seen in Wallace, U.S. Pat. No.
3,671,198 and offsets as seen in DiNicolantonio et al., U.S. Pat. No. 4,499,055. Of course, other
means known to those skilled in the art including, but not limited to, springs and/or

counterbalances may also be employed without departing from the present invention.

[00058] The inner diameter of the reactor furnace tube may be either constant or swaged. The
outer diameter of the depicted reactor furnace tube 26 is preferably from about 1.25" to about
5.00" and most preferably from about 1.75" to about 3.00", with the inner diameter ranging from -
about 0.30" to about 1.00" less than the outer diameter. However, the diameters and dimensions
of the reaction tube may vary in ways known to those skilled in the art. In embodiments wherein
the reactor furnace tube is swaged, the inner diameter at the reactor entrance can range from
about 1.00" to about 2.00" and the inner diameter at the reactor exit can range from about 1.15"

to about 2.50", with a smooth transition from one to the other. However, the diameters and

dimensions of the reaction tube may vary in ways known to those skilled in the art.

[00059] Depending on the desired length, the reactor furnace tube 26 can be constructed as a
single tube or can comprise two or more tubes joined together. Of course, in the other
embodiments of the present invention, the lengths of the tubes may vary and do not have to be

equal or approximately equal.
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WO 2011/ 031623PCT/ US2010/ 047691 6. The nmethod of Caim1l wherein first
nmetal material Bis at |east one netal material. 7. The nethod of Caimé6
wherei n fwosbimsi@s material B is at | east one materi al Psglusetiemd4fpom t he
group consisting of alloys of alumnum alloys of copper, alloys of

magnesi um alloys of zinc, alloys of iron, alloys of nickel, alloys of
titaniumand all oys of cobalt. 8. The nmethod of Caim?7 wherein first
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material, once bonded together, provide a functionally graded materials (FGM) between the

conventional metallic material of transfer tube 28 (and cross-over tube 20) and the ceramic
materials of reactor furnace tube 26. Transition joints 29 and 24 of the present invention are not
limited in their size or shape and their use in elbow tubes, “T” tubes, reducing tubes, and the like

is contemplated herein.

[00061] Again referring to FIG. 2, double transition joint 29 of the present invention connects
furnace reactor tube 26 to tube 28 (commonly referred to as the transfer tube). The transfer tube
28 transfers the reaction product gases to quenching means 30, in which the aforesaid reaction
product gases are rapidly cooled to a temperature below about 1000° F. to prevent further
reaction. Often quenching to much lower temperatures is practiced for the purpose of
accomplishing maximum energy efficiency. Quenching means 30 can comprise any of the well-
known constructions known to those skilled in the art. See, for example, Woebcke et al., U.S.
Pat. No. 5,427,655; Woebcke, U.S. Pat. No. 3,403,722; Woebcke, U.S. Pat. No. 3,910,347;
Woebcke, U.S. Pat. No. 4,356,151; and Woebcke, U.S. Pat. No. 5,271,827. After quenching, the

cracked products are sent for downstream processing via tube 32.

[00062] It should be noted that FIG. 2 is purely schematic. Details like control systems, forced
draft fans, induced draft fans, utility convection bundles within the convection section (for, by
way of example, preheating boiler feed water and superheating very high pressure steam) and so
on, will be understood by one skilled in the art as necessary and the fact that they are not
explicitly described herein does not imply that they are not included in the detailed embodiment

of the invention.
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12. The method of Caim 11 wherein said first and second transitioning

further conprises an additional netal material. 13. The nethod of Caim 12
wher ei n tWe 288dBn6t3t r ansi ti oni ng bet ween t he second nat eciraiS2@oanot he
first netal material B further conprises an additional netal material. WO

2011/ 031623PCT/ US2010/ 047691 14. The nethod of C aim 13 wherein the
additional netal material is at |east one selected fromthe group

consi - I a6RRBbd i coftitl AL BdbiTbaRRR Rl

mat erls[6 d&é %mll(f che &e%@?in’&ﬁe ?ttlj(%r{nlgdgeb% egrrs(eant 4m Ceuse p\?\néf%t a 1#Aur nlace fa(l)r

t her rmzlahytlmsarbk/mmg t@oﬂstimldmian Wionart e:edsttemtdd torfglowathmfthe spmhyrm& wope bbthe
products, the furnace ele Corrprhfq? oint. having first material A a

first WELendacfing theerngdedsismspe PEFPLenOoA BN S RAPY st net al
mat er 'aﬁbh&tﬁh? ath RathdMlafe ﬁéreﬂ}}ﬁc&l%eﬁ%@ﬁﬁe?eréﬁce r@ﬂiéfl%h%t? and/ or
operation of sal ur nace, and a second material C, wherein said second
material Cis conpatible at the tenperature of operation of said furnace
with both first material A and first netal material B, and wherein said
second material Cis graded between first material A and first netal
material B to provide a gradation having a substantially graded conposition
and/ or coefficient of thermal expansion between first material A and first
nmetal material B, with the proviso that said joint contains at |east two
gradations. 16. The elenent of Caim 15 wherein second material Cis
functionally graded between first material A and first netal material B by
a first transitioning of said first material A to said second material C
and a second transitioning between the second material C and the first
metal material B .
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17. The elenent of Claim15 wherein first material Ais at |east one

sel ected fromthe group consisting of ceram cs, advanced ceram cs, ceramc
mat ri X cowpasimsse23i nternetal |l i cs and oxi de di spersi on- gCTasgilonsdl
materials. 18. The elenent of Claim17 wherein first material A is at

| east one material selected fromthe group consisting of silicon carbide
based materials, silicon nitride based materials, alum na based materials,

magnesi um sjl i }e agnesi um al um nates and zirconia. 19. The el enment of
d ai w&ﬁﬁ\m}gﬁ -material Ais at |east one selected fromthe group
consisting of Al 203, Zr02, SiC, B4C, WC, BN, Si3N4, Si AlON, MJAl 204(spi nel)

and MyB2 20. The elenent of Caim19 wherein first material Ais a
conposdi t e ramethiodlof fabricating a joint between two materials in an apparatus comprising

transitioning from a first material A to a first metal material B wherein first material A and first
metal material B are incompatible at the temperature of operation of said apparatus, said method
comprising:

i) a first transitioning of said first material A to a second material C wherein second
material C is compatible at the temperature of operation of said apparatus with both first material
A and first metal material B, and wherein said first transitioning between first material A and
second material C is graded to provide a gradation having a substantially graded composition
and/or coefficient of thermal expansion between the first material A and second material C; and

i) a second transitioning between the second material C and first metal material B
wherein said second transitioning between the second material C and first metal material B 1s
graded to provide a gradation having a substantially graded composition and/or coefficient of
thermal expansion between the second material C and the first metal material B, with the proviso

that said joint contains at least two gradations.

2. The method of Claim 1 wherein first material A is at least one selected from the group
consisting of ceramics, advanced ceramics, ceramic matrix composites, intermetallics and oxide
dispersion-strengthened materials.

3. The method of Claim 2 wherein first material A is at least one material selected from the
group consisting of silicon carbide based ceramics, silicon nitride based materials, alumina based

materials, magnesium silicates, and zirconia, and combinations thereof.

4. The method of Claim 3 wherein first material A is at least one selected from the group

consisting of Al,O3, ZrO, SiC, B4C, WC, BN, Si3Ny, SiAION, MgAl,O4(spinel) and MgB,.

5. The method of Claim 4 wherein first material A is a composite material.
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WO 2011/ 031623PCT/ US2010/ 047691 21. The elenent of Claim 15 wherein first
netal material Bis at |east one netal material. 22. The element of Claim
21 wher eiwof2orissi6z8t al material B is at | east one nateripall/usedioosmdl fr om
the group consisting of alloys of alum num alloys of copper, alloys of
magnesi um alloys of zinc, alloys of iron, alloys of nickel, and alloys of
titanium 23. The elenent of daim?22 wherein first netal material Bis
iron chrom um ni ckel based alloy. 24. The elenment of Caim 15 wherein
second nmaterial Cis not the sane as first material A and first netal

mat er ital B HErdnéthoddf Crastl voreeeindirgmheathl imatkadtBed ot teasn dnbengslatigeddnsi st i ng
of alum na, zirconia, and spinel. 25. The elenent of Caim15 wherein
first mterial Ais silicon carbide, first netal material Bis an iron
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el ement of Claim16 wherein the second transitioning between the second
mat er ifeim theagrdup mnsfstmg of aikiyalof almtrenura) alByf of tdpper, eboprafsesenssoondlowat eri al

C t ai t oo .20 T | f Claim 26
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8. The method of Claim 7 wherein first metal material B is iron chromium nickel based
alloy.
9. The method of Claim 1 wherein second material C is not the same as first material A and

first metal material B and is at least one material selected from the group consisting of alumina,

zirconia, and spinel.

10. The method of Claim 1 wherein first material A is silicon carbide based, first metal

material B is iron chromium nickel based, and second material C is alumina.

11. The method of Claim 1 wherein said first and second transitioning is performed by at
least one process selected from the group consisting of conventional powder processing and
firing, bulk particulate processing, pre-form processing, layer processing, melt infiltration
techniques, extrusion and thermal spraying, diffusion bonding, thermal spraying, thermal

extrusion, and diffusion bond brazing.

12.  The method of Claim 11 wherein said first and second transitioning further comprises an

additional metal material.

13.  The method of Claim 12 wherein the second transitioning between the second material C

and the first metal material B further comprises an additional metal material.
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fromthe group consisting of iron-, nickel-, titanium, cobalt-, and

pal | adium based materials and alloys. 28. A process for cracking a

hydr ocar bwo 2haadsd2eck i nt o ol efi ni ¢ hydrocarbon product $CTABRAOPIBEESS
conpri sing cracking said hydrocarbons in a furnace at a tenperature of at
| east about 1300 F. in a pyrolysis cracking furnace conprising a plurality
of reactor furnace tubes, wherein at |east one said reactor furnace tube

conprises a_joint having a first material A a first netal material B,
wher eilft- t helTritRehodat Gl 13 Avheren theeadditiopel metahmaiegialis phleass oae gelected

mt or 1 el b BPELAL Hcfel- SRS PSS ATRET Ryn Ty 0 Sl 0"
t enperboy.e with both first material A and first netal material B, and

wherein second naterial Cis graded between first material A and first
nmetal material B to provide a gradation having a substantially graded
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N e e R L R S
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second terial C.is. functional raded be n first mterjal A and first
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seconehodaimtibRlat heaBilparafifs oNdahiifatsic dn@ir RgeBENELRId fign2eCHat Bberial C
and the first netal material B. 30. The process of Caim28 wherein first
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is graded between first material A and first metal material B to provide a gradation having a
substantially graded composition and/or coefficient of thermal expansion between first material

A and first metal material B, with the proviso that said joint contains at least two gradations.

16. The element of Claim 15 wherein second material C is functionally graded between first
material A and first metal material B by a first transitioning of said first material A to said
second material C and a second transitioning between the second material C and the first metal

material B .

17. The element of Claim 15 wherein first material A is at least one selected from the group
consisting of ceramics, advanced ceramics, ceramic matrix composites, intermetallics and oxide
dispersion-strengthened materials.

18. The element of Claim 17 wherein first material A is at least one material selected from
the group consisting of silicon carbide based materials, silicon nitride based materials, alumina

based materials, magnesium silicates, magnesium aluminates and zirconia.

19. The element of Claim 18 wherein first material A is at least one selected from the group

consisting of Al,O3, ZrO, SiC, B4C, WC, BN, Si3Ny, SiAION, MgAl,O4(spinel) and MgB;.

20.  The element of Claim 19 wherein first material A is a composite material.
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31. The process of Caim30 wherein first material Ais at |east one
material selected fromthe group consisting of silicon nitride based

mat er i al swoabumisn@3based materials, magnesi um sil i cat espCarus2aionemni a. 32.
The process of Caim31 wherein first material Ais at |east one sel ected
fromthe group consisting of Al203, Zr02, SiC, BAC, WC, BN, Si3N4, Si Al QN
MyAl 204(spinel) and MgB2 33. The process of Claim 32 wherein first
material Ais a conposite nmaterial. 34. The process of Caim 28 wherein
first netal material B is at |east one netal material. 35. The process of
Cl ai m234 whEhedleméntroftiClaet B whater filsl mBral mattial Basit 1@Reomdheti abtesigl. ect ed
fromthe group consisting of alloys of alumnum alloys of copper, alloys
of magnesium alloys of zinc, alloys of iron, alloys of nickel, and alloys

of titeni umpe é}@meﬂihﬁ (ﬂ)églﬁl?l ?P&quifé‘f rﬁkéﬁm\éﬂ%ﬁk X Jt'léa%% OI{EEIBQtIenQiBS feled eﬁl Bis

i ron chrom um ni ckel base
from the group consisting of alloys of alummum alloys of copper, alloys of magnesium, alloys

of zinc, alloys of iron, alloys of nickel, and alloys of titanium.

23. The element of Claim 22 wherein first metal material B is iron chromium nickel based
alloy.
24. The element of Claim 15 wherein second material C is not the same as first material A

and first metal material B and is at least one material selected from the group consisting of

alumina, zirconia, and spinel.

25. The element of Claim 15 wherein first material A is silicon carbide, first metal material

B is an iron chromium nickel based alloy, and second material C is alumina.

26. The element of Claim 16 wherein the second transitioning between the second material C
and the first metal material B further comprises second material C contains an additional metal

material.

27. The element of Claim 26 wherein the additional material is at least one material selected
from the group consisting of iron-, nickel-, titanium-, cobalt-, and palladium- based materials and

alloys.

28. A process for cracking a hydrocarbon feedstock into olefinic hydrocarbon products, said
process comprising cracking said hydrocarbons in a furnace at a temperature of at least about
1300° F. in a pyrolysis cracking furnace comprising a plurality of reactor furnace tubes, wherein
at least one said reactor furnace tube comprises a joint having a first material A, a first metal
material B, wherein the first material A and the first metal material B are incompatible at said

temperature, and a second material C, wherein second material C is compatible at said
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WO 2011/ 031623PCT/ US2010/ 047691 37. The process of C aim 28 wherein second
material Cis not the sane as first material A and first netal nmaterial B
and i s atwbeasfo3os2e netal material selected fromthe gr@®@ap/useensiogtedbng of
alum na, zirconia, and spinel. 38. The process of Caim 28 wherein first
material Ais silicon carbide, first nmetal material B is iron chrom um

ni ckel, and second material Cis alumna. 39. The process of Caim 29
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conpound is at |east one selected fromthe group consisting of iron-,
ni ckelsubstantiadly gigded conipabition apdior ¢elficaent witheyasleekparsiay heiweendhd fiast| oys.

41. T I.QC f.Claim1 furthe onpri sin third transitioni ng between
cai o (TPEUATERR Bh Pl et B M AR s S T A Ve

t ransigradiiong between said first nmetal material B and said third material D
is graded to provide a gradation having a substantially graded conposition

and/ or_ coefficient of fher mal expansi gn between said first netal material B

and sa%d t MISPTAERSEPT Glaim 28 werenfeeopd msenad C iefunchipaalireapdedbebucsaritrst
mat er |rg-%t?§alb@§n@ﬁ%%?§r{$fdl ‘Er{a]?éHal 8 Ms%%ns?ﬁﬂﬁﬂf&&@idt mhéﬁélg&ﬁ%&il ate to

the coefficient o ermal expansion of first  material A an rst netal
mat er isaton8. matdBal (Thead fasecraddraabiéimeing bofwceh shianetondinetesalC setthedirstaherli al C
has a coefficient of thermal expansion that is internediate to the
coef f iR &M Bof thermal expansion of first material A and first netal

mat eri al B.

30. The process of Claim 28 wherein first material A is at least one selected from the group
consisting of ceramics, advanced ceramics, ceramic matrix composites, intermetallics and oxide

dispersion-strengthened materials.

31.  The process of Claim 30 wherein first material A is at least one material selected from the
group consisting of silicon nitride based materials, alumina based materials, magnesium

silicates, and zirconia.

32. The process of Claim 31 wherein first material A is at least one selected from the group

consisting OfA1203, ZI‘OQ, SiC, B4C, WC, BN, Si3N4, SIAION, MgA1204(spinel) and Mng_

33.  The process of Claim 32 wherein first material A is a composite material.
34. The process of Claim 28 wherein first metal material B is at least one metal material.
35.  The process of Claim 34 wherein first metal material B is at least one material selected

from the group consisting of alloys of aluminum, alloys of copper, alloys of magnesium, alloys

of zinc, alloys of iron, alloys of nickel, and alloys of titanium.

36. The process of Claim 35 wherein first metal material B is iron chromium nickel based

alloy.
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WO 2011/ 031623PCT/ US2010/ 047691 44. The process of O ai m 28 wherein second
material C has a coefficient of thermal expansion that is internediate to
t he coef fwoizento3od23t her mal expansi on of first material ARCau$261008169EL al

materi al B.

37.  The process of Claim 28 wherein second material C is not the same as first material A
and first metal material B and is at least one metal material selected from the group consisting of

alumina, zirconia, and spinel.

38.  The process of Claim 28 wherein first material A is silicon carbide, first metal material B

is iron chromium nickel, and second material C is alumina.

39.  The process of Claim 29 wherein the second transitioning between the second material C
and the first metal material B further comprises second material C contains and additional

compound.

40.  The process of Claim 39 wherein the additional compound is at least one selected from
the group consisting of iron-, nickel-, titanium-, cobalt-, and palladium- based materials and

alloys. .

41.  The process of Claim 1 further comprising a third transitioning between said first metal
material B and a third material D wherein the third transitioning between said first metal material
B and said third material D is graded to provide a gradation having a substantially graded
composition and/or coefficient of thermal expansion between said first metal material B and said

third material D.

42.  The method of Claim 1 wherein second material C has a coefficient of thermal expansion
that is intermediate to the coefficient of thermal expansion of first material A and first metal

material B.

43.  The furnace element of Claim 15 wherein second material C has a coefficient of thermal
expansion that is intermediate to the coefficient of thermal expansion of first material A and first

metal material B.
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44.  The process of Claim 28 wherein second material C has a coefficient of thermal

expansion that is intermediate to the coefficient of thermal expansion of first material A and first

metal material B.
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