- 1 - H GH PERFORVANCE COATED MATERI AL WTH | MPROVED METAL DUSTI NG
CORROSI ON RESI STANCE FI ELD OF THE | NVENTI ON [ 0001] The present invention
rel ates twothes/fioesd of materials used in syngas gener aPcoruspiiooe®ses. |t
nore particularly relates to materials exposed to corrosive reactants and
carbon supersaturated environnents. Still nore particularly, the present
invention relates to a coated material conpositions and net hods for
controlling netal dusting corrosion in reactor systens, gas/gas heat
exchanger systens, and syngas process tubi ngl and pi pi ng appar atus exposed
to high carbon activities and relatively |dOw oxygen activities. BACKGROUND
OF THE | NVENTION [000210ne of the npbst abundant fossil fuels is natural
gas, which is principall rrethane. I n h| gh t enperat ure processes involving
the conversi on of MM:HIERFORMAMNGE G LB MALERIAL WITHG i d

hydr ocar bons, cAdRR&) ED METALDUSED -J---'-'-a RBESIATANCEf el ectric
power, environnment al condltlons are often encountered involving very high
car-bon act]'rl\]jmjeﬁp BAE INSIEITHENY | ow oxygen activities. Simlar

envi ronrrents can S0 be encountered_ in rraégeeot her syngas generation

processes. [0PA1 ]many hey RERSED ENEPHER dR1aso ta dBe dield (pf £ Usprd 1BOSKAERS| on
of met haneydRratiRdBDCcesOK e I thot¥ MadFoul B kelhi@s Y HHASriald &P sl {5 c8REsive

bi tumen to syngas, environnments are encountered that have high carbon
activi t i esreaftants singdiGarkan, supsisapuyigd snuizenments.c Stillngre partipulerlythe nresest or
mat eri al s, inheRtorE XN AL BREE Thabdal ARboHRII SR AGESSs fdilmogﬂoﬂﬂl Rk@i N9
materials used in such processes can deteriorate in service ery
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car bon- suplemsatygentaetivifiear bon activity > 1) environnents having rel atively
| ow (about 10-10 to about 1.0-20 atnospheres) oxygen partial pressures.
This form I i by the disintegration of bulk metal
into powd BA dﬁT%ﬁMre commerci ally avail abl e today
degr ade by|00B2ZE cPnost dre prost esndant Possil GROS s Ahturalugds, rvﬂﬁgh ] gfinmpally

tenperature allo deS| ed-to formin-sity surface fi C
i e Cor posians T M et pRrcarohand the vAErLof BiARE

reacts at wilgh predies atwﬁefs (iguid. hydhOO&6Hnd, NcHeRd cdlk,C SRIIC @s Odth ¥ eor tthe f or m
Cr03, which is a \L%D and evaporates to result in a_chrom um depl et ed

al l oy. TheSRFasoN IePRYCn epYynmental foRdItong 3re alieh snqavtesd nyglving
chrom um oe@,rgengn b&Fboh BetBvifias BN rdlRBleBp RS okl ddhRitis! BindikP %m&hﬁ%ts
reduci ng carbaon-rich envirgnnments with carbon activities in _excess of
uni ty. Thi%n s pe sncountered in doany; offjerc Smeas generatiqp Drcassesi An mmqwasygugw con
are strongodifinlREEBES, ﬁﬂ(éxﬁ@aeleb@e REFRIsibA o?h%&rﬁrmmrdgreo@ th QYR
i nprove corrosion resjstance by formng an in-situ surface fi1lm of a um num
oxi de and a3l ite §Yngns; Heavyrpilesd bitamer ke sxngasdepirasmants ﬁ?e@@ogn@rﬁéinﬂ@t
which is desikr f I r gﬂgé poor
mechani cal st rlgggt%}%qtﬁpgléﬁe‘bgfse%{g er%%{elfggl J?g}s&ﬁé&ﬁ? cé g%ﬁ‘) g&ges ed.
Thus, al | osctepmraipnalpgheat @sc@es&ﬁrv@a@mbntandfsyagmmnwaﬁdbmglar@onlm not
be used i r rQ
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[ 0005] Met ho ogi es rature r “cont
dusti ng corrosion known as metal dusting. Metal Dusting is a deleterious form of high

temperature corrosion experienced by Fe, Ni and Co-based alloys at temperatures in the
range of 350-1050°C in carbon-supersaturated (carbon activity > 1) environments
having relatively low (about 1079 to about 10" atmospheres) oxygen partial pressures.
This form of corrosion is characterized by the disintegration of bulk metal into powder
or dust. Most alloys that are commercially available today degrade by this corrosion

process.



corrosion involve the use of gaseous inhibitors, for exanple H2S.

I nhibition by 112S has two di sadvantages. One is that H2S tends to poi son
nost cat avpes/uswd | n hydr ocar bon conver si on processesPCBasendioyq0602S has
to be renoved fromthe exit stream which can substantially add to process
costs. [0006]U. S. Patent No. 6,692,838 to Ramanarayanan et al. discl oses
conpositions resistant to netal dusting and a nethod for preventing netal
dusting on nmetal surfaces exposed to carbon supersaturated environnents.
The conpositions conprise (a) an alloy, and,(b) a protective oxide coating
on the alloy. The alloy includes alloying nefals and base netals, wherein
the alloying nmetals conprise a mxture of chrom um and manganese, and the
base metal conprises iron, nickel, and cobalt. U.S. Patent No. 6,692,838 is

i ncor por at[@80%ker eiMthapreh shanychigh tsmperatre. alleysars designeg to fogp ipsity sudacsret al
surfaces eypPSHd chRnfiuReoxdddiN(@rLsl) Gar haw 8}@@«350?%}31 Spreégﬁﬁ‘e Gk i8AmeRE] udes
constructing the surfaces of, or coatl ng the surfaces with a copper based
al | oy. U. Shremiwmoxids. regcty 3y highgemperanges (e 2t1800KSr én theppresanice 08 P8EE¢M it s
entirety ] ent \
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(PQR) wherwith cadben aktiviyied E@cesmms Thiswebelts inhetabdwting@dofrosiont he gr oup
consisting of Fe, Ni, Co, and m xtures thereof, an alloying netal

(Q
i si d either Al Al L d || oyi | t
(R The HOPDIL | ARG ih e il sy PG Ry A g b 20Req 158 TN oy
conposi t i aBmipBrature allbeNtoSiBRbEat sl citresRiaate BY $orntigg QA Vh-5RH B&Fice filnSof

Pat ent Application . 1 / 26 007.is corporated herei.n by reference in
its entir&YMIuEREs] Oa%% ﬁ&weﬁéwaau PAFFES aﬁifgtlela:ﬁ. grenglewents) s,

whi ch are wERhSs aeélrédOfdmhaén&iuﬁrtda%ncx%irs&ﬁb@ r%enéﬁ'll? 1Badst to%&oarrhyohaalcaped
exi sts for an advanced coated material conposition, wherein the coated

netal is réspgthaticlevgtedeierperniues ﬁ@wtimhrtbg rHays are|used.( Abvuitallerp censaining t
10-20 at MOSPRELASHOAABER BRI dibimP CHRH SicBA ek rBPcS WBE 94! wré&gam
(carbon activity > 1) environnents and |ncI udes a base netal provi t he
coat ed nateOMpHNenRfstin symgas generrtierpiocesses.enper at ure strength and ot her
properties, such as creep strength and toughness Such an advanced coated
mat eri al it| b b n r oxi de
Tayer to OPROR oo PanoRats, WsaaRACHe Bl LeOlMROLR A oBlind wphEC Wyl
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bet ween P and Est n Rdi 8,2 a base netal |ayer, wherein P conprises alum na,
chronia, <Pf° a’%lﬁqllyﬂg BPTPRRY E¥°%% thereof, Q conprises Ni and Al, and at
| east one - 4 - elenent selected fromthe group consisting of Cr, Sl Vh,
Fe, gO B, [0006]N, RJ.SCRatefPN0oAS,6921838 96, Raﬂi)anaFﬁg',anﬁﬂ et hia dis€lose® coﬂiposxiibns llé
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Ni - based ]I°éfy§“‘21r(g ) eoPmeLEshYe £XidR, goating on

metals and base metals, wherein the alloying metals comprise a mixture of chromium

I S,
The alloy includes eﬁx)ylng

and manganese, and the base metal comprises iron, nickel, and cobalt. U.S. Patent No.

6,692,838 is incorporated herein by reference in its entirety.

[0007] U.S. Patent No. 6,737,175 to Ramanarayanan et al. discloses an alloy

composition resistant to metal dusting and a method for inhibiting metal dusting



100111A further aspect of the present disclosure relates to an advant ageous
nmet hod of preventing netal dusting corrosion of netal surfaces exposed to
carbon suwenseruowsed environnments conprising a high perComusancei@eat ed
nmetal conposition (PQR), wherein P is an oxide |layer at the surface of
(PQR), Qis a coating netal layer interposed between P and R, and Ris a
base netal, wherein P conprises alumna, chroma, silica, nullite or

m xtures thereof, Q conprises NN and Al, and at |east one el enent sel ected
fromthe group consisting of C, Si, Mi Fe, Co, B, C N P, G, Ge, As,

In, Sn, Sb, Pb, Sc, La, Y, Ce, Ti, Zr, H, ¥, Nbo, Ta, Mo, W Ru, Rh, Ir,
Pd, Pt, Cu, Ag, Au and m xtures thereof, and Ris selected fromthe group
consi sting of car b?n steels, | ow chrdom' um steels, ferritic stainless
steel's, ausiEsy et dnefpl sudeces: gosed dp plupsrsaiisiee cawbog; gRyiEonmentsnofhe

al loys, | ngeiey atha¥s cor@rublin® 3868 Gudhded)oY; oNcoRRie theabilr@acss avith @%?@é;ed
all oys; wherein the nethod coggl ses the step of providing the neta

surfaces waskd (@torR) . U-HoRapniuhter SuB7abifaif igesporaisd | hereipoby refereags datitgeous
hi gh perfogpipace coated material conposition conprising (PQR), wherein Pis
an oxide layer at the surface of (PQR), Qis a coating netal |ayer |ocated

between P and R, and Ris a base netal |ayer disclosed herein and the
uses/ appl i 9808bns W.fePetent Appliogia] Nor 1 ¥ ap072 filgchor a1 8y 300nteodhyrent s of

t he prese I i gh: per J i f.Lon
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hi gh t enpesuwfasese exposedatob omrbsu pripsshturattd neironmentse nfhehalloyn gomebsitione| y

| ow oxygen. partial pre S. .- 5 s.form a_.ther mpdynani cal |y st abl e,
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carbon i ngsuefsse of GR1ALyN(PORLUwhérein éxeeailipy {PQRY ihddieenmead] (Phsclested &oin

di scl osure, the high rforgmance..coat ed ;materi al ,conposi ti.pn. conpr.i,sj
(POR)  doeso8tOHB; CORSHBE O hoa s & (O8RS (ibEEERPn an HISHinE Sl (O
g_r ocles ses. cc{rﬁ)@iﬁ:}h g @r,a\dhu?ﬂdﬂﬁﬂxeemnm af )é&l/sn‘mﬁd :Iamalnl byl didifeti(R3.eThe multi-

i scl osure, the hi erformance .coat ed nater.li onposi ti on conpri Si ng
Char ot ertages i HaP S HEt i Rerity At e o B A0y [ asTms PR capate
enhances squpktsatigattd mailadisting [eG0ikdilrhénta 7.80 PhRht AppIPAtYNENDPRURE00T iHf
t he present discl t he _hi conposi tion

osure, hlggch ,gerfor,rrance coated materi al
conpri si ngm(’?’@ﬁatiffléqrﬁ’é‘ YyglreetredaiBsAtiEposi ti on i n carbon supersat ur at ed
environments. [0018]In a further exenplary enbodi ment of the present
di scl osur e[OODb‘F OXiHige {3 Béed for new alloys and coating materials, which are resistant to

metal dusting corrosion. More particularly, a need exists for an advanced coated
material composition, wherein the coated metal is resistant to metal dusting corrosion
in low (about 10°'° to about 10% atmospheres) oxygen partial pressure and carbon-
supersaturated (carbon activity > 1) environments and includes a base metal providing
the coated material with the required high temperature strength and other properties,
such as creep strength and toughness. Such an advanced coated material composition
should be capable of forming an outer protective oxide layer to block carbon transfer by

acting as a diffusion barrier to carbon ingress.

SUMMARY OF THE INVENTION

[0010] According to the present disclosure, an advantageous high performance
coated material composition resistant to metal dusting corrosion comprises: (PQR),
wherein P is an oxide layer at the surface of (PQR), Q@ is a coating metal layer
interposed between P and R, and R is a base metal layer, wherein P comprises alumina,

chromia, silica, mullite or mixtures thereof, @ comprises Ni and Al, and at least one



(P) on the surface of the high performance coated material conposition
conprising (PQR) forns when it is exposed to netal dusting environnents
with | owweegsmipmsti al pressures. [0019] 1 n a further erempisasoy/oesobodi nent
of the present disclosure, the oxide layer (P) on the surface of the high
performance coated material conposition conprising (PQR) forns in-situ
during use of the alloy in a carbon supersaturated environnment. [0020]1n a
further exenplary enbodi nent of the present disclosure, the oxide |ayer (P)
on the surface of the high performance coa_tggl mat eri al conposition
conprising (PQR) forns prior to use by exposing the alloy to a carbon
supersaturated and a | ow oxygen partial pressure environnent or to

control |l ed,l ow ox artial pressure envifo ts. [0021] a_further
exenpl ary SHBEH Wé%fe%o o eﬁf‘g‘épeﬁcfnsﬁsggl%gﬁ S%@F%égcf’i%%rgéggt i Orasr (Q
on the surAsda, ?ﬁ SBJQ’bngILa:;EY,f@eE,anﬂZﬁ H:tgwg u[bég?;z MAd,av,hRa,rmg,SIir,th;rPt, c};, .
conprising, (P as.a |l ow porosity, . - - not her advant age of the
hi gh perfo‘?‘%’aggea’@o‘é‘f’gﬁreﬁﬁ‘ PPl and i stlestsd he STHE TPeRying ofigashon
the protecitels 16wl dB6MiIM istiRls, ieiic (SRlinles PGk s Iaistentis! SRiMEsst 16 UPASI i on
I n a carbon supersaturated environmen the protective surface oxidée |ayer

t
(P) will r¥aipless pteelsnincene @lloyy, Ingnlay ellpyse FsxNigbased plpys, Alirkased gHewscand ng
the alloy d¢spmdmiiplysdusting during use. [0023] The discl osed high
performance coated fraterial conpositions conprising (PQR) have application
I n syngas process equi pnent that are in contact with carbon supersaturated
envi r onmen 081k arﬁrgllrﬂmé agpact aftheguesenhdiscldburg reletes to as adyatdggass hedod
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di scl osed hi gh pe rnmance coa conpositions conprising
may be pr cupedisaturaed hevisenniente cémprigingadagh perfiaynanty coated tmetalt ¢omgpdsitéon

appar at us f 2) extrudin #H R t.o f I{}e urface of the
appar at us,(ﬂg%%@(%%? ing QB8R é)x'!_.éc[ %y%o?% A ﬁ‘ér%%cﬁrq(}ra(?g f qsﬁ@ U
exposed t dayetiafermhsed begveen\A amehRpaidsR if 9Bk méak evifsn ¢t hprasdy aRin®g8s .
features and attributes, of the. present C}J cl osure _ .
chromia, silica, mullite or mixfures thereof, b comprises Ni and Al, and at least one
element selected from the group consisting of Cr, Si, Mn, Fe, Co, B, C, N, P, Ga, Ge,
As, In, Sn, Sb, Pb, Sc, La, Y, Ce, Ti, Zr, Hf, V, Nb, Ta, Mo, W, Ru, Rh, Ir, Pd, Pt, Cu,
Ag, Au and mixtures thereof, and R is selected from the group consisting of carbon
steels, low chromium steels, ferritic stainless steels, austenetic stainless steels, duplex
stainless steels, Inconel alloys, Incoloy alloys, Fe-Ni based alloys, Ni-based alloys and
Co-based alloys; wherein the method comprises the step of providing the metal surfaces

with (POR).

[0012] Numerous advantages result from the advantageous high performance
coated material composition comprising (PQR), wherein P is an oxide layer at the
surface of (POR), Q is a coating metal layer located between P and R, and R is a base

metal layer disclosed herein and the uses/applications therefore.

[0013] For example, in exemplary embodiments of the present disclosure, the high
performance coated material composition comprising (PQR) exhibits improved metal
dusting corrosion resistance at high temperatures in carbon-supersaturated

environments having relatively low oxygen partial pressures.

[0014] In a further exemplary embodiment of the present disclosure, the high

performance coated material composition comprising (P@R) exhibits the capability of



and the high performance coated material conpositions conprising (PQR) and
t heir advant ageous applications and/or uses wll be apparent fromthe

det ai | ed woesewdipieson whi ch foll ows, particularly when Peadszev7oosvpunct i on
with the figures appended hereto. BRI EF DESCRI PTI ON OF THE DRAW NGS

[ 0026] To assist those of ordinary skill in the relevant art in malcing and
using the subject matter hereof, reference is nade to the appended
drawi ngs, wherein: [0027]Figure 1 depicts a schematic illustration of the

hi gh performance coated material of the present invention used for
protecting syngas generation process equi pnent at various |ocations of the
tubing or piping. [0028]Figure 2 depicts a bar graph of the mass gai n due
to carbon deposition (a neasure of tal dusting_corrasion), on, Linde B
fini shed aiorgipg atheaprodwgansally seblestewiysrayans sélmergdgerﬁwoﬂda@rnrferw&%

hours. - FqiffubfdR4Rkfday c8rbdndRplesd. s a cross-sectional scanning el ectron
m croscopy (SEM inage of the corrosion surface of an uncoated I nconel 601

alloy (prior art) after reaction at 650C in 5000-50H2 gas m xture for 160
hours. [00801%i gurde a fuehercexemaplant smbodispendnefl tIRERrdsprigdiselosunge tho highsi on

surface cl . : | QF t r Js 50C
T 5000- SOTBTARAREL SHartd Rt HomBooiin BRI (PORY Gl MR M BlosP P
profil e ofcatalpstghsesanfhydnemadwnNoaversivatpedcdssesonel 601 material of the

present invention after testing at 1050C in 5000-50112 gas m xture for 300

hours. [0016] In a further exemplary embodiment of the present disclosure, the high
performance coated material composition comprising (POR) yields improved adhesion

of the surface oxide film or layer, which enhances spalling resistance.

[0017] In a further exemplary embodiment of the present disclosure, the high
performance coated material composition comprising (PQR) yields reduced carbon

deposition in carbon supersaturated environments.

[0018] In a further exemplary embodiment of the present disclosure, the oxide layer
(P) on the surface of the high performance coated material composition comprising
(POR) forms when it is exposed to metal dusting environments with low oxygen partial

pressures.

[0019] In a further exemplary embodiment of the present disclosure, the oxide layer
(P) on the surface of the high performance coated material composition comprising

(POR) forms in-situ during use of the alloy in a carbon supersaturated environment.

[0020] In a further exemplary embodiment of the present disclosure, the oxide
layer (P) on the surface of the high performance coated material composition
comprising (PQR) forms prior to use by exposing the alloy to a carbon supersaturated
and a low oxygen partial pressure environment or to controlled low oxygen partial

pressure environments.

[0021] In a further exemplary embodiment of the present disclosure, the coating
metal layer (Q) on the surface of the high performance coated material composition

comprising (POR) has a low porosity.



[0032] Figure 6 depicts a surface and cross-sectional SEMinmage of the high
performance N Al -coated Inconel 601 material of the present invention after
testi ng avo20@AT0968 5000- 50H2 gas mi xture for 300 hour sPCrAG3@MIas € 7
depicts an EDXS line profile of a high performance N CrAl -coated |nconel
601 material of the present invention near the coated surface before
testing at 1050C in 5000-50H2 gas m xture for 300 hours. [0034]Figure 8
depicts a surface and cross-sectional imge of the high performance

Ni Cr Al -coated I nconel 601 nmaterial of the pgesent i nvention near the coated
surface after testing at 1050C i n 5000-50H2"gas mi xture for 300 hours.

[ 0035] Figure 9 depicts an EDXS line profile of a high perfornmance

Ni CrAl -co 35/ 45 | oy, of the esent invention near the.coated surface
Dot orb | oabpia’ot IaBts-ofolts BEk RrarncH oiaiah ol ccompostion
[ 0036] Fi guddenp Cri%iegi’QR; isthatIfftBe pratbdivel RsMcs BLide o (PyegRkotutife ukd gh

|

per f ormance -coated 35/45 alloy of the present invention near the
coat ed surthgcemposition;ipsy fargon supeysRitrated coirnewnd the Profesis Birfase oxide

hours. - Byer (BQANI EFHH @ tht PR BlrepAr HY 6868 150 &3 SpR8&thS MR alldpOe
of the NICrAl-coated Inconel 601 material (prior art) near the coated
surface affrem meistdusingdugsg@s¢-n 5000- 50H2 gas mi xture for 160 hours.

DETAI LED DESCRI PTI ON OF THE | NVENTI ON [ 0038] The present invention relates
to a high [@92‘.‘0]‘“ n%edxﬁﬂﬁge%ph@ﬁt ﬁérfcﬁ'l'naﬁ@ep@%tgd material compositions comprising

(POR) have application in syngas process equipment that are in contact with carbon
supersaturated environments at any time during use, including reactors, gas/gas heat

exchangers and syngas generation process tubing and piping.

[0024] The disclosed high performance coated material compositions comprising
(POR) may be provided to the surface for protection by: 1) constructing the apparatus
from (PQR), 2) coextruding @ and R to form the surface of the apparatus, or 3) coating

QO onto R to form the surface of the apparatus exposed to metal dusting environments.

[0025] These and other advantages, features and attributes of the present disclosure
and the high performance coated material compositions comprising (PQR) and their
advantageous applications and/or uses will be apparent from the detailed ‘description

which follows, particularly when read in conjunction with the figures appended hereto.

BRIEF DESCRIPTION OF THE DRAWINGS
[0026] To assist those of ordinary skill in the relevant art in making and using the

subject matter hereof, reference is made to the appeﬁded drawings, wherein:

[0027] Figure 1 depicts a schematic illustration of the high performance coated
material of the present invention used for protecting syngas generation process

equipment at various locations of the tubing or piping.

[0028] Figure 2 depicts a bar graph of the mass gain due to carbon deposition (a
measure of metal dusting corrosion) on Linde B finished alloys after reaction at 650°C

in 50CO-50H; gas mixture for 160 hours.



of formng a stable al um num oxi de surface film The high performance
coated material conposition resistant to netal dusting corrosion of the
present iwoents/amear e di stingui shable fromthe prior arPCrrSeampiiose ng a
surface oxide |ayer, a coating netal |ocated on one side of the surface
oxi de | ayer, and a base netal |ocated on the side of the coating netal
opposite that of the oxide |layer. Mre particularly, the coating netal of
the present invention is distinguishable fromthe prior art in yielding

i mproved adhesion of the surface oxide filmor |ayer, which enhances

spoi ling resistance. The coating netal of the present invention is also
di stingui shable fromthe pri or art in yielding inproved adhesion of the

base net al i ch I 0ye ecoatln integrity. | ddition, the |ng
netal of t[ﬁei\%‘r eseFln i née‘?i ploﬁ %/lcreqsa?gﬁ &‘ﬂggﬁm’f‘ﬁ?%(?% ﬁgﬁo@fcf‘?%ﬁpy n(S%

super sat uriatagd anthier conmesidrs suithée bEreahcdated hecopel 601 adlloy (PHbI%rDheaftby gh
performance coat C osition o the present invention offers

si gni fi carff? %Wfﬁ%é@%@ %@?R?’gﬁt%sml?‘we 169149835 conposi tions for use as
protective coatings to nmetal dusting on netal surfaces exposed to carbon
super sat ur[gbse en\Fl%leré' Wﬂé}ﬁctsy&oﬁdéé@ﬁ&ﬁﬂ SN iRLAPES thi %6n€fl% Qhirface of an
characteristics of the disclosed high performance coated y conpositions
are based u"&PatP@dﬁmi% %elloxsr(pnhe agt) rafier ueectisn ah @587 MNNINEOG08R gad m

f ormed O”rhﬁ&ll g Qlsthe coating netal, which include, inter al/a,

i nproved net usti ng corrosion resist ance, decreased carbon deposition,
decreased propensity to poison catal ysts used in hydrocarbon conversion

pr ocesses,[0034]r ov Figwoth® depictsodn EDXS tine poofite df autiiph gerfoxhaleel NiAlscoated

i mpr oved oi | resis i nproved .ease of formation prlor to and in
use when 38 lgg éa;r"g g%‘é’é‘feﬁﬁla’t‘ epledtingAnkdR0”C in 59CO-3lzgas ayer
conpri si ngnmuumf&ag,oml@gn a, silica, mullite, and m xtures thereof. P forns

the outer surface |ayer of the high performance coated material
conposition._and therefore the layer that is directly in contact with

carbon suf@032k ur Ximread Hapisis ox jg&arcepand crassseetional SEddvimaganefhthe highat ed
adj acent  trfofgattel AL @BAR Elcbﬁel%OQ%Bﬂeﬁgl SEhe gresgnf:ﬂﬁ;gﬁﬁcﬁ‘l %‘? Jgrestﬂ%datp‘l

and at | east one elenment selected fromthe group consisting
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enable to forma stable oxide |layer, P, conprising alumna, chrom a,
silica, mubl2oasaniowmnd m xtures thereof on the coating netralr;usQo7bh@sef or e,
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al l oys under reaction conditions simlar to that to which it is exposed to
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to achi eve a higher density coating. In contrast, the conventional thermnal
spray coating - 12 - processes such as plasm, HVOF and detonation gun
gener al | ywoizedsthivdse coating netal |ayer that is of a hi goerusparosiosy. The
conventional thermal spray coating is produced by a process in which nolten
or softened particles are applied by inpact onto a substrate. The coating
often contains lenticular or lanellar grain structure resulting fromthe
rapid solidification of small globules, flattened fromstriking a cold
surface at high velocities. It is virtually, inpossible to ensure that al
particles are the exact same size and achievé the sanme tenperature and

vel ocity. Thus, variations in the conditions of the individual particles on
i npact during thermal spray, process |gead to heterogeneous structu of the
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gener at i orbypexrasing dguiqatasnmgterial tpa-darbant supgrsatusated fand g bowrekygen pRtiak or
use in th -'Q%ﬁ Lon ed. .l I T are
sui tabl e ?’gr%s%{?%‘a} a véz}trtﬂ;'ag‘elt)ezgﬁﬁggﬁ r&%eéri?%é] }r%%g’eﬁ’c%%&%g%g%cg??fg gg %tﬁ@)
resi st ant metahe@.aorms priontp vsr by skposing the cR0RE/1040685PCOhUBROD W bEPEH - 14

partial pressure environments.

[0042] The oxide layer, P, is an oxide layer comprising alumina, chromia, silica,
mullite, and mixtures thereof and may contain some impurity oxides formed from the
element constituting a coating metal, (, and a base metal, R. A preferred oxide layer,
P, is alumina. The thickness of an oxide layer, P, ranges from at least about 1 nm to

about 100 pm, preferably from at least about 10 nm to about 50 pm, more preferably

from at least about 100 nm to about 10 pm.

[0043] The oxide layer, P, on the surface of the coating metal, @, described herein
is formed on the coating metal surface by exposing the coated material to a metal
dusting environment. A non-limiting example of a metal dusting environment is a

gaseous 50CO:50H; mixture. The metal dusting environment may further contains



[00511Table 1: Base Metal, R Alloy -UNS No. Alloy Conpositions (Wight %
Carbon steels 1018 , 010180 Bal.Fe, 0.6-0.9Mh, 0.14-0.20C 4130 (41300
Bal . Fe, Ow8Z20@/@0¢8, 0.80-1.15Cr, 0.27-0.34C Low chrom eorAtse@7916Ddd K!
1562
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other gases such as CHy, NHj3, Ny, O, He, Ar and hydrocarbons and enable to form a
stable oxide layer, P, comprising alumina, chromia, silica, mullite, and mixtures thereof
on the coating metal, Q. Therefore, the protective oxide layer may be formed during
use or prior to use of the alloys under reaction conditions similar to that to which it is
exposed to in a metal dusting environment. The preferred temperature range of the
metal dusting environment is from about 350°C to about 1200°C, preferably from about
550°C to about 1200°C. Typical exposure times range from about 1 hour to about 500
hours, preferably from about 1 hour to about 300 hours, and more preferably from

about 1 hour to about 100 hours.

[0044] The oxide layer, P, on the surface of the coating metal, @, described herein
may also be formed on the coating metal surface by exposing the coated material to
controlled low oxygen partial pressure environments. Non-limiting examples of a
controlled low oxygen partial pressure environment is a gaseous H;O:H, mixture and a
gaseous CO,:CO mixture. The controlled low oxygen partial pressure environment
may further contain other gases such as CHy, NH3, N3, O,, He, Ar and hydrocarbons
and enable to form a stable oxide layer, P, comprising alumina, chromia, silica, mullite,
and mixtures thereof on the coating metal, Q. Therefore, the protective oxide layer is
formed prior to use of the alloys in metal dusting environments. The preferred
temperature range of the controlled low oxygen partial pressure environment is from
about 350°C to about 1200°C, preferably from about 550°C to about 1200°C. Typical
exposure times range from about 1 hour to about 500 hours, preferably from about 1

hour to about 300 hours, and more pr_eferably from about 1 hour to about 100 hours.

Coating Metal Layer (Q)

[0045] The coating metal, @, includes a mixture of Ni and Al, and at least one
element selected from the group consisting of Cr, Si, Mn, Fe, Co, B, C, N, P, Ga, Ge,
As, In, Sn, Sb, Pb, Sc, La, Y, Ce, Ti, Zr, Hf, V, Nb, Ta, Mo, W, Ru, Rh, Ir, Pd, Pt, Cu,
Ag, Au, and mixtures thereof. The coating metal compositions of the present
disclosure offer significant advantages relative to prior art alloy compositions for use as
protective coatings to metal dusting on metal surfaces exposed to carbon supersaturated

environments. As a non-limiting example, alloying elements such as Sc, La, Y and Ce,



Bal . Fe: 1. 25Cr: 0. 5Mo, 0.5Si, 0.3M1, 0.15C, 0.045P, 0.045S T22 K21590

Bal . Fe: 2. 25Cr. 1. OMo, 0.5Si, 0.3MWn, 0.15C, 0.035P, 0.035S T5 S50100

Bal . Fe: 5GvoQo&@bp968. 5S1, 0. 3Mh, 0.15C, 0.04P, 0.03S T9Prd8aBa@7Badoste: 9Cr :
LGOS, 0.35Wh, 0.02C, 0.04P, 0.0458 Ferritic stainless steels 409 840900
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provide improved adhesion of in-situ formed surface oxide films, which contributes to
enhance spalling resistance. Alloying elements such as Ga, Ge, As, In, Sn, Sb, Pb, Pd,
Pt, Cu, Ag and Au, provide reduced carbon deposition because these elements are non-

catalytic to surface carbon transfer reaction.

[0046] The coating metal layer, @, comprises about 4 wt.% to about 70 wt.%
aluminum, preferably about 4 wt.% to about 50 wt.% aluminum, and more preferably
about 4 wt.% to about 30 wt.% aluminum. In a preferred embodiment, the coating
metal layer, @, includes a smaller amount of Fe in the coating metal, @, than in the base
metal, R. The coating metal, @, comprises less than about 12 wt.% Fe, preferably less
than about 10 wt.% Fe, and more preferably less than about 8 wt.% Fe. Coating metals,
0 which include much greater than 12 wt.% Fe results in poor metal dusting corrosion
resistance in a carbon supersaturated and a low oxygen partial pressure environments.
~ Ni as a component to the coating metal layer also decreases the dusting corrosion rate

as it is about one order magnitude lower in dusting corrosion rate than pure Fe.

[0047] The coating metal of the present invention has a low porosity which
contributes to its improved resistance to carbon deposition in carbon supersaturated
environments. The coating metal layer, @, comprises less than about 8 vol.% porosity,
preferably less than about 3 vol.% porosity, more preferably less than about 2 vol.%
porosity, and even more preferably less than 1 vol.% porosity. Excessive amount of
porosity in the coating metal layer serves as a pathway for corrosive gases in metal
dusting environments to transfer to the coating metal and to the base metal surface.
The carbon transfer triggers carbon precipitation in the coating metal layer and
delamination of the coating metal at the coating/base metal interface. Thus it is
advantageous to achieve a coating metal layer containing a minimal amount of

porosity.

[0048] The low porosity coating metal layer can be established by a coating method
such as CVD, MOCVD, PVD, slurry coating, pack cementation, weld overlay and
plasma powder welding. The coating metal layer may be post-annealed or laser melted

to achieve a higher density coating. In contrast, the conventional thermal spray coating



Bal . Fe: 10.5Cr:1.0S1, 1.0Mh, 0O.5Ni, 0.5Ti, 0.08C, 0.045P, 0.0458 410 841000
Bal . Fe: 11. 5er 0. 15C, 0. 045P, 0.03S 430 S43000 Bal . Fe: 16.0er:1.0Si, 1.0Mn,

0. 12C, 0.Wo=2ms/Q0w38 Austenetic stainless steels 304 830¢0WSBEI7/0E®50

8Ni : 18Cr: 2. 0Mn, 0.75Si, 0.08C, 0.04P, 0.038 310 831000
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processes such as plasma, HVOF and detonation gun generally yield the coating metal
layer that is of a higher porosity. The conventional thermal spray coating is produced
by a process in which molten or softened particles are applied by impact onto a
substrate. The coating often contains lenticular or lamellar grain structure resulting
from the rapid solidification of small globules, flattened from striking a cold surface at
high velocities. It is virtually impossible to ensure that all particles are the exact same
size and achieve the same temperature and velocity. Thus, variations in the conditions
of the individual particles on impact during thermal spray process lead to

heterogeneous structure of the cermet layer, which includes excessive porosity.

[0049] Two preferred embodiments of the high performance coated material
compositions of the present invention include a coating metal, @, comprising either: (1)
Ni and Al, or (2) Ni, Al and Cr. The coated metal composition, NiAl, is an
intermetallic phase known as beta phase. The B-NiAl coating may be applied to a base
metal, R, by methods such as CVD, MOCVD, PVD, slurry coating and pack
cementation. The thickness of B-NiAl ranges from about 1 to about 300 um, preferably
from about 1 to about 200 pm, and more preferably from about 1 to about 100 pm. The
coated metal composition, NiAl, comprises about 17 wt.% to about 39 wt.% Al, and
about 61 wt.% to about 83 wt.% Ni. Preferably, coated metal composition, NiAl,
comprises about 18 wt.% Al, and about 82 wt.% Ni. The coated metal composition,
NiCrAl, may be applied to a base metal, R, by weld overlay methods such as plasma
powder welding. The thickness of NiCrAl ranges from about 100 pm to about 5 mm,
preferably from about 100 pm to about 4 mm, more preferably from about 100 pm to
about 3 mm. The coated metal composition, NiCrAl, comprises about 4 wt.% to about
10 wt.% Al, about 15 wt.% to about 30 wt.% Cr, and about 60 wt.% to about 81 wt.%
Ni. Preferably, the coated metal, @, comprises about 6 wt.% Al, about 25 wt.% Cr, and
about 69 wt.% Ni.

Base Metal (R)
[0050] The base metal, R, is selected from the group consisting of carbon steels,

low chromium steels, ferritic stainless steels, austenetic stainless steels, duplex stainless

steels, Inconel alloys, Incoloy alloys, Fe-Ni based alloys, Ni-based alloys and Co-based



Bal . Fe: 19Ni : 24Cr 2. Ovn, 1.5Si, 0.751Yfo, 0.25C, 0.045P, 0.038 253MA 830815
Bal . Fe: 11Ni : 21Cr 1. 7Si, 0.04Ce, 0.17N, 0.08C RA85H 830615

Bal . Fe: 14wBNbos180%€r 3. 5Si : 1. 0AL, 0. 2C Dupl ex stai nl ess ®Ceals200200@6832205
Bal . Fe: 4. 5N1: 22Cr: 2 _0OMn, 1.0Si, 3.0My, 0.03C, 0.14N, 0.03P, 0.028 2507

832507
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alloys. The base metal, R, may also be any commercially available alloy to be used for
constructing syngas generation process equipments. A non-limiting list of base metals,
R, for use in the present invention is presented in Table 1. These base metals are
suitable for making advantageous high performance coated materials (PQR) resistant to

metal dusting corrosion.



Bal . Fe: 6N1: 24Cr: 1. 2MWn, 0.8Si,

| nconel

3.0Mp, 0.5Cu, 0.03C, 0.2N, 0.035P, 0.028

all oys I nconel 600 NO6600 Bal . N :8.0Fe: 25.5Cr, 0.08 Inconel 601
NO6601 Bawbizndsfiddes: 23. 0Cr: 0. 3vh: 1. 4A1, 0.581, 0.1C | neomals2@02CAcN A
Bal . Ni : 9. 5Fe: 25. 0Cr 2. 2AI, 0.18C |Inconel 690 N06690
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[0051] Table 1:

Base Metal, R Alloy UNS No. Alloy Compositions (Weight %)

Carbon steels 1018 | G10130 Bal.Fe, 0.6-0.9Mn, 0.14-0.20C

4130 G41300 Bal.Fe, 0.35-0.60Mn, 0.80-1.15Cr, 0.27-0.34C
Low chromium | T11 K11562 Bal.Fe:1.25Cr:0.5Mo, 0.55i, 0.3Mn, 0.15C,
steels 0.045P, 0.045S
T22 K21590 Bal.Fe:2.25Cr:1.0Mo, 0.58i, 0.3Mn, 0.15C,
0.035P, 0.0358
§ T5 850100 Bal.Fe:5Cr:0.5Mo, 0.5Si, 0.3Mn, 0.15C, 0.04P,
0.038
TS J82090 Bal.Fe:9Cr:1.08i, 0.35Mn, 0.02C, 0.04P, 0.0458
‘Ferritic stainless | 409 540900 Bal.Fe:10.5Cr:1.08i, 1.0Mn, 0.5Ni, 0.5Tj,
steels 0.08C, 0.045P, 0.045S
410 S41000 Bal.Fe:11.5Cr:0.15C, 0.045P, 0.03S
430 $43000 Bal.Fe:16.0Cr:1.0Si, 1.0Mn, 0.12C, 0.045P,
0.03S
Austenetic 304 S30400 Bal.Fe: 8Ni:18Cr:2.0Mn, 0.75Si, 0.08C, 0.04P,
stainless steels 0.038
310 S31000 Bal.Fe:19Ni:24Cr:2.0Mn, 1.5Si, 0.75Mo,
0.25C, 0.045p, 0.03S8
253MA S30815 Bal.Fe:11Ni:21Cr:1.78i, 0.04Ce, 0.17N, 0.08C
RA85H 830615 Bal.Fe:14.5Ni:18.5Cr:3.58i:1.0Al, 0.2C
Duplex stainless | 2205 $32205 Bal.Fe:4.5Ni:22Cr:2.0Mn, 1.0Si, 3.0Mo, 0.03C,
steels 0.14N, 0.03P, 0.02S
2507 S32507 Bal.Fe:6Ni:24Cr:1.2Mn, 0.8Si, 3.0Mo, 0.5Cu,
0.03C, 0.2N, 0.035P, 0.02S

Inconel alloys Inconel 600 N06600 Bal.Ni:8.0Fe:25.5Cr, 0.08

Inconel 601 N06601 Bal.Ni:14.4Fe:23.0Cr:0.3Mn:1 4Al, 0.58i, 0.1C

Incone] 602CA | N/A Bal.Ni:9.5Fe:25.0Cr:2.2A1, 0.18C

Inconel 690 N06690 Bal.Ni:9.0Fe:29.0Cr:0.3Mn:1.4Al, 0.58i, 0.1C

Inconel 693 N06693 Bal.Ni:4.0Fe:29.0Cr:3.1Al

Inconel MA754 | N/A Bal.Ni:9.0Fe:29.0Cr:0.3Mn:1.4Al, 0.58i, 0.1C
Incoloy alloys Incoloy 800H NG8810 Bal.Fe:33.0Ni:21.0Cr:0.8Mn:0.5A1:0.48i:0.5Ti:

0.07C

Incoloy 825 NO8825 Bal.Ni:30.0Fe:21.5Cr:3.0Mo0:2.2Cu:0.03C

Fe-Ni based KHR-45A N/A BalFe:43.6Ni:32.1Cr:1.0Mn:1.78i:0.9Nb:0.1Ti:

alloys (35/45 Alloy) 0.4C

Ni-based alloys | Haynes 214 NO07214 Bal.Ni:3.0Fe:2.0C0:16.0Cr:0.5Mn:4.5A1:0.2Si:

0.5Mo0:0.5Ti.0.05C

Co-based alloys | Haynes 188 R30188 Bal.C0:22.0Ni:22.0Cr:3.0Fe: 14.0W:0.04La:

0.1C
MP35N R30035 Bal.C0:35.0Ni:20.0Cr:10.0Mo




Bal . Ni : 9. OFe: 29. 0Cr0. 3MWn: 1. 4A1, 0.5Si, 0.1C Inconel 693 N06693

Bal . Ni : 4. OFe: 29.0Cr: 3. 1A1 |Inconel NMA754 N A

Bal . Ni : 9.WBen@®i1046s5: 03vn: 1. 4A1, 0.5Si, 0.1C Incol oy al | egs/usa@aloosne@0011
NC8810 Bal . Fe: 33. ONi : 21. 0Cr 0. 8Mn: 0. 5A1: 0. 4S1: 0. 5Ti: 0.07C Incol oy 825
N08825
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Method of Forming and Applications of High Performance Coated compositions

[0052] A method for preventing metal dusting of metal surfaces exposed to carbon
supersaturafed environments is also disclosed in the present invention. The method
entails providing a metal surface with a high performance coated material composition,
wherein the material composition comprises: (PQR), wherein P is an oxide layer at the
surface of (PQR), Q is a coating metal layer located between P and R, and R is a base
metal layer, wherein P comprises alumina, chromia, silica, mullite or mixtures thereof,
Q comprises Ni and Al, and at least one element selected from the group consisting of
Cr, Si, Mn, Fe, Co, B, C, N, P, Ga, Ge, As, In, Sn, Sb, Pb, Sc, La, Y, Ce, Ti, Zr, Hf, V,
Nb, Ta, Mo, W, Ru, Rh, Ir, Pd, Pt, Cu, Ag, Au and mixtures thereof, and R is selected
from the group consisting of carbon steels, low chromium steels, ferritic stainless
steels, austenetic stainless steels, duplex stainless steels, Inconel alloys, Incoloy alloys,
Fe-Ni based alloys, Ni-based alloys and Co-based alloys.

[0053] Metal surfaces to be protected in carbon-supersaturated (carbon activity > 1)
environments having relatively low (about 10° to about 10% atmospheres) oxygen
partial pressures at temperatures in the range of 350-1050°C may be constructed of the
high performance coated material, coextruded with the coated material, coated with the
coated material, or a combination of the three. In one embodiment for providing the
high performance coated material compositions (POR) of the present invention, the
composition. may be formed by constructing the process apparatus out of a coating
metal layer, @, and base metal layer, R. In another embodiment for providing the high
performance coated material composition (POR) of the present invention, the
composition may be formed by coextruding a coating metal layer, @, and a base metal
layer, R, using steel coextrusion techniques known to one skilled in the art. In yet
another embodiment for providing the high performance coated material composition
(PQR) of the present invention, the composition may be formed from the existing
surfaces of process apparatus susceptible to metal dusting that are fabricated from a
base metal, R, by coating the surface with a coating metal, @, of the instant invention
using coating techniques known to one skilled in the art. Exemplary coating techniques
suitable for coating base metals, R, with the coating metal compositions described

herein include, but are not limited to, CVD, MOCVD, PVD, slurry coating, pack



Bal . Ni : 30. OFe: 21. 5Cr 3. OMb: 2. 2Cu: 0. 03C Fe-N based al | oys KHR-45A (35/45
Al loy) NVA Bal.Fe:43. 6N :32. 1Cr1. OMnh: 1. 75i : 0. 9N1) 10. 1Ti: 0.4C Ni - based
al | oys Hayoesosalidehlo7214 Bal . Ni : 3. OFe: 2. 0Co: 16. Oer 0. 5NV PATAKR20002ED50

0. 5Mb: 0. 5T1: 0. 05C Co- based al | oys Haynes 188 R30188

Bal . Co: 22. ONi : 22. 0Cr: 3. OFe: 14. OW 0. 04La: 0.1C MP35N R30035
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cementation, plasma powder welding, thermal spraying and sputtering. Hence the high--
performance coated material compositions (P@R) of the present invention may be
either constructed of, coextruded with, or coated with the high performance coated

material compositions described herein.

[0054] The protective surface oxide layer, P, described above may be formed in-
situ during operation of the unit in a carbon supersaturated environment. More
specifically, the protective surface oxide layer, P, for each of the three methods for
forming a coated metal and base metal combination (QR) may be formed during the use
of the apparatus when exposed to metal dusting environments (in-situ formation).
Alternatively, the protective surface oxide layer, P, described above may be formed
prior to use of the apparatus by exposure of the coated metal and base metal
combination (QR) to a carbon supersaturated environment. One exemplary, but non-
limiting, metal dusting environment is exposing the high performance coated material
of the present invention to a metal dusting environment, such as a 50CO:50H; mixture.
Alternatively, the protective surface oxide layer, P, described above may be formed
prior to use of the apparatus by exposure of the coated metal and base metal
combination (QR) to a controlled low oxygen partial pressure environment. Non-
limiting examples of a controlled low oxygen partial pressure environment are
exposing the high performance coated material of the present invention to a gaseous
H,0:H,; mixture or a gaseous C0,:CO mixture. The preferred temperature range is
from about 350°C to about 1200°C, preferably from about 550°C to about 1200°C.
Typical exposure times can range from about 1 hour to about 300 hours, preferably
from about 1 hour to about 100 hours. Therefore, the protective oxide coating layer, P,
may be formed during use or prior to use of the alloys under reaction conditions in

which they are exposed to metal dusting environments.

[0055] The high performance coated material compositions (POR) of the present
invention described herein may be utilized to construct the surface of apparatus
exposed to metal dusting environments. Figare 1 schematically illustrates the use of
the coated material (PQR) for syngas generation process equipment. As a non-limiting

example, syngas process tubing or piping may be coated on inside diameter, outside



Bal . Co: 35. 0ONi : 20. 0Cr: 10.0Mo - 15 - Method of Form ng and Applications of
H gh Performance Coated conpositions [0052] A nethod for preventing netal
dusti ng olvormasaliosar f aces exposed to carbon super sat ur aet/usean7no6EENt S | S
al so disclosed in the present invention. The nethod entails providing a
nmetal surface with a high performance coated material conposition, wherein
the material conposition conprises: (PQR), wherein P is an oxide |ayer at
the surface of (PQR), Qis a coating netal |ayer |ocated between P and R,
and It is a base netal |ayer, wherein P conpyises alumna, chroma, silica,
mullite or mxtures thereof, Q conprises N "and A, and at |east one
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with the cobingpndetipingal , or a conbination of the three. In one embodi nent
for providing the high performance coat ed materi al conpositions (PQR) of
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coating baf] EE%‘%ﬁt !fﬁedw th,the coating netal conpositions described
herein i ndPtago ailgddesgiPqtyi ted to, CVD, MOCVD, PVD, slurry coating,
pack - 16 - cenentation, plasma powder wel ding, thermal spraying and

sput t eri ngoosignce ﬁﬂeefonbamgoetmls@ﬂﬁﬁnﬁe%@grét%cg.ﬁbgﬁtl&loaﬁtp&tegadg%méﬁ@)

of the present invention nay be either construct , coextruded wTth,
coat ed wi ttheretewitheut liaiting thesrope dasaeefd mat eri al conposi ti ons descri bed
herein. [0054] The protective surface oxide |ayer, P, described above may be
formed i n-psét WiERIORSE operation of the unit in a carbon supersaturated
envi ronment. Nbre specifically, the protective surface oxide |layer, P. for
each of t H80%%)r ee Thet desemninatiorf of nweightapersentedf wietrmntsaind tha seatad trasterial
conbi nat i r N S t us posed
fo metal dr@inbel el BF Sdhid Batilg HaBoSive Rae P RRREFI 2PV

protecti vmlyséac%omtdael‘payl&ra,va?qbldehcys (ecbnab6Vleambincbrel f6O8 Jreectmiguddr t O

conbi nat i GRCPLROHT o bon MElL{ Q8P B4 PETRATLAMENbe 2RE RaFBede sy, bt
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coat ed materl %ﬁ pr esenwl nvention.to a netal dusting environnent,
such as a "8% IB?}P?? Y1 WAS SublpstdP FRrOREIRE PHAR i) plymiRizingspacks qemeatasionde

layer, P, esct] paugbeveachion wa Jaﬁté@eutpattla%mt goodeeco%nhtsemmagﬁésu $nbY
exposure of the coated netal and base netal conbination (R

cont r ol | edh¢ dasorpiidnlnsaneli 601, puefaess: eSebpenvenirhsat treaioent Wtqangedeml es
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is fromabout 350C to about 1200C, preferably from about 550C to about
1200C. Typi cal exposure tines can range from about 1 hour to about 300
hours, preferably fromabout 1 hour to about 100 hours. Therefore, the
protective oxide coating |ayer, P, may be formed during use or prior to use
of the alloys under reaction conditions in which they are exposed to netal
dusting environnments. [0055] The hi gh performance coated nateri al

corrp05|t| ons (PQ?) of the present |nvent| on descrl bed here| n my be

o o, e o .




- 17 - dianeter or both the inside and outside dianeter dependi ng upon the
need for netal dusting corrosion resistance. Surfaces of syngas process
equi prentwotlznednimwsal d benefit from the high perfor mancepcoatseah7mmedoes i al of
the instant invention include apparatus and reactor systens that are in
contact with carbon supersaturated environnments at any tinme during use.
These apparatus and reactor systens include, but are not limted to,
reactors, gas/gas heat exchangers, and syngas generation process tubing and
pi pi ng. 100561Applicants have attenpted to gisclose al |l enbodi nents and
applications of the disclosed subject mat £ &F "t hat coul d be reasonabl y
foreseen. However, there may be unforeseeabl e, insubstantial nodifications

that remain as equival ents. Wile the present inventjon has been descri bed
i n conj uncepsd ﬂHPV@%"pSeWIPIES W@R%HHSP%VFQ by plasma posvden grebling methqeds A§dent

that many .g ng, C{hé nxﬁeEApaéate@mto\&@lr 6@t s8ASleWvhd pRBardBNEY kit O
those skille |nthea |nI|ght of Qs{golng descrlptlon Wt hout

departi ng plasom ime)’,sﬁmqn’vﬁnmn% @@p@abﬁ’fpr@héleﬁr dhectenmdarepgeimen ot Hichgl y,
the. present odsSath st tut Trol HRDORHHIEC FUILRACE A *acéé‘%r@ku&ﬁéh%'ﬁ%o & The

nodi fi cati'onS, and variations of the a etal [ ed desc I on
fol | owi ng f‘aushrpt &éndel BuStGSatmacrpineteps ekmmina ipowdab)i ﬁmslamddtdh@na@mmp RS

t hereto wi-thout i h e

determ natl:;hoe n°of° SlorH ich"tegcsterge’%?g aﬁ @' %?e@ee%[ﬁslenl-gnﬁ%gﬁgﬁ gg@%fjd 2%5 g@lﬁg( g’&?)
was det er rspecichelny mt andiaﬂd)-EﬁHf g(wom/«spen‘amm@ﬂuﬁy Spetd r3ﬂ§)c<hpyrs ( BDXE}t
et anqui APRRSRBIFELBERE Hofra G 01980 Geh GAb: VR cierakaREes PR AL o
rectangu rom
the all oy @éh%ﬁféthe%ob%xcﬂhﬂof@h&lﬁpbdlmmOG&boﬁQﬂchﬁpriﬂ M imlicatibﬁmﬁlhmllalby a
pack ceneniation nethod,_ A base | nconel 01 was sijb j ect

to
chroni zi ngtusing ForrRsion-y BeH syt eaaéperq,séﬁsm% ofghe sPerimen alsg Werg sxapined

reacti on WagpgCasEdrmthgBlec@bn BMetdscsiqSEM). f or m 5- Ni 2A13 phase on the base
nmetal, Inconel 601, surfaces. Subsequent heat treatnent was carried out at

1079C to convert the low nelting 5 phase to f3-N Al phase, wherein Al
cont ent r%@éﬂﬂrﬁn about 17 to about 39 wt.% The Ni CrAl-coated |nconel

601 and ths & - 18 - coated alloy 35/45 sanples were prepared by a
pl asma po er wel'di ng method. As a conparative exanple, the N CrAl-coated

| nconel 6d905¥nI @ouawnpg s sest anathodglepgribed|ahorie sappigs, of she Billpwring alleys
thermal s cut
fromthe %&X té@é#ﬁlgcosp gg@?%a ?Bg\@éer%% I?{)rsl%e%t)t gﬁgl(fg- ? I#‘I ni s (f;’r
Li nde B (Q\Ix@EArhqcoate&ehaeoselaBQIm anxd pﬁﬁhiAt-)oéteuhiﬁMfarnlﬂogl eél?iredresultsaaﬁ‘t tree.
The corrosion kinetics of vtarl 0%1 al | oy. sFegi V\% Pv‘ﬁsu at ed %
exposi ng tHEVIEIHLS SARIPIeL’S S e 9y éﬁ\ﬂ'er rﬁiﬁ%'ﬁ %gfug 0"
hf)ur S a}) ltte&bxuoarﬂm@bahtm €3 xrreas\germgnfatairmﬁﬁgg:cémsi&a&ﬁ Liden ﬁnﬂsﬁéwalloys
el ectrobal ance was used t ecar on pi i.men.
Car bon pi @Hefpegeon gt pﬁg@@ﬁ?@ﬁ%ﬁ a&&%fﬁfﬁb?%%gg d%ﬁgerB‘B gﬁ?"f”ﬁce
and cross &@ehireNtef s ess%%ba%aé@ereaemm%&mmeamal A1Gas ETMPIes
El ectron M croscopy (S M. EXAVMPLES Example 1 (3059] Fol | owi ng the test

met hods deBe?] Beyingoereosiazanpigsdfiemnt emounbpf G‘aﬁbﬁ@ deppHy yagdneaspredt Quythe

| nconel 6Q4, P& Lp '&o&fﬁ&maﬂlf‘ GORELIE 81301( ert 'a‘ﬁBy@ Ufn):@ndl %’0&‘" a@ﬂd &t Gobnc el
601, Ni CrAl-coated Inconel” 601, and Al -coat ed 45 alloy. The reSults

of the grawntrest mmmﬁsmtemmlmrmleammmf narbpgudﬁpogt wasgimeasurediaymi thes t he

mass gain dug .to_car on)
on- Ui nde BoAed SREARETB IS ERIRtea el BBFSMIC abonBl o P RADInETEEINDT) o
for 160 hmm&dﬁﬁaallo;ﬁtoﬁlthajmsﬂanngvenmnsure the sanpl e surface was covered
wi t h carbon, which always acconpani es netal dusting corrosi on Si gni ficant

anount of posi t .was .ne on the surf

e Tt o PP o Gyl B R dhe S Cortet i, B e SRR soss-
i nsi gni fi cBfionl SEMiekRhiraiiouvf thé cedshiem sEepesiA cras- sammar snmnnagaeln
coated materials (13-Ni é&_ﬁcoat ed | ncon}?&lP601 N Cr Al - at ed1 é&conel

T N O AIBHTG EAne gt bt ReTphRlp@APT FiR iR g Jnconel 601 alioy

reaction at 650°C in 50CO-50H; gas mixture for 160 hrs. Metal dust in carbon deposit

-

was seen in the pit. The diameter of the pit was about 120 pm and the depth about 20



[ 0060] Susceptibility of nmetal dusting corrosion was further investigated by
a cross- sectional SEM exam nation of the corrosion surface. A

Cross- secwpanad/0186M | mage in Figure 3 reveal s charact er ipsTius2q7i16e606 phol ogy
of the prior art Inconel 601 alloy after reaction at 650C i n 5000-50H2 gas
m xture for 160 hrs. Metal dust in carbon deposit was seen in the pit. The
di aneter of the pit was about 120 pm and the depth about 20 - 19 - pm A
cross-sectional SEMimage in Figure 4 reveals characteristic pit norphol ogy
of the prior art Inconel 693 alloy after regction at 650C i n 5000-50H2 gas
m xture for 160 hrs. Metal dust in carbon degposit was seen in the pit. The
di aneter of the pit was about 20 pm and the depth was about 8 pm Exanple 2
[ 0061] Fol |l owi ng t he test ggd described above, 13-N Al-coated | nconel 601
was test ed %t 65‘15&:5?‘?’&10@68%{‘: ¥paggq Bigyre 4 eeveds chargckaiticpit mogphelogy of
depicts t Erior r

t esting. 'rll'ﬁlg concdgn??g{tqflgﬁgjofﬁw\}g#%i%g% n%tﬁflsd"‘%t’ﬁ S%O%gﬁ a%cilgdﬁ{}t“%%for
was pl ott etbGkrsa Mﬁtnbdlil&ﬁnn efrbgh deperiewhs ssentihéhe pit Thg damétacef theirguwes 5
depicts th %955 ?&f ofél eq }St he hi gh performance coated materi al
(PQR) of the |ns R o‘ﬁ 2318 **M%t i ng at 1050C i n 5000- 50H2 gas

m xture for 300 hours The oxide | ayer, P, consists of alum na. The

t hi ckness Btarhpie 2al um na | ayer is about 5 pm The coating netal, Q is

P-Ni Al, wh 3%6@1 tent is_about 18 w.% The thickness of t he
13-Ni AL | @lefs ing, q&rﬁeﬁtﬁéﬂh@ d deribied abave, eNedheeated fserel, 60 wass
about 9.8 ptiedor PHFPCARBCA 55H1?_g5§ %&)&lﬁreCFor '3P§ H&{u%y %lgfuse $ H?pﬁé\é?ﬂe Bbxde

13-Ni Al /I nconel 601 interface ase neta ncone
[ 0062] Fi gulme profide peas g aeatechmateriab serfavecifieo testin SEMhiervmgeenfatibh @fsramms

| 1 fte t t 105 5 0H2
;:gpmex'g ure 1%} Z@ga'%ggcrhjé bj '?(re%t%{‘a’a Snplﬁftﬁ(zf‘l%n ?téori ﬂggﬁfhﬁ'ﬁf m e
| ayer, t hecqatlaglsmjacmt él?hgl(lNl S\Id)apic&y&fe conbenthaa prefitd of tiChigh! pedfdlhance
Ex le 3 06 { est t hod des bed ab Ni CI‘ Al ted
eonel acPARTpiedeL PR ob i insiins GotsPaopBTga PR o 10505 FmEOCROTNG:
Figure 7 d@@'rﬁix*@m"eh&r E6XRolulsnerir &fifd ey, donSis&AH Semitht efﬁ@hné&%&sagflz )
e

before testi n? The concentration of various elements (N,
in w. % wabe lyninadaxer i showt S em- o helicopting metalo @, tik d- N@éblmlgarsmriﬂlac/él The

& about A Mg e, OFfe BRGHeP EEoRIRNAP bl by SR TheHe ™

coati ng netoatent th @ieAboating @AYt 2islaboir 9.BNwt.baSAlsEEBIut a5 ind thiBk @§5cHB01.
Figure 8 is a surface ,and cross sectional SEMinmage of the sane sanple

after test'PY irobseekar thesBobirdfnaomel 491 inigefasee flbe b3oo mesalr &, isTkrsoosl de
| ayer conpggises of about 3 gmthick alum na | ayer and ot her oxides
conprising chrom a and al um na-chrom a.

%

[0062] Figure 6 is a surface and cross sectional SEM image of the same sample (B-
NiAl-coated Inconel 601) after testing at 1050°C in 50CO-50H, gas mixture for 300

hours. Tllustrated in Figure 6 are the alumina oxide layer, the coating metal (NiAl)

layer, and base metal (Inconel 601).

Example 3

[0063] Following the test method described above, NiCrAl-coated Inconel 601 was
tested at 1050°C in 50CO-50H; gas mixture for 300 hours. Figure 7 depicts the EDXS
line profile near the coated material surface before testing. The concentration of
various elements (Ni, Al, Cr, and Fe) in wt.% was plotted as a function of distance from
the coating surface. The coating metal, @, is NiCrAl and comprises about 6 wt.% Al,
about 24 wt.% Cr, about 68 wt.% Ni, and about 2 wt.% Fe. The thickness of the



Exanple 4 [00641Fol |l ow ng the test method descri bed above, N CrAl -coated
35/45 alloy was tested at 1050C i n 5000-50H2 gas m xture for 300 hours.

Fi gure 9 wepneiEoishe EDXS | ine profile near the coated matraszel/0saed ace
before testing. The concentration of various elenents (N, A, Si, C, and
Fe) in wt.%was plotted as a function of distance fromthe coating surface.
The coating netal, Q is NNCrA and conprises about 5 wt.% Al, about 26
w.%Cr, about 65 wt.% N, about 1 wt.%Si, and about 3 wt.% Fe. The

t hi ckness of the coating nmetal, N CrAl, Qbout 2.6 nmm The base netal,
/2, is the 35/45 alloy. Figure 10 is a sur]‘2 Ce and cross sectional SEM

i mges of the same sanple after testing at 1050C in 5000- 50H2 gas m xture
for 300 hours. The oxide |ayer conprises of about 4 gmthick um na | ayer.
Exanpl e 5-conigmetali NiCralaifabeuo?-1upgh Hes B%ﬁetr?e%fl"tu‘%b“cj?%%@q%op 1258 89 t he
test net hqd, dasadd cr@gsoéle%noﬁfh%ﬂ{/l JoP Y Sfnd @laft@logesﬁm F03RE
prepared by an alr plasma spray, convent i onal therma spray nethod. The
Ni CrAl'Y pomdecm§eﬂzgasnﬁxmaf¢r SN)O RAgs. e odde laygr mmhscsowfbabcme§ jumo ut
69. 2 Wt'%gg bout 23.2 % Cr, ., about .6.9 % nd_abou 7 WM. %Y.
The ¢ hi ckriek aBming 4azs 3pd piperarides SRpesisipy it 28 A RSpR B e ai ¢

pl asma sprayed N CrAl'Y coating contained many pores between solidified
dropl ets ywed poor interface adhesi on between the coati ng nmetal and
t he base a The N Cr Al Y-coated |Inconel 601 was tested Oaﬁp

5000- 50H2 lg%ﬁm xEaHawing thegest ppgrthed descghed abave, NiGralrrea 3%& ¥ as
secti onal (M i"RBBoCfin SHECS %&Wﬂi:&uﬁ‘cﬂ)@ﬁoé RSk gL OPEEHAE HRIDOR Of
porosity in the coating neta serves as a pathway for corrosive gases
in nmetal dirst pm@lerwmr @rmemtsd tmatpnalnsmet beforme testing n@hmaper&monoo he
base netal, s iC n rg[asﬁ r: |

preci pi tatlon aglgﬁgnp]@ Mbﬁ e coat?%r%a Vﬁt?tj}’éﬁo%ﬂy’g%&éﬂ ﬁm%r%zﬂl?%%ceof

t he coati rfg:mmlnemoa@lngtshsfam;afhm@abmgenmhﬂ is NiQuAl-andreospirisceabayt Srweh
particles [VE n,th arhy it | C 3 ringtic of
met al dustwag%%%gvs%c/)ﬂc b°5§6§ P%Sﬁ)& ! M%hgéraflg%r?glr’\tcée%b/g%%d ]ﬁf}et al
conposi t i ahickress sifahe cb@tlm@mkalﬁhﬂscmig xscrrbmsllcﬁnmrrﬁhesﬁasg n{PAIRR, isver e| n

ayer 1t opbslbhe fleure B0 Rifackuapd Peony walEnd SN e e g e
conpri ses sampld After RBGhE R POSRC in 50CO-50H, gas mixture for 300 hours. The oxide

layer comprises of about 4 pm thick alumina layer.

Example 5: Comparative Example of High Porosity Coatin
[0065] Following the test method described above, the NiCrAlY-coated Inconel

601 sample was prepared by an air plasma spray, a conventional thermal spray method.

The NiCrAlY powder used was Praxair NI-278. The coating metal comprises about
69.2 wt.% Ni, about 23.2 wt.% Cr, about 6.9 wt.% Al, and about 0.7 wt.% Y. The
thickness of the coating metal, NiCrAlY, was about 200 um. The air plasma sprayed
NiCrAlY coating contained many pores between solidified droplets and showed poor
interface adhesion between the coating metal and the base alloy. The NiCrAlY-coated
Inconel 601 was tested at 650°C in 50CO-50H, gas mixture for 160 hours. Figure 11
is a surface and cross sectional SEM image of the same sample after testing. Excessive
amount of porosity in the coating metal layer serves as a pathway for corrosive gases in
metal dusting environments to transfer to the coating metal and to the base metal
surface. The carbon transfer leads to internal carbon precipitation and bulging in the

coating metal layer and delamination of the coating metal at the coating/base metal



Q comprises Ni, Fe, C and Al, wherein said/3-N Al coating netal |ayer Q
conpri ses about 18 wt.% Al, about 9.8 wt.% Fe, between 4.0 and 6.0 w.% w %
Cr and t hwohatésane®ssNi and R is a N -based alloy. 2. The ecatusdoorei@bo
conposition of claim1l wherein said oxide layer Pis fromabout 1 nmto
about 100 umin thickness. 3. The coated netal conposition of claiml
wherein said coating netal |ayer Q conprises |ess than about 3 vol.%
porosity. 4. The coated netal conposition of claim3 wherein said coating
metal |ayer Q conprises |less than about 1 \ézgl . % porosity. 5.The coated
metal conposition of claim1 wherein said ™ c¢oating netal layer Qis from
about 1 umto about 300 umin thickness. 6. The coated netal conposition of
claiml wherein said. coated .netal conpositjon (PQR) conpsises the surfaces
of syngas &t i &ﬁl-ﬁ%c%%@é%auws% SEX s’é‘dgﬂ?"o Q"é’rlf%ﬁo%p@’?‘éfét df ot ed
envi r onmengharacteriteiceI Ml diBtiag c606Resi tion of claim6 wherein said syngas
generation process equipnent is selected fromthe group consisting of
reactors, gas/gas heat exchangers, and process tubing and piping. -23-



8. A nethod of preventing netal dusting corrosion of metal surfaces
exposed to carbon supersaturated environnments conprising: providing
nmetal surfaces exposed to the carbon supersaturated environnments with
a high performance coated netal conposition (PQR), wherein Pis
an oxide layer at the surface of (PQR), Qis ag-N A coating netal

| ayer interposed between P and R, and-R2i-s a base netal, wherein P

conpri ses alum na, and chrom a, Q conprises N, Fe, O and Al,
wherein said /3-Ni Al coating netal |ayer Q conprises about 18 wt. %
A, aboute ﬁA%&;.%Fe, between 4.0 and 6.0 wt.% wt % C and the

bal ance is a N -based alloy, and wherein said providing

step includes post- annealing or laser nmelting said high perfornance

coat ed ne al 0 f rmsai.d O N
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about 1 nﬁmﬁ@mﬂ@QBQR;Qﬂxk§ﬂ1ln t hi ckness. 10. The nmethod of claim8

wherein said oxjde layer Pis fornmed in part in-situ during use or
§1y ey r@%ﬂ

prior to use BYISéRS®S ek g the swtce af i@k Odp A Flidd cpaing BT

super sat g ahfe b AP B ASHAIRISY Bke REAESHRIENVI T ONMENt or 2
control l ed I'ow oxygen partial pressure environnment. 11.The nethod of

cl ai m 10 wher &f ¢omsp@isds danhmnarsinimmm urated and | ow oxygen parti al

pressure environment SEeon Q0. 50 erature
Pfom about 350208 o 3 FEOGOEM Bt “aitin gRLENIA Toflife i sy BER BbLS
hour to adbout 1 S5OV Eut 2.8.wklte Feeb&iedernd.0ahd b vk Wk @& zﬁhd&E& Ishlance Ni
carbon supersaturated and | ow oxygen partial pressure environnent

further é@ﬁprises a gas selected fromthe group consisting of CH4,
NH3, N2, 02, Hejs Atibdydpgsarbons, and mxtures thereof. 13.The
met hod of clai'm 10 wherein said controlled | ow oxygen parti al
pressure

2. The coated metal composition of claim 1 wherein said oxide layer P is from about 1

nm to about 100 um in thickness.

3. The coated metal composition of claim 1 wherein said coating metal layer Q

comprises less than about 3 vol.% porosity.

4. The coated metal composition of claim 3 wherein said coating metal layer O

comprises less than about 1 vol.% porosity.

5. The coated metal composition of claim 1 wherein said coating metal layer Q is from

about 1 um to about 300 ym in thickness.

6. The coated metal composition of claim 1 wherein said coated metal composition
(POR) comprises the surfaces of syngas generation process equipment exposed to a carbon

supersaturated environment.

7. The coated metal composition of claim 6 wherein said syngas generation process
equipment is selected from the group consisting of reactors, gas/gas heat exchangers, and

process tubing and piping.



environment is a gaseous H20: H2 m xture or a gaseous CQ2: CO m xture
at a tenperature - 24 - from about 350C to about 1200C for an -
exposure tine of fromabout 1 hour to about 500 hours. 14. The net hod
of claim 13 wherein said controlled | ow oxygen partial pressure
environment further conprises a gas selected fromthe group
consisting of CH4, NH3, N2, 02, He, Ar~23hydrocarbons, and m xtures
thereof. 15. The nethod of claim8 wherein said coating netal |ayer Q
conprises |ess than about 3 vol.% porosity. 16. The nethod of claim 15

por osi 1y 217, TREeURR Ik et il o IR B el B AOAbgeh kb,
I s from adwpertsatiragh ehoiredimets Qbfhrigingt providirgkmnesksurfi8es ERposae tdihd cabon

claim 17 wherein said. step of. providi net al suyfaces expose t he
SRR i8R RS R M PN R S B R e ety e )
met al conprpsgkihi on (PQR) is selected fromthe group consisting of: a)

constructing said netal surface of said high performance coated netal
conposi ti on (FQR)an oxide layer at the surface of (POR), % is a 3-NiAl coating metal layer

interposed between P and R, and R is a base metal, wherein

P comprises alumina, and chromia,

Q comprises Ni, Fe, Cr and Al, wherein said 3-NiAl coating metal layer @ comprises
about 18 wt.% Al, about 9.8 wt.% Fe, between 4.0 and 6.0 wt.% wt% Cr and the balance Ni
and

R is a Ni-based alloy, and

wherein said providing step includes post-annealing or laser melting said high

performance coated metal composition (POR) to form said 3-NiAl coating metal layer Q.

0. The method of claim 8 wherein said oxide layer P is from about 1 nm to about 100

um in thickness.

10.  The method of claim 8 wherein said oxide layer P is formed in part in-situ during use
or prior to use by exposing said coated metal surfaces to a carbon supersaturated and low
oxygen partial pressure environment or a contrelled low oxygen partial pressure

environment.

11.  The method of claim 10 wherein said carbon supersaturated and low oxygen partial
pressure environment is a gaseous 50C0O:50H, mixture at a temperature from about 350°C to

about 1200°C for an exposure time of from about 1 hour to about 500 hours.

12. The method of claim 11 wherein said carbon supersaturated and low oxygen partial
pressure environment further comprises a gas selected from the group consisting of CHy,

NHj3, N2, Oz, He, Ar, hydrocarbons, and mixtures thereof.

13.  The method of claim 10 wherein said controlled low oxygen partial pressure

environment is a gaseous H,O:H; mixture or a gaseous CO,:CO mixture at a temperature



b) coextruding said netal |layer Q on said base netal layer R )
coating said netal |layer Q on said base netal layer R and d) a

conbi nation of steps a), b), and c). 19.the nethod of claim18,
wherein said coating step c) is selected fromthe group consisting of
CvD, MOCVD, PVD, slurry coating and pack cenentation. 20.The net hod
of claim8 wherein said step of providi2dg metal surfaces exposed to
the carbon supersaturated environnents with a high performnce coated
nmetal conposition (PQR) is selected fromthe group consisting of:

- - 1 H f f . . .
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sai d basehametal [ayer R, c) coating said netal |ayer Q on said base
netal layer R, and d) a conbination of steps a), b), and c). 21. The

nmet hod of_ cl aim 20, wherein said coating step.c) is by powder plasna
vel di ng. 1422. HW@W%@‘&?W 13 whesein Sw%é%r%leg Ve ORSER @artigbRrgsure

conposi t i Rkt fGHP bbRfTsek BEaSHidARGnPThe DY nﬁ?cﬁf‘g:&“td}ﬂ[‘NPﬁﬂ‘?ﬁ%ﬁ,

equi pnent exposed to a carbon Supersaturated environnen
He, Ar, hydrocarbons, and mixtures thereof.

15.  The method of claim 8 wherein said coating metal layer @ comprises less than about

3 vol.% porosity.

16.  The method of claim 15 wherein said coating metal layer Q comprises less than about

1 vol.% porosity.

17.  The method of claim 8 wherein said coating metal layer @ is from about 1 pm to
about 300 um in thickness.
18.  The method of claim 17 wherein said step of providing metal surfaces exposed to the

carbon supersaturated environments with a high performance coated metal composition
(POR) is selected from the group consisting of:

a} constructing said metal surface of said high performance coated metal composition
(POR),

b} coextruding said metal layer @ on said base metal layer R,

c} coating said metal layer Q on said base metal layer R, and

d) acombination of steps a), b), and c).

19.  The method of claim 18, wherein said coating step c) is selected from the group

consisting of CVD, MOCVD, PVD, slurry coating and pack cementation.

20.  The method of claim 8 wherein said step of providing metal surfaces exposed to the
carbon supersaturated environments with a high performance coated metal composition

{POR) 1s selected from the group consisting of:



-~

23. The method of claim 22 wherein said syngas generation process
equi pnment is selected fromthe group consisting of reactors, gas/gas
heat exchangers, and process tubing and piping.

-25.

a) constructing said metal surface of said high performance coated metal composition
(POR),

b) coextruding said metal layer @ on said base metal layer R,

c) coating said metal layer Q on said base metal layer R, and

d) a combination of steps a), b), and ¢).

21, The method of claim 20, wherein said coating step ¢) is by powder plasma welding.

22, The method of claim 8 wherein said coated metal composition (PQR) comprises the
surfaces of syngas generation process equipment exposed to a carbon supersaturated

environment.

23.  The method of claim 22 wherein said syngas generation process equipment is selected

from the group consisting of reactors, gas/gas heat exchangers, and process tubing and

piping.





