WO 2006/ 121561 PCT/ US2006/ 013515 -1 HI GH PERFORMANCE ALLOYS W TH | MPROVED
METAL DUSTI NG CORROSI ON RESI STANCE FI ELD OF THE | NVENTI ON [ 0001] The
present invention relates to the field of nmaterials used in hydrocarbon
conversion processes. It nore particularly relates to materials exposed to
corrosi ve reuOtae13158hd car bon supersaturated envi r onnentRCT/ASRIG6I013SIOr €
particularly, the present invention reldtes to alloy conpositions and

nmet hods for controlling netal dusting corrosion in reactor systens and
refinery apparatus exposed to high carbon activities and relatively | ow
oxygen activities. BACKGROUND OF THE | NVENTI ON [ 0002] I n many hydrocarbon
conversi on processes, for exanple the conversion of nethane to syngas,

envi r onnent SHAGH FERBORMANCE ARL O¥S/ WITHOIMPROME MICTA ViIDUSENGd
relatively | ow oxygen acti vi Ciommﬁﬁ%mmwgm(me reactor mterials and
heat exchanger materials used 1 n such processes can deteriorate in service
by a very a ' sion known as netal dusting. Metal .
Dusting is WW| gh tenperature corrosion experienced by
Fe, N and [ooDpseThaptsist iavedtiimeladstoabe fivld damaRAgR usé®fr 1050C in
carbon- supersaturated (carbon activity > 1) environnments having rel atively
| ow (about pOiragrben eprversigd prEestesn Sphercgsirtiodydy relptes to matquiadissur es. Thi s
formof corrosion is characterized bzlmtohe di si nt eg{ijat i.on of b%@ metal into
powder . or M$E$mosmetrﬁ6ﬁgws ARA Fahog FUPHSHUFAted SRV IEIRRILS. ] desi gned
to forman ifa.Si | \ | ' ow oxygen
partial pr esrgal}e?aﬁg%@ﬁlg’ﬁtﬁng %%F@ﬁge%q%#goﬁgéﬁg c&gc]v%tgﬁ}cﬁ# %{‘i cs of this
oxi de are ofihehodoforfoastrollmpauetal Sestinpeioadsiondnesciondystesnsomd refiieghl y

redyci ng carbon-rich environnents wth carbon activities in excess of
uni y. Furt rRepatates exnesed by ighicavbosfactivitics agd relatively low oxygen activities.

BACKGROUND OF THE INVENTION

[0002] In many hydrocarbon conversion processes, for example the

conversion of methane to syngas, environments are encountered that have high
carbon activities and relatively low oxygen activities. High temperature reactor
materials and heat exchanger materials used in such processes can deteriorate in
service by a very aggressive form of 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, 350-1050°C in carbon-
supersaturated (carbon activity > 1) environments having relatively low (about
Q 107" to about 10 atmospheres) oxygen partial pressures. This form of

corrosion is characterized by the disintegration of bulk metal jnto powder or

dust.

' [0003] Although many high temperature alloys are designed to form an in-
situ surface film of chromium oxide (Cr,03) in low oxygen partial pressure
environments, the nucleation and growth kinetics of this oxide are often not fast
enough to prevent carbon intrusion in highly reducing carbon-rich environments
with carbon activities in excess of unity. Furthermore, the formation of a Cr,05

film provides initial protection against carbon ingress. The ailoy is protected -



filmprovides initial protection against carbon ingress. The alloy is
protected WO 2006/ 121561 PCT/ US2006/ 013515 -2 from carbon ingress in as
much as the carbon does not mgrate through the oxide film However, the
presence of gﬁﬂﬁﬁﬁ %Qd differential thermal contraction _between the all oy
and an oxi de %l ide filmgrowh could induce stressEST/URAMOI3MY result
in rupture of the oxide film Such |ocal rupture of the oxide film would
|l ead to carbon migration into the steel. [ 0004] Methodol ogi es disclosed in
the literature for controlling netal du§grng corrosion involve the use of
surface coatings and gaseous inhibitors, for exanple H2S. Coatings can
degrade by inter diffusion _of the coating constituents into. the alloy
substrate. THOE cagprn Mgzesstin gy Eughas amagfmed%qsm% aagrate thronglh theoxids

protection, ey.are generally not vi sabl or ,-a; Lon ermsgervice life of
t wenty yearéﬂ]&r H%B\feg_gr,r}ﬁ%pfﬁsﬁc&{)fﬁgqg&a@chgtfeﬁeégla} é&?ngﬁfs%\%ﬁﬁ es. One is
that H2S t epdyebR tROAIRR it oial ahnifd é‘xiaé%gm groe EORATRAR GRRYREST ON
processes. Secondly, HZS has to be rehoved fromthe exit stream which can
subst ant i al | that adg resmlpinanptse ob Heoxidedfiidh] SttlSlocPatuphire W thebe82 fiBA8 t o
Ramanar ayanan et_al . discloses conpositions resistant to netal dusting and
a met hod f or werkdead foheprhan muigratign intadheosedtet al surfaces exposed to carbon

supersaturated environnments. The conpositions conprise (a) an alloy, and
(b) a protective oxide coating on the alloy. The alloy_ conprises alloying

metals and h0004ker Mathodplegies disclosed i the Jiteratune forl contsoling metahdwstozur o of
chrom um and__mangane e1 d.the bz%feecrr%t al ¢ [i sespfgﬁ)otg ?i ckel and.
cobal t. U. S. “PHPEM ™G Ves 53¢ §%§1 %° PR SP P EPH {i’/ ?reelxgﬂé%%e in

its entiretyy§ 0088ind da@aIbgPaeTySinte? HifAliGH¥RMESafihs SnstRERSinkd Bz that is
resistant to “nmetal dusting corrosion in |low (about 10-10 to about 10-20 - -

at nospher es) allnyyspbstratparfhua) while ssatings arech viablkoappsogeiirfonshorbdeath ( car bon

activity > 1) environnents. A .
y rotection, they are generally not advisable for a long term service life of twenty

years or more. Inhibition by H,S also has two disadvantages. One is that H,S
tends to poison most catalysts used in hydrocarbon conversion processes.
Secondly, H,S has to be removed from the exit stream which can substantially

add to process costs.

[0005] U.S. Patent No. 6,692,838 to Ramanarayanan et al. discloses
compositions resistant to metal dusting and a method for preventing metal
dusting on metal surfaces exposed to carbon supersaturated environments. The
compositions comprise {a) an alloy, and (b) a protective oxide coating on the
alloy. The alloy comprises alloying metals and base metals, wherein the
alloying metals comprise a mixture of chromium 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.

[0006]) A need exists for an advanced alloy composition that is resistant to
metal dusting corrosion in low (about 10°'° to about 10" atmospheres) oxygen
partial pressure and carbon-supersaturated (carbon activity > 1) environments.

Ideally, such an advanced alloy composition would be capable of rapidly



| deal Iy, such an advanced all oy conposition woul d be capable of rapidly WO
2006/ 121561 PCT/ US2006/ 013515 -3 form ng an outer protective oxide filmto
bl ock carbon transfer while growing an adherent inert oxide filmslowy to
act as a diffusion barrier to carbon ingress. SUMVARY OF THE | NVENTI ON
[[0007] Accor WOhot/213ie present di scl osure, an advant ageoRGI/a$20@H013515
conposition resistant to netal dusting corrosion conprises: a) an all oy
(PQR) having a surface, wherein Pis a netal selected fromthe group
consisting of Fe, N, Co, and nixtures thereof, Qis an alloying netal
conprising Cr, M1, and Al, and Ris an alloying elenent, and b) a
multi-layer oxide filmon said surface of said alloy (PQR), wherein said
mul ti-layer duingagBnlomaqrpectesoxite fitmsd bidukemrbaniraesitrayklesgronieg enn a
first oxide |ayer conprises_an oxide selected fromthe group, consisting of
a manganese @dherent ineroxidenialie slomily ined as 4 AiHpsien barmies tp GarboR METRTSKt ur es
thereof, and is | ocated adjacent to a third oxide |ayer, a second oxide

| ayer conprises al um num oxide, and is | ocated between the surface of said
all oy (PQR) AAIMNAARY: OF THBINYENEUMN and said third oxide | ayer

P 3N 2
conprises m se al um.nu xi de d is |ocated hetween,said first oxide
| ayer and sairE cor‘l%lCC %g%%pepr@ée[ngabqg}osgref,&plaﬁg?nl%g%eﬁél&allw t he present
di scl osure r ; AR hAYERSine b LAS to netal
dusting corrgglﬁ%ﬁﬁgg%ﬁﬂig ng: rﬁé) an gflfgg?hb%‘é%?ff avﬁé‘?gn'agﬁjr’g%g? wherein

P is a netal haeingetsadfate onhdrbim Bivaimetal seiested ficpm die fropp Monsisting efflfe, m xt ur es
thereof, Qis_an alloying netal canprising Cr and Si, and R_.is an

, M,
al | oyi ng el edlino. andgupstuzes thereef, Chisan aloying metehrompasing CrsMm apd Al sai d

o I : ) i U : f
oxi o | ayer & BORCR R By ha Uikl XET) BRI T o VBT RIS R surb®BRE "0
| ocated adj aggatallog (ROTEC WReredi k418 thaliiShyersaidh SRE @BfpeNéLiR IbaRY Bire€ONI i SES

an oxide sel ected rom the group consisting of a manganese chromat e,
oxide layers, wherein a first oxide layer comprises an oxide selected from the

group consisting of a manganese oxide, a manganese chromate, a chrominm
oxide, and mixtures thereof, and is located adjacent to a third oxide layer, a
second oxide layer comprises aluminum oxide, and is located between the
surface of said alloy (POR) and said third oxide layer, and said third oxide layer
comprises manganese aluminum oxide, and is located between said first oxide

layer and said second oxide layer.

[0008] A further aspect of the present disclosure relates to an advantageous

(" alloy composition resistant to metal dusting corrosion comprising; a) an alloy

(POR) having a'surface, wherein P is a metal selected from the group consisting

of Fe, Ni, Co, and mixtures thereof, Q is an alloyin_g metal compﬁsiz}g Cr, Mn,
and Si, and R is an alloying element, and b) a multi-layer oxide film on said
surface of said alloy (PQR), wherein said multi-layer oxide film comprises at
least four oxide layers, wherein a first oxide layer comprises manganese oxide,
and is located adjacent to a second oxide layer, said second oxide layer
comprises an oxide selected from the group consisting of a manganese chromate,
a chromium oxide and mixtures thereof, and is located between said first oxide

layer and a fourth oxide layer, a third oxide layer comprises silicon oxide, and is



a chrom um oxi de and m xtures thereof, aﬁd Is | ocated between said first
oxide layer and a fourth oxide layer, a third oxide |ayer conprises silicon
oxi de, and is WD 2006/121561 PCT/ US2006/ 013515 -4 |ocated between said
fourth oxi dewhayRiapfd said alloy (PQR), and said fourth ' r
conpri ses rranganes%%sfil I con oxide, and is | ocated bet \Neer?cggisg&’(’)gg%%nd oxi de
| ayer and said third oxide |ayer. [0009] A further aspect of the present
disclosure relates to an advantageous akloy conposition resistant to netal
dusting corrosion conprising: a) an alloy (PQR) having .a surface, wherein P
Is a netal selected fromthe group consisting of Fe, N, Co, and m xtures
thereof, Qi,s an alloying.,netal c rising Cr, , , and.Si nd Ris an
al | oyi ng. ellg‘?‘?g?ﬂ l??tﬁ’ﬁé“ Eﬁdgg‘ﬁﬁl? Pﬁagg?/@r aagisﬁ'g_qlfo/grg) Q%);sa?‘ﬂsa@&‘? e of said
al oy (PQR) ’ox‘ﬂﬁkel%fé_ u'%éélieg'kﬂaﬁagaﬁ%\é%piébﬁ'd}‘?dé Lh @S EREREH ety saicFaSt three
oxi de layers, wherein & first Gxide. layer conprises an oxide selected from
the group coesomlddide Riyepanbsigd ddskogide t8era manganese chromate, a chrom um
oxi de, and m xtures thereof, and is an outer |ayer |ocated adjacent to a
third oxide |ayer, a second oxide |layer conprises alum num oxide, silicon
oxide, a SC{DO&D]SNN%ﬂlﬁbﬁ%}géﬂt%ﬂiﬁlﬁe@éﬁt%Mﬁdﬂm Axadi@ntagBsm Xt ur es
thereof, and is |located between the surface of said alloy (PQR) and said
t hi rd oxi de allay eompasidion segistantomietekdusbing spmosiop ppripsistngrangardlog al uni num
oxi de, mang silicon .oxid ang .m xtures. thereof, and is | ocated
ot ween oar AP BROLEVELE ATl e £ 4 LB oI L B thEgpip CopBigaes
further asp : ' Sy : s et hod
of preventi ﬁgv%?gﬁ%ﬁ??ﬁgﬂ%?g@ﬁgﬁ ’_?d??‘ggi@‘g;ﬁ%@%% car %’%ﬁ’
super sat ur atsdaeh¥i, aod iy m gtoging slengent,mdd)ep nofld-payer iostidecfilan ombald surf ace
with an alloy conposition resistant to netal dusting corrosion, wherein said
al l oy conpositipemofcsialiaedCR), wderein seid mpliRlayrao¥idg fmsenmRprsss ahner ein P
| eleor! &) 168 BbEGbE Mk G1hH R 8SHE 1438r BbrbRsesn o sAed? Xt U S
from the group consisting of a manganese oxide, a manganese chromate, a

chromium oxide, and mixtures thereof, and is an outer layer located adjacent to a
third oxide layer, a second oxide layer comprises aluminum oxide, silicon oxide,
a solid solution of aluminum oxide and silicon oxide, and mixtures thereof, and
is located between the surface of said alloy (P@R) and said third oxide layer, and
said third oxide layer comprises manganese aluminum oxide, manganese silicon
oxide, and mixtures thereof, and is located between said first oxide layer and

said second oxide layer.

[0010] A further aspect of the present disclosure relates to an advantageous
‘method of preventing metal dusting of metal surfaces exposed to carbon
supersaturated environments comprising the step of providing a metal surface
with an alloy composition resistant to metal dusting corrosion, wherein said

alloy composition comprises: a) an alloy (PQR) having a surface, wherein P is a
metal selected from the group consisting of Fe, Ni, Co, and mixtures thereof, QO
is an alloying metal comprising Cr, Mn, and Al, and R is an alloying element,
and b) a multi-layer oxide film on said surface of said alloy (POR), wherein said

multi-layer oxide film comprises at least three oxide layers, wherein a first oxide



Is an alloying nmetal conprising C, My, and Al, and Ris an alloying
element, and b) a multi-layer oxide filmon said surface of said all oy
(PQR), wherein said nmulti-layer oxide filmconprises at |east three oxide
| ayers, wherein a first oxide WD 2006/121561 PCT/ US2006/ 013515 -5 |ayer
conpri ses an BRi2¥1&EPkcted from the group consisting of PCHISFWHEESIS oxi de,
a manganese chromate, a chrom um oxi de, and m xtures thereof, and is
| ocated adjacent to a third oxide |ayer, % second oxi de | ayer conprises
al um num oxide, and is |ocated between tHé surface of said alloy (PQR) and
said third oxide layer, and said third oxide |ayer conprises nmanganese
al um num oxide, and is |located between said first oxide |layer and said
second oxi de laygreompiidesd) oxideshlectedSpernthofrouheopsisigf aimogowsee rel at es

to an advant ageous nethod of preventing. netal dustinhg of .net sur f aces
exposed 1o AP 2 WAEIReSH Croiate, 8 GUTIBIL e BRIPIRIRY Horests R S
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havi ng a sur fagds, and &y Itmed beBvanthe ghrfacectfasiddldy (POR erdsad thigbnsi sti ng
of Fe, NI, Co, and m xtures thereof, Qis an alloying nmetal conprising Cr,

M, and Si, anddeayer, and aaif shird gxisledayancompisenhnangansse klunzigum axidiele film on

compr i ses. at S Popisa o Pt T BV S AL SecordRTE e conpri ses

manganese oxide, and is located adjacent to a second oxide |ayer, said

2 Tanganese. dMPEHa: CADRHERTDRFLRY By PERSBHISHPLFOSet HOREBTAMEFONS | ocat od
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said alloy (sbfEtsatusatel emvichningents boaptisiag ey sep obprovidieg ammagbnefaeesi | i con

oxide, and 1is |ocated between said second oxide |ayer and said third oxide

| ayer. [0012]withan AbeY eppesition resiran te seqial dysteg eeuedon,avherel said an

advant ageous composition comprises: a) an alloy (PQR) having a surface, wherein P is a metal

selected from the group consisting of Fe, Ni, Co, and mixtures thereof, Q is an

alloying metal comprising Cr, Mn, and Si, and R is an alloying element, and b)

a multi-layer oxide film on said surface of said alloy (PQR), wherein said multi-

layer oxide film comprises at least four oxide layers, wherein a first oxide layer

comprises manganese oxide, and is located adjacent to a second oxide layer,

said second oxide layer comprises an oxide selected from the group consisting of

a manganese chromate, a chrominm oxide and mixiures thereof, and is located

( between said first oxide layer and a fourth oxide layer, a third oxide layer
comprises silicon oxide, and is located between said fourth oxide layer and said
alloy (PQR), and said fourth oxide layer comprises manganese silicon oxide, and

is located between said second oxide layer and said third oxide layer.

[0012] Another aspect of the present disclosure relates to an advantageous
method of preventing metal dusting of metal surfaces exposed to carbon
supersaturated environments comprising the step of providing a metal surface
with an allo-y composition resistant to metal dusting corrosion, wherein sé_id

composition comprises: a) an alloy (PQR) having a surface, wherein Pis a '



met hod of preventing netal dusting of nmetal surfaces exposed to carbon
supersaturated environnents conprising the step of providing a netal surface
with an all oy conposition resistant to netal dusting corrosion, wherein said
conposition | -1 a) an alloy (PQR) having a surface, in Pis a W
2006/ 121561 gwcg}a?dfég% 16/013515 -6 netal selected fromthé %E@%@ﬁlﬁ sting
of Fe, NI, Co, and m xtures thereof, Q is an alloying nmetal conprising Cr,
WMh, A, and Si, and Ris an alloying el egent, and b) a multi-layer oxide
filmon said surface of said alloy (PQR)," wherein said nmulti-Ilayer oxide
filmconprises at |east three oxide layers, wherein a first oxide |ayer

conpri ses an oxide_selected fromthe group _consisting. of a manganese oxi de,
a manganese dftahaslectedirom BaisteRPsangsting 9f Py Nt fr@ abd ppgtuaes theggod, s an

compri see ol ke bpuBL AR onhishhd Ch oA B Bl8 13T ingy U o e

and silicon @y T iSavdr iim (B 8 iaall he surface
of said all o%rlg’%% %(}T‘éﬁghﬁhﬁﬁ%?@%& ,Sdgfr?g Eglg%l t h}s?gp’%))]({?’de | ayer

conpri ses nangrnsasanl multlayepsiide fibmeovgsprises atleastdhrecoxidtelayasd i xt ur es
t hereof, and is |located between said first .oxide I%er nd said second
oxi de | ayer. Wheaeina igshexids dayse campaeesan @dde selestsiion QRP S9SN | oy

conposition ' yet ' [ | S4.Nn . | 1 oy
(PR and byt idigiRbsd Ul niHibld SebRlaf 3 Aoflibier Pl oy
di scl osed hergirBofRBfd id¥n omeCRyanpLateahiiposnt toer Biraoride 1@9drdh sE@mdexanpl e,
I n exenpl ary enbodi nents of the present disclosure, the disclosed alloy

conposi ti on eaidslrgemapmprises AymipmoR)xida stliconmaxide, alsglid sobyionef film on the
surface of the alloy exhibits. i nproved tal dusting cQrrosio esi stance .
at high t enpéiummpBlotiie aud slisol Bpidesand mituresdioerh and it ocnisdinehreen T
relatively | qye Qx¥REHRAGHAIRY (POASHMBSSId third oxide layer, and said third oxide

layer comprises manganese aluminum oxide, manganese silicon oxide, and

mixtures thereof, and is located between said first oxide layer and said second

oxide layer.

[0013] Numerous advantages result from the advantageous alloy composition
resistant to metal dusting corrosion comprising a) an alloy (POR), and b) a
multi-layer oxide film on the surface of the alloy (PQR) disclosed herein and the

uses/applications therefore.

[0014] For example, in exemplary embodiments of the present disclosure, the
disclosed alloy compositioﬁ comprising an alloy (POR), and a multi-layer oxide
film on the surface of the alloy exhibits improved metal dusting corrosion
resistance at high temperatures in carbon-supersaturated environments having

relatively low oxygen partial pressures.

{0015] In a further exemplary embodiment of the present disclosure, the
disclosed alloy composition comprising an alloy (P@R), and a multi-layer oxide

film on the surface of the alloy exhibits the capability of rapidly forming an



[0015] In a further exenplary enbodi nent of the present disclosure, the

di scl osed al l oy conposition conprising an alloy (PQR), and a multi-I|ayer
oxide filmon the surface of the alloy exhibits the capability of rapidly
farm ng an WD 2006/ 121561 PCT/ US2006/ 013515 -7 outer oxide filmto bl ock
carbon transf 2026 owi ng an adherent inert oxide fi |RETSISON6HIISE act as
a diffusion barrier to carbon ingress. [0016] In a further exenplary

enbodi ment of the present disclosure, the disclosed alloy conposition
conprising an alloy (PQR), and a multi-layer oxide filmon the surface of
the alloy (PQR) does not poison nost catal ysts used in hydrocarbon
conversion processes. [0017] In a further exenplary enbodi nent of the
present di sclonsariozide filen talbkek castdnnantier haylergrowimbearf adherenn itdheoxdde f ace of
the all oy (P(g?) forms when the alloy is exposed to netal dusting

envi r onment s T owhinoso) gs a didesipn barrisr tsearbers ingref918] In a furt her

exenpl ary enbodi nent of the present disclosure, the disclosed nmulti-I|ayer

oxide filmon the surface of the alloy (PQR) forms in situ during use of
the all oy in[8014dr bdm ashithes axemplatdershedimentrefithe préenddis¢lnsures thet her

I mbodi t.of th t discl , di scl d | LQ-1
i G 111 m ofHECaEHPK CEMPESERE Sy EER ST AT AR E SRR IAEE B3 poci ng
th |l t i : dvant
of the. al 1 oy 'RBra AR TRERELE e MBI oo RGP igor 0t e A Ra &0, 70°

oxi de fil m omylheatbonf@e®eion pocadsky (PQR) is that if the protective
surface oxide filmcracks during use of the alloy in a carbon
supersaturated environment, the protective surface oxide filmwll formin

the .crack tqo8ERal Mot egerh embSBARAY oPhe peedehi\disélbsurs] they from

met al~- dusting during use. [0021] The disclosed al'l oy conpositions
conpri si ng anlisglased nuptipyerapprddetilm on the surface of the alloy (P&) forms when

the alloy is exposed to metal dusting environments with low oxygen partial

pressures,

[0018] In afurther exemplary embodiment of the present disclosure, the
disclosed multi-layer oxide film on the surface of the alloy (POR) forms in situ

during use of the alloy in a carbon supersaturated environment.

[0019] In a further exemplary embodiment of the present disclosure, the
disclosed multi-layer oxide film on the surface of the alloy (PQR) foims prior to

use by exposing the alloy to a carbon supersaturated environment.

[0020]  Another advantage of the alloy compositions comprising an alloy
(POR), and a multi-layer oxide film on the surface of the alloy (PQR) is that if
. the protective surface oxide film cracks during use of the alloy in a carbon
supersaturated environment, the protective surface oxide film will form in the
crack to repair the oxide layers thereby protecting the alloy from metal dusting

during use,

[0021]  The disclosed alloy compositions comprising an alloy (PQR), and a
multi-layer oxide film on the surface of the alloy have application in apparatus



multi-layer oxide filmon the surface of the alloy have application in
appar atus WO 2006/ 121561 PCT/ US2006/ 013515 -B and reactor systens that are.
in contact with carbon supersaturated environnents at any tinme during use,
i ncludi ng reactors, heat exchangers and process piping. [0022] The
di scl osed al bay2@einsai tions conprising an alloy (PQR), ap@rasoiiiidis! ayer
oxide filmon the surface of the alloy may be used to construct the surface
of apparatus or alternatively coated onto the surface of apparatus exposed
to metal dusting environnments. [0023] Thege and ot her advantages, features
and attributes of the alloy conpositions conprising an alloy (PQR), and a
multi-layer oxide filmon the surface of the alloy of the present
di scl osure a i t i i é\iﬁyf k appar ent
fromthe det gﬂ 1‘1Fé%%gferssggt:ég{gitg%%?%ﬂ&?%ﬁtﬁ@\wseﬂﬁ%%rt| cﬁuéllré y \»n%hlrrggﬁ in
conj uncti on iy tifhe durigidnes, inpReiigadadtorsgheat cRBhdHz cRRGORNBIdsONiidhg THE
DRAW NGS [0024?155%0 assi stg t hose of ordi naS(r?y ski | Iﬁli%n the rel e%nlfiﬁgrt in
maki ng and using the subject matter hereof, reference is made to the
appended drayoexry, VIR @bdlosed A3 ontpdditiods bodPhisitieancal RGN@DR), end a
illustration of the cross sectional 'structure of protective surface oxide
films using apultidlayenaxide fikn ehities surtpceef die alkumaﬂgngs@d)tq ¢onstrizghibet i on.

ti¢c illustratjon of the ¢cross sectional

[ 0026] Figure depi cts a sche
S tract ur 6 ot SpTateast Aperaths Oh CBRITRY FPRRE OBlS TG SUrAe Bl ARG al | ol ng

metal accor gﬁ&ggg%%&ad‘ﬁgggg%%ﬁgﬂgﬂ Figure 3 depicts surface and

Cross section ng e ron mcroscopy (SEM inmages showi ng a
MBO4/ A12C8 surface oxide film wherein Mis predom nantly M, but further
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compositions comprising an alloy (PQR), and a multi-layer oxide film on the

surface of the alloy of the present disclosure 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
[0024] To assist those of ordinary skill in the relevant art in making and using

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

[0025] Figure 1 depicts a schematic illustration of the cross sectional
structure of protective surface oxide films using aluminum in the alloying metal

according to this invention.

[0026] Figure 2 depicts a schematic illustration of the cross sectional
structure of protective surface oxide films uvsing silicon in the alloying metal -

according to this invention.

[0027}]  Figure 3 depicts surface and cross sectional scanning electron
microscopy (SEM) images shdwing a M504/A),0, surface oxide film, wherein
M is predominantly Mn, but further comprises Cr, Al and Fe, after reacting EM-
38 alloy at 650°C for 160 hours in S0CO-50H,.



-9 [0028] Figure 4 depicts surface and cross sectional scanning el ectron

m croscopy (SEM inages showi ng a M304/ MM 204/ Al 203 surface oxide film
wherein Mis predom nantly M, but further conprises of Cr, Al and Fe and M
i s predom na t further conprises Cr, Fe and M, [ ting

EM 38 aIonRgt dgbhsBt U e ST 960 Soke [0029] Fi 8&#@5%6@2§ﬂscts (a)
scanni ng el ectron mcroscopy (SEM inage showi ng a two-layered MhQ MhCr2O4
structure and (b) transmi ssion electron _gicroscopy (TEM inmage revealing
further details of a continuous anor phous silica sub-layer after reaction
at 650C for 160 hours in 5000-50H2. [0030] Figure 6 depicts a SEM i mage
showi ng a conpl ex | ayered structure conprising an inner Si02/M2Si 4 | ayer

and an outer Cr2Q3/MhCr204 duplex layer after reaction at 950C for 160
hours in 50000028}2. Higivd 4 BepiCESORaRT REACIOSs SidHohalMENTHiON f@DBB] The present

ot ol ot | nEveRCBHSENE RN sho ST A CRILE U T eet SRR S E? -
form ng a prghe Péhﬁf@feh%&é%b{%f bhyTuiel el BF VPR, PHRRRER L ©, 3

car bon supers ura AVI Fonmnme ctrve’ surface oxide fi

on the all oy sddbabently, Bhﬂﬁb)‘ﬂ)@@ﬁ@ﬁﬁhﬁdsﬁlﬁF@fanﬂMmf%i@é&cuﬂgﬁmﬁwﬂe
offer significant advantages relative to prior art alloy conpositions for
use as pr ot eloy eed 56! fond 60 hoursenl0CASOHAg on netal surfaces exposed to
carbon supersaturated environnents. The alloy conpositions of the present
di scl osure are distinguishable fromthe prior art in conprising an alloying
netal conpri §0029] CFighde 5 depicti(bhsranalng édectron miccostopp{EEM) infagdl and Si at
concentratlon in an al] op@gm ch forps in situ during use a multi-Iayer

oxi de fil m cEhpVibgiaiyosay %ﬁn&z%«ﬁm@turayeéébM@wmﬁa@%élwena car bon

The advant aguirRoktur Gt Megs BRAME TR e bichin ROD e Bl cosures-

silica sub-layer after reaction at 650°C for 160 hours in S0CO-50H,.

[0030] Figure 6 depicts a SEM image showing a complex layered structure
comprising an inner SiO,/Mn,SiO, layer and an outer Cr;O3/MnCr,Q, duplex
layer after reaction at 950°C for 160 hours in 50CO-50H,. '

DETAILED DESCRIPTION OF THE INVENTION

[0031] The present invention includes alloy compositions of matter which are

resistant to metal dusting and comprise (a) an alloy composition that is capable
of forming a protective surface oxide film on its surface when exposed to a
carbon supersaturated environment, and (b) a protective surface oxide film on
the alloy surface. The alloy compositions of the present disclosure offer
significant advantages relative to prior art alloy compositions for use as
protective coatings to _mctal dusting on metal surfaces exposed to carbon
supersaturated environments. The alloy compositions of the present disclosure
are distinguishable from the prior art in comprising an alloying metal comprising
Cr, Mn, and either Al, Si or a combination of Al and Si at concentration in an
alloy which forms in situ during use a multi-layer oxide film comprising at least
three oxide layers when exposed to a carbon supersaturated metal dusting.

environment with low oxygen partial pressures. The advantageous properties



-10 and/or characteristics of the disclosed alloy conpositions are based, at
|l east in part, on the structure of the nmulti-layer oxide filmforned on the
surface of the alloy conposition, which include, inter alia, inproved netal
dusting corr Qs j stance, decreased propensity to poison catalysts used
I n hydrocar bgﬁbg@gﬁ%}g‘rﬁsi on processes, and inproved ease o CHAB P13 5pri or
to and in use when exposed to a carbon supersaturated environnent. [0032]
An alloy conposition that is capable of fgrm ng a protective surface oxide
filmon its surface is represented by the formula (PQR). In the alloy
conposition (PQR), P is the base netal selected fromthe group consisting of

Fe, N, Co and, m xtures thereof..In the_ alloy canpposition,. the alloyin
meial G comaRiBshiReiengicing Hiskseq AC ke OpS bR A ARG Shicar I and S

The al | oyi ng I | q : : m t he
aroup consi SEELTD AL wicplte RF e RaRlayP e AR MLRERDL REGHEOHET T,
Y, Ce, Ti, Zrllobcomposition, whith iluddVinfde aliflimprove®ehetdidustiby cigiositdl An. The
alloy netal Qand all oying elenent R provide for enhanced netal dusting
corrosi on r egegstamese degxsased poopensityrite poigor xalialyists, used inhjydupcatbenent s R, such
as Sc, La, Y and Ce, provide jnproved adhesi on of in-situ fornmed surface
oxi do 111 s, CRAVEHCEARPGaNHR B FBPOYAR SREPIBaRIHORPRUSO OB 5 HPEBy i ng
elements R bfdto Rafldh supfrsatilatc@nviroiiped?d. Pd. P, QU Ag and An.
provi de reducet carbon deposition because these elenents are non-catalytic
to surface carbon transfer reaction. [0033) Three preferred enbodi nents of

the all oy com’tio | . k do%sfﬁ ' tail

bel ow, and c rrprl]se %ﬁ?ﬁ@éﬁﬁ%ﬁﬁéﬁ%ﬁ?ﬁ%&%%ﬁ%ﬁ S|#§&2%¢|%F%Cﬁ? %I)E&E?&elvh and
A, (2) O, WRidedileh G its etirf§c@)is Gepreddntedby ttrrfdrmia. (POR0YVInGheRDSY tions Wih
Al l oying Metal s I ncl udi n%aAl um num [ 0034] In the alloy conposjtion l(‘TPQ?), L
t he base net gpmposision(POKIsP inthehass meirlsplected yoratthe peop ovosigting obke nor e

0, .
preferably atNi! Eg%d%%x e/é) t?n%rse% ; ﬁ{]ﬂ}ehﬁloy composition, the alloying metal Q

comprises Cr, Mn, and either Al, Si, or a combination of Al and Si. The alloying
element R comprises at least one elément selected from the group consisting of
B, C, N, Al, 5i, P, Ga, Ge, As, In, Sn, Sb, Pb, Sc,1La, Y, Ce, Ti, Zr, Hf, V, Nb,
Ta, Mo, W, Ru, Rh, Ir, Pd, Pi, Cu, Ag and Au. The alloy metal Q and alloying
element R provide for enhanced metal dusting corrosion resistance. As a non-
limiting example, alloying elements R, such as Sc, La, Y and Ce, provide
improved adhesion of in-situ formed surface oxide films, which contributes to
enhance spalling resistance. Alloying elements R, such aé 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.

{0033] Three preferred embodiments of the alloy compositions disclosed
herein are described in further detail below, and comprise alloying metals (@)
comprising either: (1) Cr, Mn, and Al, (2) Cr, Mn, and Si, or (3) Cr, Mn, Al, and
Si.

Alloy Compositions With Alloying Metals Including Aluminum
[0034] Inthe alloy coinposition (POR), the base metal P is at least 40 wt%,
preferably at least 50 wt%, and more preferably at least 60 wt% based on the




WO 2006/ 121561 PCT/ US2006/ 013515 -11 total weight of the alloy. Wthin the
alloying netal Q the anpbunt of C is at least 10 % preferably at | east
15 % and nore preferably at |least 20 ww% The anmobunt of M is at |east

2.5 W% prefphaksd.@E | east 5.0 wt% and nore preferabl ?ggi}sﬂtsiogg}@ts# 5 wt%

and the amount of Al 1s at least 2.0 wt% preferably at % and
nore preferably at |east 4.0 wt% based on the total weight of the alloy. In
one preferred enbodi ment, the conbi ned ampunt of the alloying netal Qis at
| east 20 wt % preferably.at least 30 w% and nore preferably at |east 40

wt % based on the total weight of the alloy. In the alloy conposition (PQR),

oS o0t S b e R A g s Bl 70
% i l i

ol Tovine meleREl0 P plfTodply. 8 ek o B0 Had ok eREAhE AQFaG 2000827, |

alloy. One %é@l}\ilcﬁgfﬁf%ﬁﬁﬂ ai@ubagdi.gxx}trm pga&mﬁdtb%j; REleAAS0 Whgahfd Morgt a nass

ratio of Mh to about to 2. Alon Cr, this mass ratio of Mi to
Al pronot es pfaferablyi atrdeast 7S5 wifopdndathianaa@iof Ay éxatdeash2) wifd, prebarablyi ve

R Il e
oo e Sl E Sofas
ool the POERTLS) IF 60 LSRR SE RLERINERLNOsole Boglh .

| east 2.5 W Phebdl,Q dwat 1adst O3, 2réfeibly atdbashi30 wive BidmbReeprefirsily arount  of
Cr, M and Al is at |east 20 wt% of the alloy. In addition the_ alloying

el enent R i sleabiAfl wo%desed on the tobd ncightefikoaldey.t fe thesllaycomppsiiinmpr i ses at

20" 1 GBI BELTEYEY SAGOh R URU 0T30Bh b8 Sg e ooy, 1,
Rh, 11, Pd, Ebout@ wikh @tbhofit's, ONPWs, | dnflthdrGrErepdBl, 860t 1.6 Wath @ dtue are
given in Table 1 below. Table 1 is a |list of advanced nmetal dusting
resi stant ablOoy¥h bapabbe thef totab i gy ofl theealtpyn ds s @kfemadabass anfallogingxi de
fil
Hm metal () that provides enhanced metal dusting resistance of the alloy. One
example of such an alloying metal includes Mn and Al at a mass ratio of Mn to
Al of about 1 to 2. Along with Cr, this mass ratio of Mn to Al promotes

formation in-situ of a MnAl,O, layer within the protective surface oxide film.

[0035] When the alloying metal Q includes Al, a suitable class of the alloys
of the present invention comprise at least 40 wi% of the base metal P selected

J from the group consisﬁng-of Fe, Ni, Co and mixtures thereof. The alloying

- metal @ includes at least 10 wt% Cr, at least 2.5 wt% Mn, and at least 2.0 wi%
of Al, wherein the total amount of Cr, Mn and Al is at least 20 wt% of the alloy.
In addition the alloying element R is about 0.01 wt% to about 5.0 wt% of the

_ alloy and comprises at least one clement selected from the group consisting of B,

C. N, Si, P, Ga, Ge, As, In, Sn, 8b, Pb, Sc, La, Y, Ce, Ti, Zr, Hf, V, Nb, Ta, Mo,
W, Ru, Rh, Ir, Pd, Pt, Cu, Ag and Au. Non-limiting examples bf such alloys are
given in Table 1 below. Table 1 is a list of advanced metal dusting resistant

alloys capable of forming a manganese aluminate surface oxide ﬂlﬁl.



WO 2006/ 121561 PCTI US2006/ 013515 -12 Table i Al oy Nanme Al oy Conpositions
(Weight % W.%of Q (Cr+Mi+Al) EM 10 Bal . Fe: 20. OCr: 2. 3Mh: 4. 5A1: 0. 5Y: 0. 3C
26.8 EM 11 Bal.Fe:23.5Cr: 3. Ovh: 6. OA1: 0. 08C 32.5 EM 20
Bal . Fe: 10. m.wé%m@ls . 5Mh: 5. OA1: 0. 05C 25.5 EM 21
Bat . Fe: 21. OVh: 3. OAL1: 0. 25C 34.0 EM 22 PCT/US2006/013515
Bal . Fe: 33. :21.0Cr: S. Ovh: 4. OAL: 0. 5Si : 0.5Ti:0.0 30.0 7C EM 23
Bal . Fe: 44. C]\ll 32.00r:5. Ovh: 3. OAL: 0. 9Nb: 0.4, Ti: 0. 40.0 4C EM 30
Bal . Ni : 14. OFe: 16, OCr - 10. Ovh: 5. OAL: O, 1C 3126 EM 31
Bal . Ni : 8. OFe: 18. OCr: 8. OVh: 4. OAI : 0. 1C 30.0 EM 32
Bal . Ni:3.OFe:21.0Cr:5.0OVvh:3. QA : 0.5Zr:0.5Y:0.2C 29.0 EM 33
Bal . Ni : 9Fe: 28. OCr: 2. 5Mh: 3. 5A1: 1. OSi : 0. Eable Iosc 34.0 EM 34

Bal . Ni : 20. OC5—0MT=5-6 t—N—25~6Er—4—1Ch OBt . 05C
33.0 EM 36 PATOEL4HE | gﬂ%‘.’sdaﬂﬂc’%“% RO 0 e 57 1% ot 0
Bat . Fe: 15. OCL-.15. Qvh- 5 0 04C 35 Q ._FM 38 (Cr+Mn+Al)
Bat . Fe: 20. OCt EM51@\h: 5. (Bfal‘r‘e 204C 14 38In:4.088615 YA03 ot ect i ve si2b.8ce oxi de
filmconpris|BM-al | eagBalFe:2BaEtR0MM:6.0A1:0480y surface, amgp.fore
prefer abl y t MEREAHAYET $ HPEEHODNIAL S 0er:25MES DAIGOSC__The ﬁsc“ve
Surrace oxi Mnrs 1 l (] 1_0 T UUbLI[
envi ronnment s szil S fg?l I:Z}i’é ii’i ﬁlﬁb ['nB%ﬁﬁfﬁ(? s i
sectional st|h¥dfe of | BH-REda: %mﬁ@ ﬁ%@élﬁéﬁgﬁfb‘i drejﬂf‘;fl m accofr di ng

to present |nvention iigGIlustrated in Figure 1.

CJ

EM-23 Bal Fe:44.0Ni:32.0Cr:5.0Mn:3.0A1:0.9Nb:0.1Ti:0. {40.0
. 14C
EM-30 Bal Ni:14.0Fe:16.0Cr:10.0Mn:5.0A1:0.1C 31.0
EM-31 Bal.Ni:8.0Fe:18.0Cr:8.0Mn:4.0A1:0.1C 30.0
EM-32 Bal.Ni:3.0Fe:21.0Cr:5.0Mn:3.0A1:0.5Zr:0.5Y:0.2C | 29.0
EM-33 Bal.Ni:9Fe:28.0Cr:2.5Mn:3.5A1:1.08i:0.5Y:0.05C |34.0
EM-34 Bal.Ni:20.0Cr:5.0Mn:5.0A1:0.05C 30.0
EM-35 Bal Ni:25.0Cr:4.0Mn:4.0A1:0.05C 33.0
EM-36 Bal.Fe:10.0Cr:15.0Mn:5.0A1:0.04C 30.0
EM-37 Bal Fe:15.0Cr:15.0Mn:5.0A1:0.04C 35.0
EM-38 Bal.Fe:20.0Cr:15.0Mn:5.0A1:0.04C 400

[0036] A protective surface oxide film comprising at least two layers on the
alloy surface, and more preferably three layers forming on the alloy surface.
The protective surface oxide film is formed when the alloy is exposed to metal
dusting environments with low oxygen partial pressures. An exemplary cross
sectional structure of a three-layer protective surface oxide film accordiﬁg to

present invention is illustrated in Figure 1.

[0037] The outer layer, also referred to as the first oxide layer (the layer
contacting the carbon supersaturated environment or furthest away from the
alloy) is made up of a thermodynamically stable oxide, which can rapidly cover
up the alloy surface and block carbon entry into the alloy. The composition of
the first oxide layer is dependent on the composition of the alloy from which it is
formed. The first oxide layer is an oxide selected from the group consisting of a

manganese oxide (M0), a manganese chromate(M;0,), a chromium oxide



[0037] The outer layer, also referred to as the first oxide |layer (the |ayer
contacting the carbon supersaturated environnent or furthest away fromthe
alloy) is made up of a thernodynam cally stable oxide, which can rapidly
cover up th rface and bl ock carbon entry into t | oy. The
conposition g"f(ﬂnbtﬁélf#rst oxi de layer is dependent on thep@ﬁ%g‘g‘%ﬁ%% of the
alloy fromwhich it is fornmed. The first oxide layer is an oxi de sel ected
fromthe group consisting of a manganesegsoxide (MJ), a manganese

chromat e( M304), a chrom um oxi de WO 20061121561 PCT/ US2006/ 013515 -13
(M233) and m xtures thereof, wherein Mis predom nantly M and may further

conpri se el enen of, the base tal P, e allovin al and .t he
alloying el @ﬁi‘hﬁts) agd ”[”@5%‘581 a’@é‘%@a‘t" exe 1isrp§‘?d°51ilpa]gﬂ%?l,id gaggmg | ayer
forms (herei : X &5 (Pidd 8k BbYilet aneously
with or foll {%bVI\/l{1 ]%&{fﬂe lltl{rgsotf%?g(?%g Iﬁ%g%’ﬁh?olrlﬁg? F% T% scg%lon IDg};(&lgde | ayer
I s the nost glagieapRynamcally stable oxide film which is established
beneath the first oxide |ayer and adherent to the first oxide |layer. A
non-limting exanple of the second oxide layer is an alum num oxi de

(A1203) . The[OIBBEOS Beh@dthhe file oxRledfverox batent forins dRpan defiredo t he
conposition of the alloy fromwhich it 1s fornmed. It can be described in

general as MXOBe setmndernddlaysr)mitdosimmbtapequsly with@r fellowing the firstexidsr | se
el enents of }he pase.net P, the alloying netal, and t he | Qyi.n
el ement R [%@%%@ép%eﬁjh? ﬁ%cqqgrcgcgé%l%gré I S%%Tﬂ%@&&ﬁ%b’ 8&?’182 | ayer,

a third | ayep,: “4]%; i r o 1154 HAQhbRYE el t her

si mul taneousf’@ld\%\n?{@?or %leﬁg&mﬁ%}gerdttﬁge%tgﬁgfsogfﬁfgl ge;ce&?l ;ﬁ;ﬁp n%%i Font.h@The

third oxi de fisyexidedayar. oxnotelinfitihgexdiople df theesdcahdl ioxidedaper ishe reacti on

between the first oxide | ayer and the second oxide Iayqx—:\;ar(]'.a As, the reaction
Ay

progr esses, %‘@Fﬁmﬂlﬁé’xﬂe‘r@thgﬁ? déhel C&mosm Qfﬂjé? Sf‘é@&@ﬁéﬂ & Fayer may be
used up. In &éﬂe%dgﬁso% th ngﬂagkl%%n%)f ltlgeeaiio%yﬁém%ﬁ)fh 88 formed. It canbe

described in general as M>0; wherein M is predominantly Al and may further

comprise elements of the base metal P, the alloying metal, Q and the alloying

element R.

[0039] Between the first oxide layer and the.second oxide layer; a third layer
forms (herein referred to as the third oxide layer) either simultaneously with or
following the second oxide layer formation. The third oxide layer is'an oxide
film which is established by the reaction between the first oxide layer and the

L second oxide layer. As the reaction progresses, both the first oxide layer and the
second oxide layer may be used up. In this case, the third oxide layer provides
.long term resistance for metal dusting corrosion. A non-limiting example of the
third oxide layer is manganese aluminum oxide (MnA1204). The composition of

" the third oxide layer is dependent on the composition of the alloy from which it

is formed. It can be described in general as MM, 0y, wherein M is
predominantly Mn and M’ is predominantly Al, but both M and M’ may further
comprise elements of the base metal P, the alloying metal @, and the alloying

element R.



l ong termresistance for netal dusting corrosion. A non-limting exanple of
the third oxide |ayer is nanganese al um num oxi de (MAl1204). The
conposition of the third oxide |ayer is dependent on the conposition of the
al l oy from wWejeghnobdaisdrs formed. It can be described in gepefaéodtoiddys 204,
wherein Mis predom nantly Mh and M is predonmnantly Al, but both Mand M
may further conprise elenents of the base netal P, the aI | oying netal Q
and the alloying element R W) 2006/ 121561 PCT/ LJS2006/ 013515 -14 [0040]
The all oy conposition of the present invention is resistant to netal

dusting corrosion, and conprises: (a) an alloy and (b) a protective surface

ide fil t
oxi de 111m 90idie_ sthoiioy R aEL! Y8 pUEteRSCA IR BlEERTREES o, |
llayer is an qhistigy caedsied, @ﬂdfcbggadsbe (gy svpleoasi & alpgotefztl@e safigaeogide oxi de

(MO, a manganese chromate(M a chrom um oxi de (M203) and m xtures
thereof, the flarenthe aédeeTlntamtectgvmnaca eixiflerfilox¢eneprisees jeaghiva he third

oxi de Iayer

base metal POKGHEYER ﬁgfq%%lﬂw S CHE RS TS RER 45 ST ot al P
s selected fséﬁmefitf%ﬁn B BRI LEE ghifanchl ¥R (RS W KB hor eoT

The al l oying neta The al nment R

conpri ses at chﬁﬁﬁite@ﬂ@@ﬁdt e]nmnﬁuﬁﬁduﬁdé eMzﬁ)g)(mdtlhﬂngB@tl&rmeﬂieSSbtﬂﬁﬂi of B, C
N, Si,,P, Ga, CGe, As, In, ,_Pb Sc; La, Y, Ti, Zr, H, V, Nb, Ta,

Mb, W Ru, Ripxideflaygrds aqbﬁlmw@auma@u da M Re) anphthe ﬁlﬂﬂhpilﬁe layesisaent in the

o theal | oy erpReR dipindin Phidk RBMe £E7 ue oy SHBRRE P Pefs el ' O

concentrat | orﬂh@éﬂ@}b@gxm@a?} afki¥hé auaﬁﬁgbleﬁl&tw asethl PiskBRctel Frarh Wei ght

of the alloy. In the alloyi'ng netal the Cr is present in the alloy at a
concentr at i othogroap cbnaslnngittﬁ)‘ﬁﬂ: NﬂGME&?ﬁ@:QXMIheﬂ‘M'ﬁQfs Tﬁile@bnrmg metah@ al | oy at
a concentration .of | eas resent in the

alloy at a compnses Mn anél Aqboﬁ{[ aﬁ]oymg e ement compnses at least one

element selected from the group consisting of B, C, N, Si, 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
and Au. The metal P is present in the alloy at a concentration of at least about
40 wt% based on the total weight of the alloy. The alloying element R is present
in the alloy at a concentration of about 0.01 wt% to about 5.0 wt% based on the
total weight of the alloy. In the alloying metal @, the Cr is present in the alloy
at a concentration of at least about 10 M% Cr, the Mn is present in the alloy at a
concentration of at least about 2.5 wt%, and the Al is present in the alloy at a
concentration of at Jeast about 2.0 wt%, wherein the combined amount of Cr, Mn

and Al is greater than or equal to 20 wt% of the alloy.

[0041] The protective surface oxide film may be formed in situ during use of
the alloy in a carbon supersaturated environment, or prepared by exposing the
alloy to a carbon supersaturated environment prior to the alloy’s use. A further
benefit of the present invention is that if the protective surface oxide film cracks
during use of the alloy in a carbon supersaturated environment, the protective
surface oxide film will form in the crack to repair the oxide layers, thereby

protecting the alloy from metal dusting during use.



concentration of at |east about 2.0 wt% wherein the conbi ned anount of Cr,
M and Al is greater than or equal to 20 wt% of the alloy. [00411 The
protective surface oxide filmmay be forned in situ during use of the alloy
in a carbon ted environnment, or prepared by exposing the alloy
to a carbon %Qépﬁgﬁgt ed environnent prior to the all oy PETISE00RIFBY ¢ her
benefit of the present invention is that if the protective surface oxide
filmcracks during use of the alloy in ayLar bon supersaturated environment,
the protective surface oxide filmwll f6rmin the crack to repair the

oxi de |l ayers, thereby protecting the alloy fromnetal dusting during use.
WD 2006/ 121561 PCT/ US2006/ 013515 -15 [0042] A nethod for preventing netal
dusting of netal surfaces exposed to carbon supersaturated environnents is
di scl osed i n [0D42)r esantthbd ¥enjreventinghactahehisting of enetpl sfaces exposed &8  dust i ng
conprises the steps of constructing the nmetal surface of, coextruding a

met al dust i nerarkeen siparRatusitied pnviseisasnts ivdis¢lpeyd in the presanicamentinn. obkg st eel

or nickel base all Qr_coating, the. metal surfaces with a net dusti ng
resistant al I%?'%@gg_%%gﬁef’?%wg(tﬁﬁ% &u W@Ci?élfpé'fs%%e %%Pé‘ﬂ Oefthogﬁtu?w%e group -
consi sting ofym&R sibifacee?, @RACTHNMEY Bital BEBR residatt ﬂﬂd}P&’dxﬂ?os@ﬁ&?EFQRQ
conprises Cr, Mh, and Al. The all'oying netal” R conprises at |east ‘One

el enent sel eadred afconverttivaabsteel pr civkel baserajloyf oBsoafingthe Sictal Burfaess vaEth As,

In, Sn, Sb, Pb, Sc, lLa, Y, Ce, Ti, Zr, H, V., No, Ta, M, W Ru, Rh, Ir,
Pd, Pt. Qu, Agme&@iéuﬂmg reFistaRbAlieY @mgow%g’rﬂm-n”lih%énatﬁwfggs sgleted
concentratio ) % b . ' of the

al loy. The aﬁf@%‘.ﬁ%@@%ﬁ@% gf lg%)’elﬁ\férqo &?ﬁﬂﬁ@egﬂﬁ%&i{aﬁ‘r %g@gﬁﬂ}el%t rati on of
about” 0. 01 Wb rises OrVWH BRSAY. URe bil6ying @bethl RRbLEMsES attlBgstaheoy. I n

the alloying netal Q the Cr is present in the alloy at "a concentration of
at | east abowtlemnentgetectd fromdéhdvproarp consisinaf BaCi b SofP.d¥a, (Geaa s, Imlfout 2. 5

Sombi ned amouie Bt SerEE i G d A B Yy B IF TV kb dlirdr Sl Pclie e
and Au. The metal P is present in the alloy at a concentration of at least about
40 wi% based on the total weight of the alloy. The alloying element R is present
in the alloy at a concentration of about 0.01 wt% to about 5.0 wi% based on the
total weight of the alloy. In the alloying metal @, the Cr is present,.in the alloy at
a concentration of at least about 10 wt% Cr, the Mn at a concentration of at least
about 2.5 wt%, and the Al at a concentration of at least about 2.0 wt%, wherein

the combined amount of Cr, Mn and Al is greater than or equal to 20 wt%.

4 o [0043] Metal surfaces may be constructed of the alloy, coextruded with the
alloy, coated with the alloy, or a combination of the three. The protective
surface oxide films described above will bé formed in situ during operation of
the unit in a carbon supersaturated environment. The present invention further

' comprises a protective surface oxide coating comprising at least two oxide '
layers, and preferably three oxide layers, wherein the first oxide layer is an oxide
selected from the group consisting of a manganese oxide (MO), a manganese
chromate (M30,), a chromium oxide (M,0;) and mixtures thereof, the second
oxide layer is an aluminvm oxide (M,0-) and the third oxide layer is a

manganese aluminum oxide (MM',0,). The first oxide layer is the layer located



[0043] Metal surfaces may be constructed of the alloy, coextruded with the
alloy, coated with the alloy, or a conbination of the three. The protective
surface oxide films described above will be forned in situ during operation
of the unit in a carbon supersaturated environnent. The present invention
further conmwo sw&1AsqQrotective surface oxide coating conpet/gsiis@bsikeast
two oxide |ayers, and preferably three oxide |ayers, wherein the first

oxi de layer is an oxide selected fromthe group consisting of a manganese
oxi de (MJ), a manganese chromate (M304)-1i6 chrom um oxi de (M203) and

m xtures thereof, the second oxide layer is an alum num oxide (M03) and
the third oxide layer is a . manganese al um num oxi de (MM 204). The first

Fur thest avay oo A Torh B, Ha AR TReaed o T PR loRiR 0°

|l ocated adj adfseent to thbelley fioyacsur face. Al l oy Conpositions Wth Al oying
Metals Including Silicon [0044] In the alloy conposition (PQR), the base
netal Pis at least 40 % preferably at |least 50 wt% and nore preferably

at |east 60 %%ﬁ@%@ﬂ}fd@ﬁidﬂ@%iﬁhoélﬂ&miMBta]Qinélh&n&'Slﬁ'h’onWt hin the alloying
metal Q the anount I's at Teast 10 wt% preferably at |east 15 wt%

and nore prefl804d y Tuthe elley C@DPWIU)@II (RGR) oo base wetal i is ot least Hbwt%6. 0 wt %

ot of or ably  a@FBtLLY 8 tsedloh, Vihepnioe PGFER &8?1?3%6%&%@&&6 S8, based on
Lhe ot a veluoa) ek e ual 1By, WIkihp B FhRARK) OTBATIRAH of Lot SOOI nod

anount of the a ng netal "Qis at |eas 20 W% preferably at |east 25
w % and nor degst 0 eriflh Ipyefatabl)eaﬂhas'BQS\Am% mﬂore(p:teﬁembly at lehstVB0 wits. of the
alloy. In the aIon co |t|on(P_8?) t he al | oyi.ng enent Ris about 0.01

W % to about e@mﬂwo sk lga5t 0ovi%.candl REeterably ahl?é%ﬁts S wi%nend thind nore;
pref e ably eyl Bt h 8 ERME B M IADERIEN phAS uhBhith, o1 O of L he

alloy. It is preferred to uSe oyin
preferably at least 4.0 wt% based on the total weight of the alloy. In one

preferred embodiment, the combined amount of the alloying metal Q is at least
20 wt%, preferably at least 25 wt%, and more preferably at least 30 wi% based
on the total weight of the alloy. In the alloy composition (PQR), the alloying
element R is about 0.01 wt% to about 5.0 wt%, preferably about 0.1 wt% to
about 5.0 wt%, and more preferably about 1.0 wit% to about 5.0 wt% based on
the total weight of the alloy. It is preferred to use an alloying metal Q that
provides enhanced metal dusting resistance of ﬂthe alloy. One example of such
an a]loy“iﬁg metal includes Mn and Si at a mass ratio of Mn to Si of about 2 to 1.
Along with Cr, this mass ratio of Mn to Si promotes formation in-situ of a

Mn,Si0, layer within the protective surface oxide film.

[0045] When the alloying metal @ includes Si, a suitable class of the alloys of
the present invention comprise at least 40 wt% of the base metal P selected from
the group consisting of Fe, Ni, Co and mixtures thereof. The alloying metal Q
includes at least 10 wt% Cr, at Jeast 6.0 wt% Mn, and at least 2.0 wt% of Si,
wherein the total amount of Cr, Mn and Si is at least 20 wt% of the alloy. In
addition the alloying element R is about 0.01 wt% to about 5.0 wt% of the alloy

and comprises at least one element selected from the group consisting of B, C,



provi des enhanced netal dusting resistance of the alloy. One exanple of such
an alloying netal includes Mh and Si at a mass ratio of Wh to Si of about 2
to 1. AIong with C, this mass ratio of Mh to Si pronotes formation in-situ
of a WM2Si er Wlthl n the protective surface oxide film [0045] Wen
the al |l oyi ng W%‘éf’lﬂﬁqlncl udes Si, a suitable class of thePEI/NS3Pe6/IB5I5t he
present invention conprise at |east 40 wt % of the base netal P selected from
the group consisting of Fe, Ni, Co and m xtures thereof. The alloying netal
Q includes at least 10 wt% Cr, at least-¥.0 wt% M1, and at |east 2.0 wt % of
Si, wherein the total amunt of C, M and Si is at |least 20 w % of the
alloy. In addition the alloying el errent Ris about 0.01 wt%to about 5.0

wt % of the alN,d, PaGad, Genps) ke Snakb, | RigSt, bady ale Nk, 3, é’tﬂ\Bﬁ’ITarMn t he group
consi st ng of B, C.. WD 2006/121561 PCT/ US2006/ 013515 -17 N, Al Ce,
As, In, W, RppRhgl, PdePt, ¢n, &g andiAv. ANonqljmitiyg expmples of gch allwsraae Rh,

It, Pd, Pt LN | es af su Ilosare glven
1 Tani e 2 bl ﬁé%ﬁs’i?ﬂ%“fa‘#%‘bi% SRR SR AR ate, 9

al I oys Capablaﬂo9§ B BIOf %Ene%élsi]ﬁﬁ %u%fa&éaﬁﬂeqashﬂe Film Tabl e 2
Al'l oy Nane Al S|t|ons Wélg . Q (Cr+wvn+Si) EM 100
Bal . Fe: 20. OCr: 40\/h 2 CSi: 05Y03C260 EMlOl

Bal . Fe: 23.5Cr: 6. Ovh: 3. OSi : 0. 08C 32.5

Bal . Fe: 8. 2Ni :16.4Cr: 8. 1 Mh: 4. OSi : 0. 1C: 07 .5 EM 201

Bal . Fe: 10. ON[ AZOy Same8 AMiley. CompRitiob O Baght %EM 202 Wt.% of 0

Bal . Fe: 21. ONi : - 6./OVh: 3. OSi : 0. 25C 34.0 EM 203 (Cr+Mn+Si)

Bal . Fe: 33. ONi .| B Fe20.8CT:4.0002 0si015Y.0.30/C 31.5 EM 2040

Bal . E_ei 44. ONI'EREL -4 P FE 28506 oRIR3 83itologD- 4T 38. 0  EM 330G 5

Bal . Ni : 8. OFe#R1586 ~ 8- PN fe. 89N 96 40r-28 Mh:4.081:0.1C-0.1N 8.5
EM-201 Bal.Fe:10.0Ni:20.0Cr:8.0Mn-4.081:0.05C 320
EM-202 Bal Fe:21.0Ni:25.0Cr:6.0Mn:3.081:0.25C 34.0
EM-203 Bal Fe:33.0Ni:21.0Cr:7.0Mn:3.551:0.5A10.5T1:0.07C | 31.5
EM-204 Bal Fe:44.0Ni:32.0Cr:4.0Mn:2.081:0.0NDb:0,1Ti:04C | 38.0
EM-300 Bal.Ni:8.0Fe: 16.0Cr:8.0Mn:4.08i:0.1C 28.0
EM-301 Bal.Ni:3 0Fe:21.0Cr:4.0Mn:2.08i:0.57r:0.5 Y :0.2C 270
EM-302 Bal.Ni-20.0Cr:6.0Mn:3.051:1.0A1:0.5Y:0.05C 29.0

[0046] A protective surface oxide film comprises at least three layers on the
alloy surface, and more preferably four layers on the alloy surface. The
protective film is formed when the alloy is exposed to metal dusting
environments with low oxygen partial pressures. An exemplary cross sectional
structare of a four-layer protective surface oxide film according to the present

invention is illustrated in Figure 2.

[0047]  The outer layer, also referred to as the first oxide layer (the layer
contacting the carbon supersaturated environment or furthest away from the
aﬂoy) is made up of a thermodynamically stable oxide, which can rapidly cover
up the alloy surface and block carbon entry into the alloy. The first oxide layer
is a thermodynamically stable manganese oxide (MnQ), which forms faster than
the carbon in the supersaturated environment, and is able to penetrate the surface
of the alloy. The manganese oxide is referred to as a fast forming layer. The

composition of the first oxide layer is dependent on the composition of the alloy



EM 301 Bal . Ni: 3. OFe: 21. OCr:4.0wh: 2. CSi : 0.5Zr: 0.5Y:0.2C 27.0 EM 302
Bal . Ni: 20. OCr: 6. 0OWh: 3. OSi : 1. QAI: 0. 5Y: 0. 05C 29.0 [0046] A protective surface
oxide filmconprises at |least three |layers on the alloy surface, and nore
preferably f 249@3; on the alloy surface. The protective filmis formed
when the all gt:él g %c}sed to netal dusting environnents RETES38P18%5gen
partial pressures. An exenplary cross sectional structure of a four-I|ayer
protective surface oxide fil maccording —tl% the present invention is
illustrated in Figure 2. [0047] The outer "l'ayer, also referred to as the
first oxide layer (the layer <contacting the carbon supersaturated

environment or furthest away fromthe al'lq%éi) S madeMu(g of a, .
t her nodynani étm yhigheiisfaswiede It Gam; herdeseribadkin; gengral as, 80, whereineMais| oy

f d bl ock . ' he alloy. The fi i de. '
her odynam EtepBRuty Sk s ol ufhrtierhlfy oh R G 2Rt o T
carbon in thensup rIﬁ&EPQaﬁlﬁgﬂﬁrh\ﬂog Shentiatd is able to penetrate the

oy. S

surface of the all he mangan oxide 1s referred to as a fast form ng
| ayer. The conposition of the first oxide |ayer is dependent on the

conposition e 5 £0m which it
Is formed. | ?6%%3?2 b?%@%ﬁﬁﬂ%ﬁ%ﬁ%ﬁﬁ%éﬁ%@%&%ﬁ#ﬁw éﬁé r%?]edom nantly
M, and may tefeirbéto aptiprsesendbtide Mysr)adfthehgnisaesmlvivith, ortfbBowald thgi ng
metal Q and the alloying element R %2548] Beneat h the manganese oxi de

| ayer, a sec8WagrREFEOXid lagey fosmation. i i

gacoad orisledayarie as gsledilaxi de | ayer)
i th i mul t ar ly.with fol L owing th id
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beneath the ﬁﬁ&hg_ﬁ«'ﬂ%&%xﬂi@ 1496, AY6H-lidiEn@ERahEIRS of MelsBSond SR NARE aRX] de
| ayer. Non-limting exanplés of the second oxide |ayer are mdAnganese

chromat e ( MhEad@djesactrarhato iMnOre®))dad (chBr@odm ofide (Co/ihdsThe compositivhe
second oxi de %Slyer i's, dependent on the conposition of H}le ai{loty from
of the second oxide layer 1s dependent on the composition of the alloy from

which it is formed. It can be described in general as M30, and M,05, wherein M

is predominately Mn and Cr and may further comprise elements of the base
metal P, the alloying metal, Q and the alloying element R. Thus, the second
oxide layer is an oxide selected from the group consisting of a manganese

chromate (M-0,), a chromium oxide (M,04), and mixtures thereof.

[0049] Beneath the second oxide layer, a third layer forms (herein referred to
as the third oxide layer) either simultaneously with or following the second
oxide layer formation. The third oxide layer is the most thermodynamically
stable oxide film, which is established beneath the second oxide layer and
adherent to the second oxide layer. A non-limiting example of the third oxide
layer is silicon oxide (Si0O;). The composition of the third oxide layer is
dependent on the composition of the alloy from which it is formed. It can be
described in general as MO,, wherein M is predominantly Si, and may further
comprise elements of the base metal P, the alloying metal, Q and the alloying

element R,



which it is forned. It can be described in general as M304 and M203, wherein
M is predomnately Mh and C and may further conprise elenents of the base
netal P, the alloying netal, Q and the alloying elenent R Thus, the second
oxi de | ayer i selected fromthe group consistin nese
chromat e (IVBO‘i %bﬂglhgpem um oxi de (M203), and m xtures thgpg@is%o%%
Beneath the second oxide layer, a third layer fornms (herein referred to as
the third oxide layer) either sinultaneougly with or follow ng the ‘second
oxide layer formation. The third oxide layer is the nost thernodynanically
stable oxide film which is established beneath the second oxide | ayer and

oae | ayer WOSE T Hen Eh T f oy e TR renl b Rk T rE a0l de
aver i " dengpanimenoig 6RmAT: W A ol bEiahkow L mhﬁgheopsws for med.

It can be descri éner al om nant Si, and

may further Wﬂmffcﬁmahgﬂwm&dcﬁmddﬁle oefdemaedal ﬂ?efddm @tz&@yay@ﬂlsrmt al, Q
and the alloyin elemrent R WO 2006/121561 PCT/ 1352006/ 013515 -19 [0050]
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oxi de | ayer e react| oh progresses, both the
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the fourth oxide (Pagler pI’OVI des long termresistance for netal dusting
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may further comprise elements of the base metal P, the alloying metal @, and the

alloying element R.

[0051] The alloy composition of the present invention is resistant to metal
dusting corrosion and comprises: (a) an alloy and (b) a protective surface oxide
film on the alloy. The protective surface oxide film comprises at least three
oxide layers, and preferably four oxide layers, wherein the first oxide layer is a
| manganese oxide (MO), the second oxide layer is an oxide selected from the

( group censisting of a manganese chromate(M30,), a chrommium oxide (M,05)
and mixtures thereof, the third oxide layer is a silicon oxide (MO,) and the
fourth oxide layer is manganese silicon oxide (M.M'O,). The alloy comprises
the base metal P, the alloying metal Q and the alloying element R. The metal P
is selected from the group consisting of Fe, Ni, Co and mixtures thereof. The
alloying metal @ comprises Cr, Min and Si. The alloying element R comprises at
least one element selected from the group consisting of B, C, N, Al, 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 and Au. The metal P is present in the alloy at a concentration of at
least about 40 wt% based on the total weight of the alloy. The alloying element



may further conprise elenents of the base rret aI P, the alloying netal Q and
the alloying elenent R [0051] The alloy conposition of the present
invention is resistant to netal dusting corrosion and conprises: (a) an

al l oy and (b) ﬁzﬁfﬁﬂh‘%&“ve surface oxide filmon the all o The ot ective
surface oxide mconpri ses at |least three oxide |ayers, gﬂﬁ 2lSabl y
four oxide layers, wherein the first oxide layer is a manganese oxi de (MO,
the second oxide |ayer is an oxide sel ectﬁ)d fromthe ~. _ group consisting of
a manganese chronate(M04), a chrom um oxi'de (M03) and ni xtures thereof,
the third oxide layer is a silicon oxide (MR2) and the fourth oxide Iayer

I s manganese silicon oxide (MM 04) The al Loy conprises the base netal P,
the al | oyi ng-thStla‘PSQBtéFhﬂletﬂWYéF PG?P@@U’@F@Wﬁﬂ qutO-tH avife ta pbeut A WE%) ect ed
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one el ement SRREAIRSY étra%"anb&ﬂxamtﬁf 2 938 AR IO Ht9R. M h%@seanﬁe Ce,

As, In, Sn, Sb, Pb, La, Y, Ce, Zr, Hf, Nb, Ta, W Rh, Ir,
Pd, Pt, Cu, aﬂgyand cAncenﬁaeoan at leEstl a:bopt éﬁeﬂt% mmdtﬂme Shisl msamlt imthe
concentratlon of at | east ,aboyt 40 ed on the total ht of the

al l oy. The a|aﬂ18y|aﬁacenféweﬁpo sblsast we‘ﬁr @eéo’derm@hqso %m dr i s

t t t %t bout 5.0 wt%
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present in the alloy at a concentration of at |east about 10 w% the M is
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e br esendof3Ph narhdrolioaP SERCEARP il Bty b bR iR o BBl S o op
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to 20 wt % [0052] "The protective surface oxide filmmay be fornmed in situ = -
during use ofalloyh@aa:mhw smpemamamm)nmaupen@}imoatcedlem'mmnﬁ;fllltﬂllerprepar ed
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during use of the alloy in a carbon supersaturated environment, the protective
surface oxide film will form in the crack to repair the oxide layers thereby

protecting the alloy from metal dusting during use.

[0053] A method for preventing metal dusting of metal surfaces exposed to
carbon supersaturated environments is also disclosed in the present invention.
The method for preventing metal dusting comprises the steps of constructing the
metal surface of, coextruding a metal dusting resistant alloy composition (POR)
onto a conventional steel or nickel base alloy, or coating the metal surfaces with
a metal dusting resistant alloy composition (PQR). The base metal P is selected
from the group consisting of Fe, Ni, Co and mixtures thereof. The alloying
metal O comprises Cr, Mn and Si. The alloying element R comprises at least
one element selected from the group consisting of B, C, N, Al, P, Ga, Ge, As, In,
Sn, Sb, Pb, S¢,La, Y, Ce, Ti, Zr, Hf, V, Nb, Ta, Mo, W, Ru, Rh, Ir, Pd, Pt, Cu,
Ag and Au. The metal P is present in the alloy at a concentration of at least
about 40 wt% based on the total weight of the alloy. The alloying element R is
present in the alloy at a concentration of about 0.01 wt% to about 5.0 wt% based
on the total weight of the alloy. In the alloying metal @, Cr is present in the



filmcracks during use of the alloy in a carbon supersaturated environnent,
the protective surface oxide filmwll formin the crack to repair the

oxi de | ayers ther eb¥ rotecting the alloy fromnetal dusting during use.
[0053] A net N8 2P 1;§F£venti ng netal dusting of netal surP&EEIS2WBEPHERd t o
carbon supersaturated environnents is also disclosed in the present

i nvention. The nethod for preventing matfllu dusting conprises the steps of
constructing the metal surface of, coexituding a netal dusting resistant
all oy conposition (PQR) onto a conventional steel or nickel base alloy, or
coating the nmetal surfaces with a nmetal dusting resistant alloy conposition
(PQR). The badleyméasgoneentetionioé st lsast abovnlQ we%y nod agioseentgtion ofet Ni, Co

oy ﬁ;“é?iﬁ%ﬁ RSt e endihe B alEcieemer BHEN AdEairell 2B e or oup
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P is present wi9the alloy at a concentration of at |east about 40 w % based
on the total weight of the alloy. The alloying elenent Ris present in the
alloy at a concentration of about 0.01 wt%to about 5.0 wt % based on the

total weight [gh54]ne Bhé Riktal kirfade nidy I8y édt@tritetedlof Ghe oy, SodttasRAtwitld t he WO
2006/ 121561 PCT/ US2006/ 013515 -21 alloy at a concentration of at | east

about 10 wt %the Allowergpaigd adiicthatallay iand tat pretective surfaemherdde Blws wt % and t he
Si at a concentration of at .least about 2.0 wt% . wh I n_the conbined
amount “of O dexadbete i gedaRhed it Gttty Sof Bt pGBBA The
met al - sur f ac g RN uPRed ARatdiEdn A TRE pdenBinb i RfHEF B ifsth the alloy,
or coat ed wt hpt he al tIaoy and the pr oPect ?ve suﬁ ace oxi %gglfjiwlsr?s descri bed
above wi |l berétectiredsirfacsioxidecioating comeprisingan ledst thvee oxide layersaandr bon '
super sat ur at ed en\{)i rognment, The present invention further conprises a

preferably four oxide layers, wherein the first oxide layer 1s a manganese oxide

(MO), the second oxide layer is an oxide selected from the group consisting of a

manganese chromate(M30,), a chromium oxide (M,05) and mixtures thereof,

the third oxide layer is a silicon oxide (MO,) and the fourth oxide layer is -

manganese silicon oxide (M,M'C,). The first oxide layer is the layer located

furthest away from the alloy, and the third oxide layer is located adjacent to the

alloy surface.

Alloy Compositions With Alloying Metals Including Aluminum and Silicon
( [0055] Inthe alloy composition (PQR), the base metal P is at least 40 wt%,
preferably at least 50 wt%, and more preferably at least 60 wt% based on the

total weight of the alloy. Within the alloying metal @, the amount of Cr is at
least 10 wt%, preferably at least 15 wt%, and more preferably at least 20 wt%.
The amount of Mn is at least 2.5 wt%, preferably at least 5.0 wt%, and more
preferably at least 7.5 wt%. The amount of Al is at least 2.0 wt%, preferably at
least 3.0 wt%, and more preferably at least 4.0 wi%. The amount of Si is at least
2.0 wt%, preferably at least 3.0 wt%, and more preferably at least 4.0 wt% based
on the total weight of the alloy. In one preferred embodiment, the combined

amount of the alloying metal @ is at least 20 wi%, preferably at least 25 wt%,



protective surface oxide coating conprising at |east three oxide layers, and
preferably four oxide |ayers, wherein the first oxide |ayer is a manganese
oxide (M)J, the second oxide layer is an oxide selected fromthe group
consisting o nese chromat e(M304), a chrom um oxi de (MO03) and
i xt ur es the&wgﬁmgﬁ?%g third oxide layer is a silicon OX|HE’¥ 'hﬁﬂa t he
fourth oxide layer is nanganese silicon oxide (MM O4). The first oxide
| ayer is the |ayer | ocated furthest amaé?fron1the alloy, and the third
oxi de layer is |located adjacent to the "oy surface. Alloy Conpositions

Wth Alloying Metals | ncluding Alum' num and Silicon [0055] In the alloy

conposi ti-on (PQR), the base netal Is at |east 40 wt? Preferably at | east
50 wt % and ﬁﬁdénq;p@r@fﬁmﬂlx/atalpastéagfet%bawl%nﬁhg &afalow xg%iéo thetalloywding ht of
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amount of Mg easfbgcﬁgfab 113%@{91 WGk tﬁrtﬂvt%,ﬁﬁ?eas p%@fgﬁab Mbotier ©

preferably at e anount o I's at

preferably at].0 Wwe@sb abolt m%t%laakeﬂmneth@tcﬁﬂavaghyofameIaﬁayt 4.0 wt% The
anount of Si is at least 2.0 wt% preferably at least 3.0 wt% and nore
preferably at least 4.0 wt % based on the total weight of the, alloy. In one
preferred enmppgidrentwheh ehcaldimethetA@inoiudes Al had &) ostitdieEha ofChé s at

| east 20 wt% preferably at |east 25 wt% WD 20061121561 PCT/ US2006/ 013515
-22 and rmreaﬁaﬁs of t|pyesent invgstiorBeompgscs deast %wt%eommasme%f of the

| | | R b 0.01
ni ot o mbout Sttt Hog ML EPlb LB ng ot P NG, G ol et TRt bR 2ng rore
preferably alﬁﬂl\#;mﬁ %élﬁd@sbéilﬁasﬁ@vW@Paa‘iféispﬂstmmadtléfé@tﬂbt of "the

al l oy. [0056] loying metal Qincl’udes Al and Si,” a suitable class’
of the all oya%oAl, tdmel emﬁme?m wife ofi b1, mhemxrpine otalamdurd ©f GtDMnt, %dafdt he base

metal P sel ed.fro up.consi s xt ures
t her eof . Thegg gs at least % b of t%e%lloy. n aé&lugn the alfoylng element% is about -

0.01 wt% to about 5.0 wt% of the alloy and comprises at least one element
selected from the group consisting of 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 and Au.

[0057] A protective surface oxide film comprises at least two layers on the

alloy surface, and more preferably three layers on the alloy surface. The outer
layer, also referred to as the first oxide layer (the layer contacting the carbon
supersaturated environment or furthest away from the alloy) is made up of a
thermodynamically stable oxide, which can rapidly cover up the alloy surface

and block carbon entry into the alloy. The composition of the first oxide layer is
dependent on the compasition of the alloy from which it is formed. The first

oxide layer is an oxide selected from the group consisting of a manganese oxide o
(MOQ), a manganese chromate (M30,), a chromium oxide (M,0,) and mixtures _
thereof, wherein M is predominantly Mn and may further comprise elements of

the base metal P, the alloying metal, Q and the alloying element R.

[0058] Beneath the first oxide layer, a second layer forms (herein referred to

as the second oxide layer) either simultaneously with or following the first oxide



alloying nmetal Q includes at least 10 % Cr, at least 2.5 wt % M1, at | east
2.0 Ww%A, and at least 2.0 % of Si, wherein the total anount of Cr, M,
Al and Si is-at least 20 wt% of the alloy. In addition the alloying el enent
R i s about 9%.10 about 5.0 Wt % of the alloy and conprises at | east
one el enent Qvaé%oé%\ftlé%&fromthe group consisting of B, C, RETESHRE01IHS - A
In, Sn, Sb, Pb, Sc, La, Y, Ce, Ti, Zr, H, V, Nb, Ta, Mo, W Ru, Rh, Ir,
Pd, Pt, Cu, Ag and An. [0057] A protectiyve surface oxide filmconprises at
| east two layers on the alloy surface, "&#id nore preferably three | ayers on
the alloy surface. The outer layer, also referred to as the first oxide

| ayer (the layer contacting the carbon supersaturated environnent or
furthest awayayer dorationalTheyspcors] oride layer isfthe mash drempddyantically stableabl e

"nio-the. al | S eAHEL ooHbbG BN Brd bt (E Hitharas agind adbessof B ben: “on ©
th I ti : I f ' bl S : [ i de |
o an oxi de SETSRAFel A Bn BN of B SXGEdIBNEE®h G5 v a

nmanganese chapiiham B4 [ALO,Y; Arsdiidono-adé (B106)VRAG ) seld soluibilbebotht her eof ,
wherein Mis predom nantly M and nmay further conprise elenents of the base

rrﬁt a:c P, the y milmynn«gxideaacﬂ §i1i@aFﬂidﬁﬁe}gam%@fﬁn%b@%?zk.ﬂ{eo058] Benﬁat h
t he I rst oxi de er, secon r r erein,rererr to as the
e ond oxi oscPapaiioRiof T Ceph el dhure s TereEHOn B CBTPRIIPR ST ot | oxi de
WD 2006/ 1215 | tJ Xi d
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| ayer is the no nam cally stable oxi I"cH 1S establ i shed
beneat h the i ispredsinfieantieyelrangiti aadhedehirthieo comerisd eleaientofdre basger . A
non-kimting exanple of the second oxide_layer is an alum num oxi de
(A1203), a smqt@lg ths pheyipgietal, Oxand the slpyagsianentdh of both al uni num
oxide and silicon oxide (e.g. nmullite, 3A1203-2Si 2). The conposition of

t he second oxide |ayer is dependent on the conposition of the _alloy from

which it is {3%d. Batweamthsdigbexide basgr pad ferecand axidptaer athaddryer

forms (herein referred to as the third oxide layer) either simultaneously with or
following the second oxide layer formation. The third oxide layer is an oxide
film which is established by the reaction between the first oxide layer and the
second oxide layer. As the reaction progresses, both the first oxide layer and the
second oxide layer may be used up. In this case, the third oxide layer provides
long term resistance for metal dusting corrosion. A non-limiting example of the
third oxide layer is manganese aluminum oxide (MnAlO,) and manganese
silicon oxide (Mn,Si0,). The compositioﬂ of the third oxide layer is dépendent
( ' on the composition of the alloy from which it is formed. It can be described in
general as M M',0, wherein M is predominantly Mn and M’ is predominantly
| Al and Si, but both M and M’ may further comprise elements of the base metal
P, the alloying metal 0, and the alloying element R.

[0060] The alloy composition of the present invention is resistant to metal
dusting corrosion and comprises: (a) an alloy and (b) a protective surface oxide
film on the alloy. The protective surface oxide film comprises at least two oxide
layers, and preferably three oxide layers, wherein a first oxide layer comprises

an oxide selected from the group consisting of a manganese oxide, a manganese



" Mis predom nantly Al and Si and may further conprise elenments of the base
nmetal P, the alloying netal, Q and the alloying elenent R [0059] Between
the first oxide layer and the second oxide layer, a third |layer forns

(herein referre the third oxide |ayer) either sinu th or
foll ow ng thgkgég%ﬁﬁgixide | ayer formation. The third OXI%@ﬁﬁ§§@ﬁn¥%¥n
oxide filmwhich is established by the reaction between the first oxide

| ayer and the second oxide |ayer. As thﬁ reaction progresses, both the
first oxide layer and the second oxide éyer may be used up. .In this case,
the third oxide [ayer provides |long termresistance for nmetal dusting
corrosion. A non-limting exanple of the third_ oxide |layer_is nanganese

al umi num oxi oqrm@zmmam %degawéwmgqmﬂl%r@ﬁ  GRfl deay pAtesiagey locaied
conposi tion 8x4d Iay

! f th
1oy 1 om wAtiEHeT £0 Agbift Bk Tayed €korofa CRREIFT R camisty BpERERa R or "
wherein Mi Ssﬂi%ﬁﬁ%ﬁldéaé‘%ﬁ’d M’luﬁﬁﬁ' oﬂluhﬁnﬁ?}%ﬂgﬂsﬂﬁfﬁiw’m &hd@%d%h}xh%ﬁ bOt h M

and M may further conprise elenents of t e netal P, the alloying
netal Q andilichenfahndisilocaiad betsveen Fhe fURGO DT Fhid alloy ¢PORIrandsiaid thirdof t he
pr esent |nvent|on is resistant to netal dusting corrosion_and conprises:
(a) an al | oy0%ids 13ysr, ap getq vede lAyPReRmBHic dangapRIeAHUTRRIBOKEY: The

Pt of or abl y ¢ HPRBaGP SUitPn o 4P, STBLRRR Reb bR i KRRl vecs i ™2
oxi de sel ect ggidkn tbhe saidQepokPHsteldyefl of a manganese oxide, a nanganese
WO 2006/ 121561 PCT/ US2006/ 013515 24" chromate, a chrom um oxi de, and

m xtures thereof, and is an outer layer |ocated adjacent to a third oxide

layer, a SEC[»U!IM?X' i BB lcofRARES AR DM Hiazﬂmﬂﬁgnng fletdl @ ndttiede, a

solid solution of alunm numoxide and silicon oxide, "and ni xtures thereof, {
and is | ocat eﬂbmngmbamntﬂe The st el Bis sgmcwddlrbmyhéem%pGJMmuagdme rd oxide

| ayer, and s third, oxide, | ay rlses nganese. al
manganese si &:’ a@ipﬁ:éturegr{gewpﬁt Eﬁ%% P¥iBg E@Fnﬁ éﬁﬁnﬁpgs?so‘gétl@ﬂn‘%gﬁﬁgen sai d
first Si. The alloying element R comprises at least one element selected from the

group consisting of 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 and Au. The metal P is

present in the alloy at a concentration of at least about 40 wt% based on the total

weight of the alloy. The alloying element R is present in the alloy ata
concentration of about 0.01 wt% to about 5.0 wi% based on the total weight of
the alloy. In the alloying metal Q, the Cr is present in the alloy at a
concentration of at least aﬁout 10 wt%, the Mn is present in the alloy at a
concentration of at least about 2.5 wt%, the Al is present in the alloy ata
concentratioﬁ of at least about 2.0 wit%, and the Si is present in the alloy at a
concentration of at least about 2.0 wt%, and wherein the combined amount of

~ Cr, Mn, Al and Si is greater than or equal to 20 wt%.

{0062] The protective surface oxide film may be formed in situ during use of
the alloy in a carbon supersaturated environment, or prepared by exposing the
alloy to a carbon supersaturated environment prior to the alloy’s use. A further
benefit of thé present invention is that if the protective surface oxide film cracks

during use of the alloy in a carbon supersaturated environment, the protective '



oxi de |l ayer and said second oxide |ayer. [0061] The alloy conprises the base
nmetal P, the alloying netal Q and the alloying elenent R The netal Pis
selected fromthe group consisting of Fe, N, Co and m xtures thereof. The
al.l oying nmetal,.Q ¢ rises &, M1, Al, and Si. The alloying elenent R
conprises at a\kgggo[aﬂgﬁgl el enent selected fromthe group cd¥IBRIAGIBIS B, C,

N, P, Ga, Ge, As, In, Sn, Sb, Pb, Sc, La, Y, Ce, Ti, Zr, Hf, V, Nb, Ta, M,
W Ru, Rh, Ir, Pd, Pt, Cu, Ag and An. The netal P is present in the alloy
at a concentration of at |east about 40 W% based on the total wei ght of
the alloy. The alloying element Ris present in the alloy at a
concentration of about 0.01 wt%to about 5.0 w % based on the total. weight
of the all oygnrfhee oxide filmoyillfigrmenahe Qack herepairithe pxide dapters thetdy al | oy at a
concentration of at | east about 10 % the Mh is present in the alloy at a
concentratior?r@)‘iec’é‘igﬁh@éilp i @%?"ﬂ%ﬁp%@ﬂﬁg)@e-i s present in the alloy at a
concentration of at |east about 2.0 wt% -and the Si is present in the alloy
at a concentration of at |east about 2.0 W% and wherein the conbi ned

amount  of o{!)if)ﬁiﬂ, A&_W@forip;ew%@gfnet@lr%ﬁﬁag oé sl sugfages Wi#@oﬁz] ITlhe
n’acar bon SaiersupeaReg - R ¥ 45 hdsiedth by istintiRetion " o)™

to a carbon sxqﬁ%éeﬁwmt;ﬁév@mﬂg&ﬁa@aﬁsﬁrg!cgmﬁﬁeéhﬁs@éﬂs%f'o@nﬁ@cﬁn@ their t her

benefit of the present invention is that 1f the protective surfacée oxide

filmcracks roetel sugfaos of, aoextnadiag laoyetahdesting rémstast geysampaiten @QRY onnent ,
the protective WD 2006/.121561 PCTiallggﬁg)OG/ 13515 -25 surf%ge xide filmwll
formin the QUR#ceRyenpnalsigaloryg 135,7EPY QrRopERg thegmgtal sustaess HEh al | oy
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of netal surfaces expo upers ated environ al so
di scl osed i n alibg cpinpssitibn i(AOR)tcodiprised e bt il IR theilkyEng ntgal@tald dusting
comprises t h?’.hes rtcxl?cg)ysingo Llegl%g‘? }Ir qI(‘:I}é Qa%etn?;al P is selected from the group consisting

of Fe, Ni, Co and mixtures thereof. The alloying metal O comprises Cr, Mn, Al.

and Si. The alloying element R compris;s at least one element selected from the
group consisting of 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 and Au. The metal P is

present in the alloy at a concentration of at least about 40 wt% based on the total
weight of the alloy. The alloying element R is present in the alloy at a

concentration of about 0.01 wt% to about 5.0 \ﬁ% based on the total weight of

the alloy. In the alloying metal @, Cr is 'pfesent in the alloy at a concentration of

at least about 10 wt%, the Mn at a concentration of at least about 2.5 wt%, the Al

at a concentration of at least about 2.0 wt%, and the Si at a concentration of at

least about 2.0 wi%, wherein the combined amount of Cr, Mn and Si is greater

than or equal to 20 wt%. The metal surfaces may be constructed of the alloy,
coextruded with the alloy or coated with the alloy, and the protective surface

oxide films described above will be formed in situ during operation of the unit in

a carbon supersaturated environment.



metal surface of, coextruding a netal dusting resistant alloy conposition
(PQR) onto a conventional steel or nickel base alloy, or coating the netal
surfaces wth a netal dusting resistant alloy conposition (PQR). The netal
dusting resi oY conposi tion (PQR) conprises the base netal P, the
al | oyi ng net gf@%%ﬁ%ﬁ# the al l oying el ement R The base nbtHPSH0GU3Ys ect ed
fromthe group consisting of Fe, NI, Co and m xtures thereof. The alloying
metal Q conprises G, Mi, Al and Si. Th 6aI loying el ement R conprises at
| east one el ement selected fromthe grodp consisting of B, C, N, P, Ga, Ge,
As, In, Sn, Sh, Pb, Sc, La, Y, Ce, Ti, Zr, HfVNbTaNbWRuRh
Jr, Pd, Pt, Cu, Ag and An. The netal PIS present in the alloy at a
concentrat i ol/ses obhAllox Lzgmp 3 gtheds of 4 qalledt 5| wei ght  of the

all oy. The a 0 ng | resent I.n the aII entration of
Shout 0. 03 WOt S SN ?dhwﬁtigyeea SBlobfb eI Rlhp9Rgen i on ©
the all oyi nguﬂﬁﬁéﬂ tononﬁruét&h@étﬁ?ﬁH&tof'a% mﬁjsaé)ﬂp%edatb Aeta et ation of L at
| east about 10 wt% the Mh at a concenPratlon of at |east about 2.5 wt% the

Al at a coneevitomhems. Alterattivelpsilloyd of the2mltidafer compoditorsi ofthe nstant

concentration of at |east aboyt. 2,0 wt% V\/ner in the.co ned_anmoynt of Cr,
Mh and Si i sRyeatipRmay bespesiruded wi taocozdetm% ﬂqel oFtigke T@@ﬁq alQKuHEg he

coneL ut 0, Blet MBS KOG o BB SRR

alloy, and t pro Ve Sur ove W

formed in siktndlid Moy el Eﬁkéﬁﬁo@fnﬁ‘oﬁ*@l Bist whereiag 860 layey PEMPAbY ﬁbed
envi ronment. WO 2006/ 121561 PCT/ US2006/.013515 26 Uses of Al | oy Conpositions

and Met hods elloy\ppinpesitipnef flegsddent iivestien.oAdditonaily tthe Ieat;seng(smfpwuqfu ons

d bed h t t t
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mul ti-layer ﬁﬁﬂﬁ)q et_rlg LOSF i t inV eI s ,{@% GeQRBXidsuded with a
conventi onal stee ¢ ﬁﬁygﬁiﬁﬁo gafse y‘ﬁ% Hl}SI ng i)Ifgge CoBxtrusion techni ques
known to oneksadwh i@ dne skitlaé imttee. arfl NExanoplaty eoditg techniques suitable for

coating metals with the alloy compositions described herein include, but are not

limited to, thermal spraying, plasma deposition, chemical vapor deposition, and
sputtering. Therefore, refinery apparatus may be either constructed of,
coextruded with, or coated with alloys of the multi-layer compositions described
herein, and the protective surface oxide films formed during use of the

apparatus, or formed prior to use of the apparatus.

[0065] 'When utilized as coatings on existing surfaces, the coating thickness
may range from about 10 to about 200 microns, and preferably from about 50 to

about 100 microns.

[0066]  Surfaces which would benefit from the alloy compositions of the
instant invention include apparatus and reactor systems that are in contact with
carbon supersaturated environments at any time during use. These apparatus and
reactor systems include, but are not limited to, reactors, heat exchangers, and

process piping.



structure may conprise two or nore |layers, wherein an outer |ayer conprises
the alloy conposition of the present invention. Addit ionally, the existing
surfaces of apparatus susceptible to netal dusting may be coated with the
alloys of the nmulti-layer conpositions of the instant invention using
coating techM#eg121fédown to one skilled in the art. ExenplEmS2esaatsing
techni ques suitable for coating netals with the alloy conpositions

descri bed herein include, but are not Ilimted to, thermal spraying, plasna
deposi tion, chemnical vapor deposition, alft- sputtering. Therefore, refinery
apparatus may be either constructed of, coextruded with, or coated with
alloys of the nulti-layer conpositions described herein, and the protective

surface oxi dmo67] msm@Ffmsctwydoaﬁng@@r filinst ditthe 3pfatablie allbyd @dsaribedrior to
use of the apparatus. [0065] Wen utilized as_ coatings on existing surfaces,

t he coating hdreinkieSarmedyn themdloy sudacediioenposing the aoyito 20@talidysldng, and
f bly from about 50 t 00. m . [ 0066] Surf whi ch | d
Penct 1 11 orfERERERPb QiR SoREsGRAEHE. TRRSFo Do PraRER Gt de
apparat us ang §‘5@T&%ec§%ﬁ-§1§§7ﬁ etct}ﬁnﬁio?.rt@ué%lctﬂgtaﬁS s h Erea%%ﬂ%nditions
3 Nt Gt any

super sat urated” environne I'me during use. ese apparatus and

react or systi@nghichehdyte eRpbsedrts nixddl dustihg efvitchmeRaCThe prefétedl exchangers,
and process piping. WD 20061121561 PCT/ US2006/ 013515 27 _ [0067] The
protective ciemperagaregrngd isrfsomabotasd YICHaebouif 10008C aprcteysblsidyum abeat  herei n
are formed on the alloy surface by exposing the alloy to a netal dusting
envi ronment SR taabgueHadCo rBymgat expesur g E&t enge fromp pbpw dihaps te oat i ngs

condi i ons  ihechapdflodepRi bl s anidt Raurp deBus RUPURGT T onnent s he
pr ef (e__r red tenperature range is from about 350C to about 1050C, preferably
from about 506 t 0,380 BRAGeYRES R ciSBESH Embbfentilld 2N0° 1 om about
applications of the disclosed subject matter that could be reasonably foreseen.
However, there may be unforeseeable, insubstantial modifications that remain as ' :
equivalents. While the preéent invention hr;ls been described in conjunction with
specific, exemplary embodiments thereof, it is evident that many alterations,
modifications, and variations will be apparent to those skilled in the art in light
of the foregoing description without departing from the spirit or scope of the
present disclosure. Accordingly, the present disclosure is intended to embrace

all such alterations, modifications, and variations of the above detailed

description.

[00691 The following examples illustrate the present invention and the

advantages thereto without limiting the scope thereof.

TEST METHODS

[0070] The determination of weight percent of elements in the surface oxide

films and the alloys was determined by standard EDXS analyses. For
commercially available alloys, rectangular samples of 0.5 inch x 0.25 inch x 0.06
inch were prepared from the alloy sheets. High performance alloys with

superior metal dusting resistance (EM-36, EM-37 and EM-38) containing



 about 200 hours, preferably from about 1_7h6.u.r. to ébout 100 hours. [0068]
Applicants have attenpted to disclose all enbodi nents and applications of
t he di scl osed subject matter that could be reasonably foreseen. However,

there may be abl e, insubstantial nodifications t [ in_as

equi val ent s. “W’F"gﬁ?ﬁ present invention has been descri bﬁ@%gﬁﬁfsﬁ%ct I on
wth specific, exenplary enbodinments thereof, it is evident that nmany
alterations, nodifications, and variatiqgps will be apparent to those
skilled in the art in light of the forég ing description without departing
fromthe spirit or scope of the present disclosure. Accordingly, the
present disclosure is intended to enbrace all such alterations,

][mfl: ficati oné}ffe?wét qsalara@aﬁtmg 06E’et‘ﬁré M god Ad ateae p@*@are(ﬂ!éze)bfpwlg’ng- fbe69] The
e ot R 1404 ot O e R A i T
the.al | oys vt gl BneRRGe ROTE R B Ba BB BT ol 1y

avai | abl e al hgysce-E@b@ngdont teparEpatare. dechripul AGhmeldR.o9.5 ich 200506 i nch
were prepared fromthe alloy sheets. High performance alloys with superior

met al dust i nipchexérs cahfrem thkisBests.Ehg yampld fas yBjre polistxidrioraithed0dedy 121561
PCTI US20061013515 .-28 di f.f t trati Fe. Cr, .M and Al

i opar ed by ERBhiRdE G0 EkramRRR Ao SYRIquath st B i n”Sheet s
of about 1/ 8aéé?&§b.tﬂé:&§ﬁ%%r% ﬂ?l‘éﬁcsgmu%fl@y spnsabadwite ihtOQzaRey gt in

I nert argon atnosphere urnace-cool ed to room tenperature.” Rect’angul ar
sanpl es of Oefpdshphthe sPeddmens toch SGEOSME (vil.Gihenvosinent for 16hdosmmtl e f aces
were polished to either 600 grit finish or Linde B éo. Q5. mcraoneters

al um na powdEsh tepnerainres senging fiosy S+ 4 'C WB00ke A Fabn dBPO slechabalapes i cs of

various all oy speci aens wer ﬁeic%%%tﬂigfﬁﬁ de B specimen. Carbon pick up is an

indication of metal dusting corrosion. A cross section of the surface of the

specimen also was examined using an SEM.

EXAMPLES

Hlustrative Examples of Alloy Compositions Using Alwminum in the
Alloying Metal

[0071] Table 3 below is a list of the alloys used in these experiments.

Table 3
Alloy UNS No. | Alloy Compositions (Weight %) Wt.% of @
(Cr+Mn+Al)
Inconel 600 N06600 | Bal.Ni:8.0Fe:15.5Cr:0.5Mn:0.351:0.1C N/A
| KHR-45A" | N/A Bal Fe:43.6Ni:32,1Cr:1.0Mn:1.75i:0.9Nb: | N/A
' 0.1Ti:0.4C
Incoloy 800H | NO8810 | Bal.Fe:33.0Ni:21.0Cr:0.8Mn:0.5A1:0.45i: | 22.3
: 0.5Ti:0.07C

Inconel 601 NO06601 | Bal.Ni:14.4Fe:23.0Cr:0.3Mn:1.4A1:0.58i: | 24.7

0.1C
Haynes 214 N07214 | Bal.Ni:3.0Fe:2.0C0:16.0Cr:0.5Mn:4.5A1: | 21.0

0.28i:0.5M0:0.5Ti:0.05C
EM-36 Bal.Fe:10.0Cr:15.0Mn:5.0A1:0.04C 30.0
EM-37 Bal.Fe:15.0Cr:15.0Mn:5.0A1:0.04C -135.0
EM-38 . Bal.Fe:20.0Cr:15.0Mn:5.0A1:0.04C 40.0

) KHR-45A: 35/45 carburization-resistant alloy (Knbota Metal Corporation).



R

exposing the specinens to a 5000-50H2 (vol.% environnment for 160 hours at
test tenperatures ranging from550C to 950C. A Cahn 1000 el ectrobal ance was
used to nmeasure the carbon pick up of the specinen. Carbon pick up is an
i ndication of nmetal dusting corrosion. A cross section of the surface of the
speci men al s&¥VWEY/BE ned usi ng an SEM EXAMPLES || | ust PEFiS2806004351p| es of
Al l oy Conpositions Using Alumnumin the Alloying Metal [0071) Table 3
belowis a list of the alloys used in these experinents. Table 3 Alloy UNS
No. Alloy Conpositions (Wight %9 W.%o6f29Q (Cr+Mi+Al | nconel 600 NO6600
Bal . Ni : 8. OFe: 15.5Cr: 0. 5Mh: 0. 3Si :.0. 1C N A " KHR-45A N A
Bal . Fe: 43.6Ni : 32: 1Cr: 1. 0Wn: 1. 7Si : 0. 9Nb: N A O 1Ti.: O 4C I ncol oy SOOH N08810
Bal . Fe: 33. ONrgg&%1 OC%, > Ehebe: P : Tl ind01
NoG501 bal  NCUTA G proBloWatl ek letol dectripdd ?Q%‘%’émgg%%fﬁhaéﬁ?g@%ﬂ "N07214
Bal . Ni : 3. OFeaRo¥GoertGedtéd: Inconl 6O0DRHR-23A OIncOloB OO, HbyehedTi4, ENMI6, EM 36
Bat . Fe: 10. OCr: 15. Ovh: 5. 0A1: 0. 04C 30.0_ EM 37
Bat . Fe: 15. 0CEM-57 @i FMicH. . Bhomsulis ofjthe gravimetric measurements are shown in

car bur | 2ai | olapliFs afte et bR eneir 15BaR dEPeNfon (imeaer 251561
PCTI US2006 O35 S 29 bA044) 691 s s Dol 85 esesoove

sanpl es of t
50C0O-50H, gas mixture for 160 hours.

Table 4
(. Alloy Wt% |Wt%Mn |Wt.% Al | Wit% of Q- | Mass Gain
' Cr (Cr+Mn+Al | (mg/cm®)

Inconel 600 | 15.5 0.5 . N/A . |60.0~65.0
KHR-45A [32.1 1.0 N/A 140.0~160.0
Incoloy 21.0 0.8 0.5 22.3 180.0~200.0
800H . ' :
Haynes 214 | 16.0 0.5 4.5 21.0 85.0~95.0
EM-36 10.0 15.0 5.0 30.0 0.6
EM-37 15.0 15.0 5.0 35.0 0.5
EM-38 20.0 15.0 5.0 40.0 0.4

[0073]  After reaction of EM-38 alloy at 650°C for 160 hours in 50CO-50H,,
the oxide films are made up of outer M50, and inner amorphous Al,O; layers.
Surface and cross-sectional SEM images in Figure 3 reveal a M30,/AL0;

( surface oxide film, wherein M is predominantly Mn but further comprises of Cr,
Al and Fe. Thus the two oxide layers formed according to the instant invention

provide metal dusting corrosion resistance to the alloy.

[0074] EM-38 alloy was tested at a higher temperature of 950°C for 160
hours in 50CO-50H,. A more complex layered structure is developed
comprising an inner MM ',0,/A},0; layer and an outer M50, layer, wherein M is
predominantly Mn, but further comprises of Cr, Al and Fe. M’ is predominantly
Al but further comprises of Cr, Fe and Mn. This is exhibited in Figure 4,

surface SEM images, and cross-sectional SEM images. Thus three oxide layers



all oys were tested: Inconel 600, KHR-45A, Incoloy 80011, Hayenes 214, EM 36,
EM 37 and EM 38. The results of the gravinetric neasurenents are shown in
Table 4. Table 4 depicts the mass gain due to carbon deposition (a neasure
of nmetal dusting corrosion) on Linde B finished alloys after reaction at
650C in 50CQawH6Qbde1gas61 M xture for 160 hours. Table 4 All QtTMh&ﬁ,wﬁfg) Vh
W.%A W%of QMss Gin O (Cr+Mh+Al) (mcnR) |Inconel 600 15.5 0.5 NI A
60.0-65.0 KHR-45A 32.1 1.0 NIA 140.0-160.0 Incoloy 21.0 0.8 O. 5 22.3

180. 0-200.0 800H Haynes 214 16.0 0.5 4.530p21.0 85.095.0 EM 36 10.0 15.0 5.0
30.0 0.6 EM37 15.0 15.0 5.0 35.0 0.5 EM38 20.0 15.0 5.0 40.0 0.4 [0073]
After reaction of EM38 alloy at 650C for 160 hours in 5000 50112, the

ot e 111 BilPEalinbly RUBIRIeAN RBORP AR B0SHE SERR 2SS

surface oxi d@esﬁdtﬁriﬂetﬂlﬁéﬁlléy.'v' I's predom nantly M but further conpri ses of
Cr, A and Fe. Thus the two oxide |ayers formed according to the instant
invention provide netal dusting corrosion resistance to the alloy. [0074]

EM 38 all oy ygg7s)estsdeditd gr{ysqmoléfm%%ﬁ‘el%bl JRfndsr1 A FJEORRE. | 1

5000- 50H2. A noré conpl ex red sttucture i s devel oped cémprising an
i nner MV204/ 372038 EMy38) veare also tosted forvREM] dl;:sﬁemg byraerpesmgrthe specmeno nant | y
Vn, but further conprises of C, A and Fe. predom nantly Al, but
further conpfiP9ED-8 H@@asqo@sgawrwentrﬂwpscé@aﬂmlé@hw&. gdteg metal syrface

SEM i nages, 811&1118 EXposire. eosrz]l%{ple YL TRG S cov LS ES B0l Wibe VaYs

accompanies metal dusting corrosion. Susceptibility of metal dusting corrosion
was investigated by optical microscopy and cross-sectional SEM examination of
the corrosmn surface. The average diameter and number of corrosion pits
observed on the surface are used as measures of metal dusting corrosion. These
results are summarized in Table 5, which shows the diameter of pits (um) and
number of pits/unit area (25 mm®) on Linde B finished alloys after reaction at

550°C in 50CO-50H, gas mixtare for 160 hrs.

Table 5

Alloy Wt |Wt% |Wt |Wi%of Q | Diameter | Number of

% Cr | Mn % Al | (Cr+Mn+Al) | of Pits Pits per 25

(pm) mm’

Incoloy 800H {21.0 |0.8 0.5 22.3 400 135
Inconel 601 23.0 0.3 1.4 24.7 30 20
Haynes 214 16,0 |05 4.5 21.0 50 : 550
EM-36 10.0 | 150 (5.0 30.0 No Pits No Pits
EM-37 150 |15.0 |5.0 35.0 No Pits No Pits
EM-38 . 200 (150 (5.0 40.0 No Pits No Pits

[0076]  All alloys except EM-36, EM-37 and EM-38 suffered extensive metal
dusting attack as shown in Table 5. Metal dusting resistance of EM alloys is
attributed to combined Cr, Mn and Al addition into the alloy, and subsequent

surface oxide film formation as described in the present invention.
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135 | nconel
550 EM 36 1
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except EM 36
shown in Tab
combi ned Cr,
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Meal(m and Nt
reaction

at

nunber of pits/unit area (25 M) on Linde B
550C in 5000-50H2 gas m xture for
erfthent§o & Mh % Al

160

Pits Pits per 25 (Pm) mmIncoloy 800H 21.0 0.8 0.5 22.3 400
601 23.0 0.3 1.4 24.7 30 Zgbledaynes 214 16.0 0.5 4.5 21.0 50
B-0—35-0—-5-0-30-0NoPi4+5No—Ri4-5—FM-37345-0-35-0-5-6-3590 No
ABRY 38 20, U No-5| Lo Copppsitans SWRghE s [ 007d] Va0l | by
EM 37 and! EM 38 ffered_extensive netal —dusti AGrEMp ﬂ as
3045S \pt ol | §3@400ng| BelHedh MNAS. 20 1WR0I584:0.06€  dr20di hited|t o
BDSSnd Al _a8819000n| Balthe: 21 KNI Z51063:2. Qv | SE18 830 ent28.5
Incoloy 800H | NO8810 | Bal.Fe:33.0Ni:21.0Cr:0.8Mn:0.45i:0.5A1:0 | 22.2
S5Ti:0.07C

Inconel 600 | NO6600 | Bal.Ni:8.0Fe:15.5Cr.0.5Mn:0.381:0.1C 1 16.3

KHR45A 0 | N/A Bal.Fe:43,6Ni:32.1Cr:1.0Mn:1.7Si:0.9Nb: | 34.8
0.1Ti:0.4C

EM-200 Bal.Fe:8.2Ni:16.4Cr:8.1Mn:4.08i:0.1C:0.1 | 28.5
N

Y KHR-45A: 35/45 carburization-resistant alloy (Kubota Metal Corporation).

[06078]

Following the procedure described above, samples of the following

alloys were tested: Inconel 600, KHR-45A and EM-200. The results of the

gravimetric measurements are shown in Table 7, which depicts the mass gain

due to carbon deposition (a measure of metal dusting corrosion) on Linde B

finished alloys after reaction at 650°C in a 50CQO-50H, gas mixture for 160

hours.
Table 7
Alloy Wit.%Cr |Wt% Mn | Wt.% Si | Wi% of @ Mass Gain
(Cr+Mn+5i) (mg/em?)

Inconel 60¢ | 15.5 0.5 03 1163 60.0~65.0
KHR-45A 32.1 1.0 1.7 34.8 140.0~160.0
EM-200 16.4 8.1 4.0 28.5 0.0

[0079]  After reaction of EM-200 alloy at 650°C for 160 hours in 50CO-50H,,

the oxide films are made up of outer MnO layer and an inner MnCr,0, layer

with a continuous amorphous silica sub-layer. A cross-sectional SEM image in

Figure 5a reveals a two-layered MnO/MnCr,0, structure. Figure 5b, a bright

field TEM image, shows an amorphous silica sub-layer at the oxide/alloy



surface oxide filmformation as described in the present invention. WO
2006/ 121561 PCTI US2006/ 013515 -31 Illustrative Exanples of Alloy
Conpositions Using Silicon as the Alloying Metal [0077] Table 6 belowis

list of the adeusn1sed i n these experinents. Table 6 Al Lpy Al | oy
Conposi tions (Veight % W.%of Q (Cr+M+Si 304SS s90408E T 0sAists

Bal . Fe: 8. 2Ni : 18. 2Cr: 1. 4Mh: 0. 5Si : 0. 06C 20.1 310SS S31000

Bal . Fe: 21. ONi : 25. OCr: 2. OMh: 1. 5Si : 0. 25C 2855 Incol oy 800H NO8810

Bal . Fe: 33. ONi : 21. OCr: 0. 8Mn: 0. 4Si : 0. 5A1: 0 22.2 .5Ti:0.07C I nconel 600 NO6600
Bal . Ni : 8. CFe: 15. SCr 0.5Mn:0.3Si:0.1C 16.3 KHR-45A N A

Bal . Fe: 43. 6N 1. b: 34.8 0. 4C. EM 200..
Bal o, 6 o THETaGE  Eis HiEs tsige laye tarmetbactording fo s et b pgtion
carburizatio Jﬁéé ﬁkgﬂg? ?tgl]é%é’orf&ﬂ?{e@l %‘f@bﬁ%é} yat ion). [0078] Foll ow ng

t he procedur déscr sanpl e e foll'owng alloys were tested:
I nconel 600, KHR-45A and EM 200. The results of the gravimetric

nmeasur enent s t eto
car bon deposi[ﬁsg)ll éﬁgo o‘?asr%ftgﬁ aﬁgéfﬁﬁ‘%éfeéﬁ?ﬁg’%@rgﬁfé (ﬁ%ﬁaﬁ&gﬂ
finished all %ﬁ'rseiﬁtSQCG 3 'ﬁ%@fe ﬂh)@rm&%’% &é\ﬁzld’ﬂe&t ure for 160
hours. Table 7 Alloy I /oCrW % "% S W% of Q Mass Gain
(Cr+Wn+Si ) ( nompg}ing an mner Si0,/Mn,Si04 layer and an outer Cr;05/MnCr,0, duplex

layer with MnO crystals on the surface. This is shown in Figure 6, whichis a

cross sectional SEM image. Thus three oxide layers formed according to this

instant invention provide metal dusting corrosion resistance to the alloy.

[0081] Selected alloys (304SS, 310SS, Incoloy 800H, Inconel 600, KHR-45A
and EM-200) were also tested for metal dusting by exposing the specimens to a
50CO-50H; gaseous environment at 550°C for up' to 160 hours. After metal
dusting exposure, the sample surface was covered with carbon, which always
accompanies metal dﬁsting corrosion. Susceptibility of metal ausﬁng corrosion
was investigated by optical microscopy and cross-sectional SEM examination of
the corrosion surface. The average diameter and number of corrosion pits
observed on the surface are used as measures of metal dusting corrosion. These
results are summarized in Table 8, which depicts the diameter of pits(pum) and

number of pits/unit area (25 mm?) on Linde B finished alloys after reaction at

550°C in 50CO-50H, gas mixture for 160 hs.

Table 8
Alloy Wt% | Wt.% | Wt.% | Wi% of @ | Diameter of | Number of Pits
Cr Mn Si (Cr+Mn+Si) | Pits (um) | | per 25 mm?
30488 18.2 1.4 0.5 20.1 310 260
31088 250 {20 1.5 28.5 .| 80 5
Incoloy 800H | 21.0 |0.8 0.4 222 400 135
Inconel 600 155 |0.5 0.3 16.3 70 750
KHR-45A 321 |10 1.7 34.8 90 320
EM-200 164 8.1 4.0 28.5 No Pits. No Pits




| nconel 600 15.5 0.5 0.3 16.3 60.0-65.0 KHR-45A 32.1 1.0 1.7 34.8
140.0-160.0 EM 200 16.4 8.1 4.0 28.5 0.0 [0079] After reaction of EM 200
all oy at 650C for 160 hours in 5000-50H2, the oxide filns are nmade up of
outer MO | a i nner MhCr204 Iayer with a contin us
silica sub- I?@g%ﬁe %?oss sectional SEMinmage in Figure Egﬂﬁgﬁgﬁﬁgﬂg

two- |l ayered MhQ MhCr204 structure. Figure 5b, a bright field TEM i nmage,
shows an anorphous silica sub-layer at thg oxide/alloy WO 2006/ 121561

PCT/ US2006/ 013515 - 32 interface. Thus thréee oxide |ayers formed according to
this instant invention provide nmetal dusting corrosion resistance of the

2O AT el T SRt
compr 151 ng. anaes TAREPEMASPlud MSE.iRH s B 300 CHACR MR ife

| ayer with Nh crystals on't sur IST1S'S which is
a cross sectdogibihedSENNIARAE Si Aldidioh hit@@h@%m@e ahamns@qﬁ@ﬁtrmﬁfae@@ﬁaéh ng to
this instant invention provide netal dusting corrosion resistance to the
al | oy. [ 0081 ilsdfosmaten a3 lesgsibeddnds praseossventienl oy 800H, | nconel 600,

KHR- 45A and .EM 200) were al so tested for netal dusting by exposing the
specinens to a 5000-50H2 gaseous environnent at 550C for up to 160 hours.
After netal dusting exposure, the sanple surface was covered with carbon
whi ch al ways acconpani es netal dusting corrosion. Susceptibility of netal
dusting corrosion was investigated by optical mnicroscopy and
cross-sectional SEM exam nation of the corrosion surface. The average

di anet er and nunber of corrosion pits observed on the surface are used as
nmeasgres of netal dusting corrosion. These results are sumarized in Table
8, which depicts the dianeter of pits(m and nunber of pits/unit area (25
m2) on Linde B finished alloys after reaction at



550C in 50C0O- 50H2 gas m xture for 160 hrs. Table 8 Alloy W.% W. % W . % W %
of Q Dianeter of Nunmber of Pits O M1 Si (Cr+Wh+Si) Pits (nm) per 25 mtR
304SS 18.2 1.4 0.5 20.1 310 260 31CSS 25.0 2.0 1.5 28.5 80 5 |Incol oy 800H
21.0 0.8 0.4 22.2 400 135 Inc6nel 600 15.5 0.5 0.3 16.3 70 750 KHR-45A 32.1
1.0 1.7 34.8 90 320 EM 200 16.4 8.1 4.0 28.5 No Pits. No Pits WD

2006/ 121561 PCTI US2006/ 013515 33 [0082], Al all oys except EM 200 suffered
extensive netal dusting attack as shov #in Table 8. Metal dusti ng

resi stance of EM 200 alloy is attributed to conbined C, M and Si addition
into the alloy, and subsequent surface oxide filmformation as described in
the presentcpAmastion. -34- CLAIMS 1. An alloy conposition with a

mul ti-layer surface oxide filmresistant to netal dusting corrosion
conprising: a) an alloy (PQR having a surface, wherein P is a netal

sel ected from.t € St LNG: - : 1 eof
wher ol n t hel- SniSy SEABRIERIEE L LA Bl Bl oxibERLFRM LIRS AHED o
(PAR), Q i scoabdsiah baypigngret al conprising C, M, and Al wherein the anount

of Cr, M, and fd c?rrpris%}éa,t | east about, 20 wt % of (PQR), and R is an
al | oyi ng el enent® amaliey (8 f9giasedacsyWHEre. 01 wt % to about 5.0 wt % of

&Eg'j)ei nagg i 3) 2 P latrhothIA¥REte@ HoHAhE btolh @bnsiding of HE,MNACE0 Qind SRk ! th@¥ot( POR) ,

wherein the amount of Fe, Ni, and/or Co comprises at least about 40 wt % of (PQOR),

@ is an alloying metal comprising Cr, Mn, and Al wherein the amount of Cr, Mn,
and Al comprises at least about 20 wt % of (PQR), and

R is an alloying element wherein R comprises about 0.01 wt % to about 5.0 wt %
of (PQR), and

b) a multi-layer oxide film on said surface of said alloy (PQR), wherein said
multi-layer oxide film comprises at least three oxide layers, wherein

a first oxide layer comprises an oxide selected from the group consisting of a
manganese oxide, a manganese chromate, a chromium oxide, and mixtures thercof, and is
an outer layer located adjacent to a third oxide layer,

a second oxide layer comprises aluminum oxide, and is located between the
surface of said alloy (PQR) and said third oxide layer, and

said third oxide layer comprises manganese aluminum oxide, and is located

between said first oxide layer and said second oxide layer.

2. The alloy composition of claim 1, wherein said alloying metal @ consists essentially of
Cr at a concentration of at least about 10 wt %, Mn at a concentration of at least about 2.5

wt %, and Al at a concentration of at least about 2.0 wt % of said alloy (PQR).
3. The alloy composition of claim 1, wherein said alloying element R is selected from the
group consisting of B, C, N, Si, P, Ga, Ge, As, In, Sn, Sh, Pb, Sc, La, Y, Ce, Ti, Zr, Hf,

V, Nb, Ta, Mo, W, Ru, Rh, Ir, Pd, Pt, Cu, Ag, Au, and mixtures thereof.

4. The alloy composition of claim 1, wherein said multi-layer oxide film further



mul ti-layer oxide filmconprises at |east three oxide |ayers, wherein a
first oxide |layer conprises an oxide selected fromthe group consisting of a
manganese oxi de, a manganese chronmate, a chrom um oxi de, and m xtures
thereof, and is an outer |ayer |ocated adjacent to a third oxide |layer, a
second oxi de | ayer conprises alum num oxide, and is |ocated between the
surface of said alloy (PQR) and said third oxide |ayer, and said third oxide
| ayer conprises manganese al umi num oxi d% and is |ocated between said first
oxi de layer and said second oxide layerz”2. The alloy conposition of claim
1, wherein said alloying netal Q consists essentially of C at a
concentration of at |east about 10 wt % M at a concentration of at |east

about 2.5 coinpbisesdnd oo elénes) ot thah koo, Mn, bﬁA&tseRhﬁd!froﬁL te ptoufo of
said all oy (PQ?) 3. The al_| oy conposition of claiml, whereip said alloying

el enent R iconsigingof exid feghf; pd allessnmmesh@ seid ﬁb)ymg gfgment Rypndgpixtpses | Ge,
As, In, ,th%gobe Sc La, Y, Ce, Ti, Zr, H, V, No, Ta, Mo, W Ru, Rh,
lr, Pd, Pt g, and mxtures thereof. 4. The all oy conposition of
claim1l, wherein sai d mul ti - | ayer oxide filmfurther -35- conprises one or
nore el errent her than an o,f .. M), ar A, selected fromthe group
consi sting %i’hgglﬁqy WB%PQF‘“P“O SWWlﬂémﬂﬂeéﬁl Pgomprises "éﬁqa&ﬂbﬂ&t%nt R,
and m xtur eg safdwo%gme%al d E@nﬁéem{t 1@&%&3@ AR tn® sl HI'Ié%mng/\él@rh@ﬂtm sai d
metal P conprises at | east % said alloying retal Q conprises

at | east alroupri$s apoutth0 whth Tsatbduteﬁl(!wy?/m:fsald@ﬂeﬂfl’@i) conprises about 1.0 wt
%to about 5.0 wt % of said alloy (PQR). 6. The alloy conposition of claim
5, wherein said alloying netal Q consists essentially of C at a

concent r at '@Wh@ﬁll@tcch%@ﬁfhoﬁlbpblblﬁﬁ Wierdin s&Yb aBbyifg SRAL Oiohskt efemiallglof | east
about 7.5 w % at a concentration of at |east about 4.0 wt % of

sai d al | oy Qm@myoncﬁntrawnaaf pblpast hgys 30 vVt Gm N e epnaentiation af/alleast atoyELS oxi de
filmresistant 1gq A[[%E&‘ o&‘éﬁ&ét{b% of GPIER SO 4G, F 501918y (FBRA! | 0V (PQR)

havi ng a surface,

7. An alloy composition with a multi-layer surface oxide film resistant to metal dusting
corrosion comprising:

a) an alloy (PQR) having a surface, wherein

P is a metal selected from the group consisting of Fe, Ni, Co, and mixtures thereof
wherein the amount of Fe, Ni, and/or Co comprises at least about 40 wt % of (POR),

Q is an alloying metal comprising Cr, Mn, and Si wherein the amount of Cr, Mn,
and Si comprises at least about 20 wt % of (PQR), and

R is an alloying element wherein R comprises about 0.01 wt % to about 5.0 wt %
of (POR), and

b) a multi-layer oxide film on said surface of said alloy (PQR), wherein said
multi-layer oxide film comprises at least four oxide layers, wherein

a first oxide layer comprises manganese oxide, and is an outer layer located
adjacent to a second oxide layer,

said second oxide layer comprises an oxide selected from the group consisting of
a manganese chromate, a chromium oxide and mixtures thereof, and is located between
said first oxide layer and a fourth oxide layer,

a third oxide layer comprises silicon oxide, and is located between said fourth

oxide layer and said alloy (PQR), and



Pis a netal selected fromthe group consisting of Fe, Ni, Co, and m xtures
thereof wherein the amount of Fe, Ni, and/or Co conprises at |east about 40
w %of (PQR), Qis an alloying nmetal conprising C, M, and Si wherein the
amount of Cr, M1, and Si conprises at |east about 20 wt % of (PQR), and R
is an alloying el enent wherein R conprises about 0.01 vt %to about 5.0 Wt %
of (PQR), and b) a multi-layer oxide filmon said surface of said all oy
(PQR), wherein said nmulti-Ilayer oxide'@@fn1conprises at | east four oxide

| ayers, wherein a first oxide |ayer conprises nanganese oxide, and is an
outer layer |ocated adjacent to a second oxide |layer, said second oxide

| ayer conprises sa foudtfiekid&la9et Rehptic@hiiandE SiliBorr £418¢, 2hi R oOkted RtVEAJaANESE
chromate, a chrom um oxi de and m xtures thereof, and is | ocated between

sai d first seiisgeondayide layed and saidithind azsdedevarayer, a third oxide | ayer
conprises silicon oxide, and is |ocated between said fourth oxide |ayer and
said alloy (PQR), and -36- said fourth oxide |ayer conprises nanganese
silicon oxigl@he allel ¢cingositiah @f claih Reeiersiaisaid aticying mewil @econaiy® kssenithllyaifd t hird
oxide layer. 8. The alloy copposjtion of claim?7, wherein sqid ;%%oging
metal Q corfshdpsoresupquatiayleast abeyt 1gpwize. MR abheqnsertEriop ot aklegseaout 6out 10

W % M atg@y,C go?@f & %ﬂc@ﬁ\tg&fi’ifon%&' ol 1B2F Eb(ﬁlp?.@twt@é Qf s 218y %)Si at a

concentration o east about 2.0 wt % of said alloy (P 9. The all oy
conposi tion of claim?7, wherein said alloying elenent Ris selected fromthe
gy oup. cons! S 0oy cq%’apogifigll}l’oﬁgair%\?,’ vieingaid afloviag Ql’e}ggﬂ%fsbée;gg 2 R S "
m xtures t hgggpionsiting JiS @IN,M, BAED@R, A50R, SH, S6! P, e /La, WheteeT]) 78 31

mul ti-layer oxide filmfurther —conprises one or nore elenents, other than
any of Cr, YéaNb,dm, Blo, Vs RueRhelt, Bd, §inGuh dgghosmd mishsesshéraef. of said netal P,
said alloying netal Q said alloying elenment R, and m xtures thereof.

10. The alloy composition of claim 7, wherein said multi-layer oxide film further
comprises one or more elements, other than any of Cr, Mn, or Si, selected from the group
consisting of said metal P, said alloying metal @, said alloying element R, and mixtures

thereof.

11. The alloy composition of claim 9, wherein said metal P comprises at least about 60
wt %, said alloying metal Q comprises at least about 30 wt %, and said alloying element
R comprises about 1.0 wt % to about 5.0 wt % of said alloy (PQR).

12. The alloy composition of claim 11, wherein said alloying metal @ consists essentially
of Cr at a concentration of at least about 20 wt %, Mn at a concentration of at least about

8.0 wt %, and Si at a concentration of at least about 4.0 wt % of said alloy (PQR).

13. An alloy composition with a multi-layer surface oxide film resistant to metal dusting
COrrosion comprising:

a) an alloy (PQR) having a surface, wherein

P is a metal selected from the group consisting of Fe, Ni, Co, and mixtures thereof

wherein the amount of Fe, Ni, and/or Co comprises at least about 40 wt % of (PQR),



11. The all oy conposition of claim9, wherein said netal P conprises at

| east about 60 wt % said alloying netal Q conprises at | east about 30 wt
% and said alloying element R conprises about 1.0 wt %to about 5.0 wt %
of said alloy (PQR). 12. The alloy conposition of claim1l, wherein said
alloying metal Q consists essentially of C at a concentration of at |east
about 20 wt % M at a concentration of at |east about 8.0 w % and Si at
a concentration of at |east about 4.0 w87 % of said alloy (PQR). 13. An all oy
conposition with a nmulti-layer surface oxide filmresistant to netal dusting
corrosion conprising: a) an alloy (PQR) having a surface wherein Pis a

metal selected fyomthe .group,consisti Fe, nd m xt s t her eof
wherein the ano ’ﬁaﬁﬁﬁ%gg me{%ﬂ 8?1‘817165311*?(%19%&1 aglgg thefeé'é R ot s * Wt % of
(PQR), - 37-MfK) AlSardlBidbnphisdatit Rtabo@ QIR bhPAER), s, Al, and Si wherein the
amount of Cr, Mh, A, and Si conprises at |east about 20 Wt % of (POR), and

Ris an alloyi nd iskeebeningwementvirrein Bsompssescbhout 0.0l vl %o abputd.Glblt 5.0 wt
% of (PQR) Uﬁﬁﬂb a multi-layer oxide filmon said surface of said all oy
(PQAR), wherg 2;. multi-layer oxide filmconprises at |east three oxide

| ayers, wher ei nbgaultslayexdxle fimy 6t saidsmface 6fsathalwyi (P@RYeWRatiadaidr om t he
group consisting of a _manganese oxide, a manganese chromate, a chrom um
oxi de, andrwsweé@mfi%éh@e?mplawa a @aStgﬁe%‘Qﬂl‘éfrlaV%Wé’F qr‘BBat ed adjacent to a

third oxide 'ay%rfrstaoxﬁﬁq 9 f&s hA%Ee CO0RE £&37 f%%&h §6a Silicon
Sl I n OXI da

oxide, a solid ol Ut on m num oxI de an m Xt ures
t her eof annhmgsnelse)oﬂﬂedi matgamsa chivenates & chosum foxglaj ahda:hbcuyes(tﬁeﬁ)f amtissai d

third oxide | a e , a]fr; %?fg t hj rd de | ayer conprises manganese al um num
oxi de, nmand&fé éaé’Fli %egkto aé FH“Q? & thereof, and is located
between said fi psbeondiodRlellAMeEoRMthes AluphififE BXide, sﬁi&bﬂ%xid@)’aﬁ&ohdjaf}luu&h@f al | oy
conmposition of claim 13, wherein said alloying netal Q consists essentially
aluminum oxide and silicon oxide, and mixtures thereof, and is located between the
surface of said alloy (P@QR) and said third oxide layer, and
said third oxide layer comprises manganese aluminum oxide, manganese silicon

oxide, and mixtures thereof, and is located between said first oxide layer and said second

oxide layer.

14. The alloy composition of claim 13, wherein said alloying metal Q consists essentially
of Cr at a concentration of at least about 10 wt %, Mn at a concentration of at least about
2.5 wt %, Al at a concentration of at least about 2.0 wt %, and Si at a concentration of at

least 2.0 wt % of said alloy (POR).

15. The alloy composition of claim 13, wherein said alloying element R is selected from
the group consisting of B, C, N, P, Ga, Ge, As, In, Sn, $b, Pb, Sc, La, Y, Ce, Ti, Zr, Hf,
V, Nb, Ta, Mo, W, Ru, Rh, Ir, Pd, Pt, Cu, Ag, Au, and mixtures thereof.

16. The alloy composition of claim 13, wherein said multi-layer oxide film further
comprises one or more ¢lements, other than any of Cr, Mn, Al or Si, selected from the
group consisting of said metal P, said alloying metal @, said alloying element R, and

mixtures thereof.



. g e e e

of O at a concentration of at Ieast about 10 w % Nh at a concentration of
at least about 2.5 w % Al at a concentration of at |east about 2.0 wt %
and Si at a concentration of at least 2.0 wt % of said alloy (PQR). 15. The
all oy conposition of claim 13, wherein said alloying element Ris selected
from the group consisting of B, C N, P, Ga, Ge, As, In, Sri, Sh, Pb, Sc,
La, Y, Ce, Ti, Zr, H, V, Nb, Ta, Mo, W Ru, Rh, Ir, Pd, Pt, Cu, Ag, Au,
and m xtures thereof 16. The alloy conpegition of claim 13, wherein said
multi-layer oxide filmfurther conprises one or nore elenents, other than
any of Cr, Mh, Al or Si, selected fromthe group consisting of said netal
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w % and sai oyi n R conprises about 1.0 wt %'t o0 about 5.0 wt
% of said af taypr{seQout 1.8 . wtTheo ahdub§. Ooﬂr%oﬁseud dffoyc(ﬂ’QtR)al m 17, wherein said
al loying metal Q consists essentially of Cr at a concentration of at |east
about 20 wt % WM at a concentration of at |east about 6 w % A at a

concent r at i (@NTRE alfy aoﬁggasmaibepélmﬁl 07, Whelén @aﬁtﬂa@yuﬁgtm@tapg REAN &bépnef at
(0]

| east about 4.0 wt "% sai d POR) . . A net hod preventi ng netal
dusting of qfﬁratag@mﬁm@n@ipﬁg@@lab@ta@%&’n Mrs@trﬁeqogammaa@@@lf Baestabanent s

conpri si ng ff)tvvfe sk?gtacoln \é 91!1” at?ealrr%b%utfb”f?:%flo n%t Zﬁ%nde%tljaggn&onpoy tion

with a nulti=1ayer “sur oxi de T BT AT stin corrosion,

wher ei n salléasahﬁcmyzlOaﬁmafﬁdi@mllogqmﬂ)ses. a) an alloy (PQR haV| ng a
surface, wherein Pis a netal selected fromthe group consisting of Fe, N,
Co, and m xtures thereof wherein the anount of Fe, Ni, and/or Co conprises

at least aboui 4 n%?gﬁ{enéiﬁé@etal %ﬁgtiﬁggﬁg@'{ QG SBbald tSQfﬂgE»ﬁs' ng Cr, M,

and Al wherein t conpri Ses at ast about 20 wt
% of (PQR) ,supershtﬁaied eavir@lnhamys cogipelsmugeint stophafipeo vidiRg @ongdalissgsceabidudn 0. 01 Wt %
to about 'a(I)on cogg)osition with a multi-layer surface oxide film resistant to metal dusting
corrosion, wherein said alloy composition comprises:
a) an alloy (P@R) having a surface, wherein
P is a metal selected from the group consisting of Fe, Ni, Co, and mixtures thereof
wherein the amount of Fe, Ni, and/or Co comprises at least about 40 wt % of (PQR),
Q is an alloying metal comprising Cr, Mn, and Al wherein the amount of Cr, Mn,
and Al comprises at least about 20 wt % of (P@R), and
R is an alloying element wherein R comprises about 0.01 wt % to about 5.0 wt %
of (POR), and
b) a multi-layer oxide film on said surface of said altloy (P@R), wherein said
multi-layer oxide film comprises at least three oxide layers, wherein
a first oxide layer comprises an oxide selected from the group consisting of a
manganese oxide, a manganese chromate, a chromium oxide, and mixtures thereof, and is
an outer layer located adjacent to a third oxide layer,
a second oxide layer comprises aluminum oxide, and is located between the
surface of said alloy (PQR) and said third oxide layer, and

said third oxide layer comprises manganese aluminum oxide, and is located

between said first oxide layer and said second oxide layer.



of (PQR), and b) a nmulti-layer oxide filmon said surface of said alloy
(PQR), wherein said multi-layer oxide filmconprises at |east three oxide
| ayers, wherein a first oxide |ayer conprises an oxide selected fromthe
group consisting of a nanganese oxi de, a manganese chronmate, a chrom um
oxi de, and m xtures thereof, and is an outer |layer |ocated adjacent to a
third oxide |layer, a second oxide |ayer_conprises alum num oxide, and is

| ocat ed between the surface of said aT$%y (PQR) and said third oxide |ayer
and said third oxide | ayer conprises nmanganese al um num oxi de, and is

| ocated between said first oxide |layer and said second oxide |ayer. -39-

20. The netpodhoheRhE¥LRELORinE Bl dditisianBlamt 16 valeRid Said Wheift MePHd
alloying netal Q consists essentially of G at a concentration of "at |east
about 10 wcogisthessetially of Eneteneanatitetionpf dteasezbout Hbwtite. Mgatat % and Al at

a concentration of at.|east,a 0,0 % of said.all POR). . . The
rethod of | pPevantharEa EAR B by ey o Al e Fenetand s A B i

el ement R % sf s&ed gedyq®@dmom the group consisting of B, C N, Si, P, Ga, Ge,
As, In, Sn, Sb, Pb, Sc, La, Y, Ce, Ti, Zr, H, V, No, Ta, Mo, W Ru, Rh,
lr, Pd, Pt, Cu, Ag, Au, and m xtures thereof. 22. The nmethod of preventing

ot al  duStiAGTRl meh 84 B SlventiiB LD il Jrdlith b YRR g et

conpri ses onée or nore e el ected
fromthe griosgectatiim thengonf codistihg@t B C, N, Ss.dl, GraaGkods, by SiefalPo(BSc,dad sai d

al 1 oyi ng | e t R..an 1 xtures _thereof. 23 he net hod, of preventing
met al dustﬁﬁﬁ&l’&rﬁ‘ﬁ\\gﬁ’m&w’ E‘Po@%d{’ﬁé’ b %Et%& A‘élﬁ‘?‘fl%’é&ﬂsth an all oy
conposi tion,Les stant to netal dusting corrosion conprises the steps

sel ected fromthe group consisting of: a) constructing said netal surface of
said all oy conposition resistant to netal dusting corrosion,

22. The method of preventing metal dusting of claim 21, wherein said muiti-layer oxide
film further comprises one or more elements, other than any of Cr, Mn, or Al, selected
from the group consisting of said metal P, said alloying metal 0, and said alloying

element R, and mixtures thereof.

23. The method of preventing metal dusting of claim 19, wherein providing a metal
surface with an alloy composition resistant to metal dusting corrosion comprises the steps
selected from the group consisting of:

a) constructing said metal surface of said alloy composition resistant to metal
dusting corrosion,

b) coextruding as an outer layer said metal surface with said alloy composition
resistant to metal dusting corrosion with one or more other layers of steel or nickel base
alloys,

¢) coating said metal surface with said alloy composition resistant to metal
dusting corrosion, and

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

24. The method of preventing metal dusting of claim 23, wherein said coating step c) is
selected from the group consisting of thermal spraying, plasma deposition, chemical

vapor deposition, and sputtering.
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b) coextruding as an outer |ayer said netal surface with said all oy
conposition resistant to netal dusting corrosion with one or nore other
| ayers of steel or nickel base alloys, c) coating said nmetal surface with
said alloy conposition resistant to netal dusting corrosion, and d) a
conbi nati on of steps a), b) and c). 24. The nmethod of preventing netal
dusting of claim 23, wherein said coating step ¢c) is selected fromthe
group consisting of thermal spraying, p#hsma deposition, chem cal vapor
deposition, and sputtering. -40- 25. The nethod of preventing netal dusting
of claim24, wherein said alloy conposition is fromabout 10 to about 200

' [ hi.ck . . Th d .of [ | ' f clai
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sai d al | oy ig@8RQASbEL [Ono abod 200 hhiGBnspBitEREyr ated netal dusting _
environment. 27. The method of preventing nmetal dusting of claim 19, wherein

said all oy conposition conprises the inner surface of refinery apparatus
and react ory.s ¢ I+ 28. A
Tothod of P oyEt Phof SERRFEh ot AR o SHRE O LG Bh See S PR

super sat ur dileds émnied onsienhsing onpof saidedlol kempowporoih apradondupeysauraed al surface
with an alloy conposition with a multi-layer surface oxide filmresistant
to netal ddg?tglr‘fb‘ tﬂ&)‘?‘“F’HQ‘i‘IBW,‘t' wherein said conposition conprises: a) an all oy
(PQR) having a surface, wherein Pis a netal selected fromthe group
consisting of Fe, Ni, Co, and m xtures thereof wherein the anount of Fe,

Ni , and/ or LoThompthod efpreveriting suetal dosting4d cleim 4P ofhgreiamRyid athoy somposiidnoyi ng

I i Si . M d Si in th t of Cr, M d,Si
Compr i S5, dE PRSI 580 A ety R o Pe S s ig MR
wherei n R copRidtsesd2h@dnntbn@l Wt % to about 5.0 wt %

28. A method of preventing metal dusting of metal surfaces exposed to carbon
supersaturated environments comprising the step of providing a metal surface with an
alloy composition with a multi-layer surface oxide film resistant to metal dusting
corrosion, wherein said composition comprises:

a) an alloy (PQR) having a surface, wherein

P is a metal selected from the group consisting of Fe, Ni, Co, and mixtures thereof
wherein the amount of Fe, Ni, and/or Co comprises at least about 40 wt % of (PQR),

@ is an alloying metal comprising Cr, Mn, and Si wherein the amount of Cr, Mn,
and Si comprises at least about 20 wt % of (PQR), and

R is an alloying element wherein R comprises about 0.01 wt % to about 5.0 wt %
of (PQR), and

b} a multi-layer oxide film on said surface of said alloy (PQR), wherein said
multi-layer oxide film comprises at least four oxide layers, wherein

a first oxide layer comprises manganese oxide, and is an outer layer located
adjacent to a second oxide layer,

said second oxide layer comprises an oxide selected from the group consisting of
a manganese chromate, a chromium oxide and mixtures thereof, and is located between

said first oxide layer and a fourth oxide layer,



of (PQR), and b) a nmulti-layer oxide filmon said surface of said alloy
(PQR), wherein said multi-layer oxide filmconprises at |east four oxide

| ayers, wherein a first oxide |ayer conprises nanganese oxide, and is an
outer layer |ocated adjacent to a second oxide |ayer, said second oxide

| ayer conprises an oxi de selected fromthe group consisting of a nmanganese
chromate, a chrom um oxi de and m xtures thereof, and is | ocated between

said first oxide layer and a fourth oxi | ayer, -41- a third oxide |ayer
conprises silicon oxide, and is |ocated between said fourth oxide |ayer and
said alloy (PQR), and said fourth oxide |ayer conprises nanganese silicon
oxide, and is |located between said second oxide |ayer and said third oxide

| ayer. 29. The gehikbekidd laperaoaipiisesosiliteh akidd sidiinpcattd bitaiesn 28 fosktkr ei n sai d
alloying elenent Q consists essentially of Cr at a concentration of at
| east abouPXEGIWFr@?i%Hfﬂﬁwépggaﬁﬁgntration of at |east about 6.0 wt % and

Si at a concent LghigQRx laizeﬁ-%g{?g??ér%gﬁagga&s%ilicgz{%&ﬁeﬁ %&lis%éa%ﬂdlfegﬁ%yi ‘;’8

The net hod of preventing neta clarm erel n sal

el ement R shid ss@ind kil ldycoand sapl dirdwpidedaysi.sting of B, C, N, A, P, Ga, Ge,
As, In, Sn, Sb, Pb, Sc, La, Y, Ce, Ti, Zr, H, V, No, Ta, Mo, W Ru, Rh,
lr, Pd, Pt, Cu, Ag, Au, and m xtures thereof. 31. The nethod of preventing

netal dust i200TRf méthad BF Seventi@ i) diing oMdlalth Qk,aymreiﬁ&&iaauoﬁh%_ kit drer
conprises one or nore elenents, other than any of G, M), or Si, selected

from t he grougstsementially o Cott sseongentration ofat leagt abont 1yt gMrettal Q said
alloying ele 1 Xt ur er . 1 t I ng
nmet al dust icﬁg&gﬁra@na?fﬁﬁgggaéﬂ%{rﬁ# %r’ 81\?#)%5 aﬁg%‘éncﬁgﬁ%tﬁ og(éflfeg%gg\g/&%;éﬁdq‘g%n al | oy
conposi ti o, besdidilot(POR)et al dusting corrosion conprises the steps

sel ected fromthe group consisting of:
30. The method of preventing metal dusting of claim 28, wherein said alloying element R
is selected from the group consisting of B, C, N, Al, 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.

31. The method of preventing metal dusting of claim 30, wherein said multi-layer oxide
film further comprises one or more elements, other than any of Cr, Mn, or Si, selected
from the group consisting of said metal P, said alloying metal @, said alloying element R,

and mixtures thereof.

32. The method of preventing metal dusting of claim 28, wherein providing a metal
surface with an alloy composition resistant to metal dusting corrosion comprises the steps
selected from the group consisting of:

a) constructing said metal surface of said alloy composition resistant to metal
dusting corrosion,

b) coextruding as an outer layer said metal surface with said alloy composition
resistant to metal dusting corrosion with one or more other layers of steel or nickel base
alloys,

¢) coating said metal surface with said alloy composition resistant to metal

dusting corrosion, and



a) constructing said netal surface of said alloy conposition resistant to
nmetal dusting corrosion, b) coextruding as an outer |ayer said netal
surface with said alloy conposition resistant to nmetal dusting corrosion
with one or nore other |layers of steel or nickel base alloys, c) coating
said netal surface with said alloy conposition resistant to nmetal dusting
corrosion, and -42- d) a conbination of fteps a), b), and c¢). 33. The net hod
of preventing netal dusting of clain132? Wherein said coating step c) is
selected fromthe group consisting of thermal spraying, plasma deposition,
chem cal vapor deposition, and sputtering. 34. The nethod of preventing

met al dusting ofd)glkahPindidon ¥&peiaf) b3ahd cpl | oy conmposition is fromabout 10
to about 200 mcrons in thickness. 35. The nethod of preventing netal

dusting of claim28, wherein said nulti-layer oxide filmis formed in situ

during use @f Tﬁeﬂlng?sﬁ 'ggﬁ(regﬁgﬁ@e{% gﬂ%t-*n% of claith %Q,r'wﬁéf‘gﬁrs?iﬁ&u{ltﬂ'}ges%p cp'?sf: al

dusting envifonmne preventing neta usting o | ai m 28,
wher ei n saisdleatel Gymcthapetip cbmisting @fiffetiadSptagimg| plagna depobisior, chémicef i nery
apparatus and reactor systens .exposed to a carbon supersaturated

envi r onnent¥APFLCPRSINRN, RRYSRIfCHR%vent i ng netal dusting of metal surfaces
exposed to carbon supersaturated environnents conprising the step of
providing a netal surface with an alloy conposition with a nulti-I|ayer
surface oxideThe innthoé of pemertingenatal tdastingudiclaig 33 cohereigisaid, allah eprapositimi d

conposition _conprises:. a | l.oy (P having a surface, wherein Pis a
netal sel eéfﬁfamfﬁrb%e@% aé?%ggaggﬁrépéﬁ%hﬁss'%, Ni, Co, and mi xtures thereof
wherein the anount of Fe, Ni, and/or Co conprises at |east about 40 wt % of
(PR, Qis an alloying metal comprising Cr, M1, A, and Si_ wherein the
anmount of G5 The method of preventing metal dusting of claim 28, wherein said multi-layer oxide

film is formed in situ during use of said alloy composition in a carbon supersaturated

metal dusting environment.

36. The method of preventing metal dusting of claim 28, wherein said alloy composition
comprises the inner surface of refinery apparatus and reactor systems exposed to a carbon

supersaturated environment.

37. A method of preventing metal dusting of metal surfaces exposed to carbon
supersaturated environments comprising the step of providing a metal surface with an
alloy composition with a multi-layer surface oxide film resistant to metal dusting
corrosion, wherein said composition comprises:

a) an alloy (PQR) having a surface, wherein

P is a metal selected from the group consisting of Fe, Ni, Co, and mixtures thereof
wherein the amount of Fe, Ni, and/or Co comprises at least about 40 wt % of (PQR),

Q is an alloying metal comprising Cr, Mn, Al, and Si wherein the amount of Cr,
Mn, Al, and Si, comprises at least about 20 wt % of (PQR), and

R is an alloying element wherein R comprises about 0.01 wt % to about 5.0 wt %
of (PQR), and

b) a multi-layer oxide film on said surface of said alloy (PQR), wherein said

multi-layer oxide film comprises at least three oxide layers, wherein



WMnh, Al, and Si, conprises at |east about 20 wt % of (PQR), and Ris an

all oying el enent wherein R conprises about 0.01 Wt %to about 5.0 wt % of
(PQR), and b) a nulti-layer oxide filmon said surface of said alloy (PQR),
wherein said nulti-layer oxide filmconprises at |east three oxide | ayers,
wherein -43- a first oxide layer conprises an oxide selected fromthe group
consi sting of a manganese oxi de, a mang??ese chromate, a chrom um oxi de, and
m xtures thereof, and is an outer |ayér-located adjacent to a third oxide

| ayer, a second oxide |ayer conprises al um num oxide, silicon oxide, a solid
solution of alum num oxide and silicon oxide, and m xtures thereof, and is

| ocat ed between gl oxsdt 1bs @obrisaiadl oride @yledtRIdmansgdap dordshitingotxi de | ayer,
and said third oxide |ayer conprises mangrane_se al um num oxi de, nmnganese
silicon oXPYWANGHRAEXNE BArESneIsShEwlate, giBrongunsxideetndyapfierenthempll apd st

oxi de Iayeranadﬁger%g)?plloaﬁg(?g@%Ce%{ogleﬂgr?gﬁ@e la§/§, The met hod of preventing netal

dusting of clarm e sal oyirng-elenment Q consists essentially
of Cr at a concernketailioxidediycadtompass ahiotim bRides siligonMyidet a solidesohutientf at i on

of at |east .about 2.5 wt, % Al at a.cancentration of at | east ahout 2.0 w
% ‘and o HEmEUBGHEAAIGH Obﬁé,aandwgé@f%@%mﬂ 298 featsy! e oy
(PQR). 39. s-ﬁ%cer@ts!i'ﬁ%ll@{r (@R%/%[&éaﬂﬂhﬁ&%ﬁide%%ﬂ'aﬂ& of claim 37, wherein said

alloying elenent R is seléected fromthe group consisting of B, C, N, P, G,
Ge, As, In, Sri saigdhirPpxidShyelempyises i@angalgse ajmingh oxide, iingafese sNMison W - Ru,
Rh, Ir, Pd, E . A n nd.,mxtures. theregf 4 Th th of

bt event i ng’ PPt Py oo A B SRl SREQ g oo P B8 11 m
further comgdideSiegerone or nore el enents, other than any of Cr, M1, A or Si,
selected fromthe group consisting of said netal P, said alloying netal Q
said alloying elenment R, and m xtures thereof. 41. The nmethod of preventing

et al dustiNITRL il B FovclBTEAR RLAY Hlind7Bhabin S IRGGe ckllnp ! | oY

conposition resi me ng corrosi oh conpri ses
consists essentially of Cr at a concentration of at least about 10 wt %, Mn at a

concentration of at least about 2.5 wt %, Al at a concentration of at least about 2.0 wt %,

and Si at a concentration of at least about 2.0 wt % of said alloy (PQR).

39. The method of preventing metal dusting of claim 37, wherein said alloying element R
is selected from the group consisting of 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.

40. The method of preventing metal dusting of claim 39, wherein said multi-layer oxide
film further comprises one or more elements, other than any of Cr, Mn, Al or Si, selected
from the group consisting of said metal P, said alloying metal @, said alloying element R,

and mixtures thereof.

41. The method of preventing metal dusting of claim 37, wherein providing a metal
surface with an alloy composition resistant to metal dusting corrosion comprises the steps
selected from the group consisting of:

a) constructing said metal surface of said alloy composition resistant to metal

dusting corrosion,



selected fromthe group consisting of: a) constructing said netal surface of
said alloy conposition resistant to netal dusting corrosion, -44- b)
coextruding as an outer layer said netal surface with said alloy conposition
resistant to netal dusting corrosion with one or nore other |ayers of steel
or nickel base alloys, c) coating said nmetal surface with said alloy
conposition resistant to netal dusting4 orrosion, and d) a conbination of
steps a), b), and c). 42. The method of %Feventing nmetal dusting of claim
41, wherein said coating step c) is selected fromthe group consisting of

t hermal spraying, plasma deposition, chem cal vapor deposition, and
sputtering. 43. bjkecxiridingtsah opteelagatsaidmerel sukfackiwith 8gd alloycdemposdidn wher ei n
said alloy conposition, is fromabout 10 to about 200 ns .i.n thi ckness.
44. The metiiyaapto giela) drsinggoretian VHIone Agmer Ahgildes. sikoTaikeLbsg

mul ti-layerg kde filmis formed in situ during use of said alloy

conposition I h a carbon supersaturated netal dusting environnent. 45. The
met hod of pr everct) cogingesuid maastuitacy with slidalinyIdmpakisorieissal t méthloy
conp05|t|o rises the inner surface of refinery apparatus and reactor
syst ens exp BroFCy n supersaturated environnment.

d) a combination of steps a), b}, and c).

42, The method of preventing metal dusting of claim 41, wherein said coating step c) is
selected from the group consisting of thermal spraying, plasma deposition, chemical

vapor deposition, and sputtering.

43. The method of preventing metal dusting of claim 42, wherein said alloy composition

is from about 10 to about 200 microns in thickness.

44, The method of preventing metal dusting of claim 37, wherein said multi-layer oxide
film is formed in situ during use of said alloy composition in a carbon supersaturated

metal dusting environment.

45, The method of preventing metal dusting of claim 37, wherein said alloy composition
comprises the inner surface of refinery apparatus and reactor systems exposed to a carbon

supersaturated environment.



