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used in hydrocarbon conversion processes. It nore
particularly relates to materials exposed to corrosive
reactants and carbon supersaturated environnents.
Still nmore particularly, the present invention rel ates
to all oy conpositions and nethods for controlling
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nvironrents having relatively | ow (abodt 10

about 10 20 atnospheres) oxygen partial pressures.
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_ i nto powder or dust.
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designed to forman insitu surface filmof chromum
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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
10'? to about 10 atmospheres) oxygen partial pressures. This form of
corrosion is characterized by the disintegration of bulk metal into powder or

dust.

" [0003] Although many high temperature alloys are designed to form an in-
situ surface film of chromium oxide (Cr,0O3) 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,0;

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



(PQR) having a surface, wherein Pis a netal selected
fromthe group consisting of Fe, Ni, Co, and m xtures
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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, Q
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 (PQR), wherein said

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



said third oxide | ayer conprises manganese al um num

oxi de, manganese silicon oxide, and m xtures thereof,
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second oxide layer. [0010] A further aspect of the

present disclosure relates to an advant ageous net hod
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conposition resistant to nmetal dusting coryrosion,
allnpimganatad gpAPESEOST Vo 26@ Spranslt is an alayime dgmepprpd b)

hayi a surface, wherein is t.al ted from.t .
gt ntiden it on P ML siryce ol E i RS o Eherel S uls-
la}gr'oiicfg‘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 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 alloy composition resistant to metal dusting corrosion, wherein said

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



alloying netal conmprising Cr, Wi, and Si, and Ris an
alloying elenent, and b) a nmulti-layer oxide filmon
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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 compositioh comprising an alloy (PQR), 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 (PQR), and a multi-layer oxide

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



the surface of said alloy (PQR) and said third oxide

| ayer, and said third oxide |ayer conprises nmanganese
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thereof, and is |ocated between said first oxide |ayer
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[0017] In a further exenplary enbodi nent of the
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fil'mon the surface of the alloy (POR) f
disclosed multi-layer oxide film on the surface of the alloy (PQR) 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) forms 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 (POR) 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



the alloy is exposed to netal dusting environnents
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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 using silicon in the alloying metal

according to this invention.

[0027] Figure 3 depicts surface and cross sectional scanning electron
microscopy (SEM) images shdwing a M;0,/Al,O5 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 50CO-50H,.



surface of the alloy of the present disclosure and

their advant ageous applications and/or uses wll be
wappanzrssl from t he detail ed description whi ch POI/US486/013515

particularly when read in conjunction with the figures

appended hereto. BRI EF DESCRI PTI ON OF THE DRAW NGS
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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 metal 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



silica sub-layer after reaction at 6500C for 160 hours

in 50CO 50H 2. [0030] Figure 6 depicts a SEM i mage
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i nner Si RZMh2Si 04 | ayer and an outer Cr203ZMWhCr204

dupl ex layer after reaction at 9500C for 160 hours in

50CO- 50H2. DETAI LED DESCRI PTIOGN OF THE | NVENTI ON
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and@/s3 tctx?%c?ﬁ%iﬁ? BPiHeS@isEidke R h@ﬁlg%@i‘ﬁlé% latd Bakednat lehst in

capa ormng a protective surface oxide filmon
pait} &n S §tacurshsithenpusieldyeooxide dilhoformederstiesuataed of the

envi ronment, and (b) a protective surface oxide film .
alloy compoaitiony el meduderrintesligy iraprgysdireighduyging ¢urosion
resent discl f f Jgni fj t advant
resiaipnge, sCrasst prapenpity i polyoR saiabi peb it o
coggéélsf;‘og@%‘é‘es“s8§“dnﬁ% ByaFLAe Hnﬂﬂoﬂg)ﬂ@ttélané;%g% Rhen

16 Carbon super saturated environnments.

exPbicdytoGOfRBEN bhfdisatafatbd enpiremanht.di scl osure are
di stingui shable fromthe prior art in conprising an

all oying nmetal conprising Cr, M1, and either A, Si or
onbjRaf] iti iis 8dpabRN6Lfrhdhb AprofeciVe surf
[Og:ﬁaoy J&E?x&{g@%o@ﬁr&o@hu&{‘ﬂla&s ) b Qrprotec@ife surface

for In situ during use a nulti-I|ayer
oxtud film foinlite swefmeeiis repyesentédhy the foremlaxP@R)l dypdhe allbgn

exposed to a carbon supersaturated nmetal dusting . .
compasHEm@I@RNR 15 theass jsen Sﬁb?ctt“i’cgfmﬁf thegioup comgisting of Fe,

.advant agequs opertiesan c rhSthes:
NP OB SRS LERR Y <PALABLE BR8] rii 0
coﬁ‘gfrfses en. M anlUREHAS, S of Aeombihatidm¥EAlAxE®E. fTHenlloying
rmed on the surface of the alloy conposition, which
eldmehtuRleomniphises alehst, orienglementisatedtad frhns thagragr casissmg of

resi stance, decreased propensity to paison catalyst
B,sa¥, Ah JiyBr Geabsofschhvas SPoRbpPeded sesCeahl Zrn%&oéegb’

TERES, B, KRR, 054Gl AR RGN AT RO diying
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 as Ga, Ge, As, In, Sn,
Sb, Pb, Pd, Pt, Cu, Ag and Au, provide reduced carbon deposition because these

elements are non-catalytic to surface carbon transfer reaction.

[0033] Three preferred embodiments of the alloy compositions disclosed
herein are described in further detail below, and comprise alloying metals (Q)
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] In the 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
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[0035] When the alloying metal Q includes Al, 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 least 2.5 wt% Mn, and at least 2.0 wt%
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 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. Non-limiting examples of 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 film.



preferably at least 7.5 wt% and the anmount of Al is

at least 2.0 ww% preferably at least 3.0 wt% and
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capabl e of form ng a manganese al um nate surface oxide
[0036]m TAbpretettive 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 according 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 (MO), a manganese chromate(M30,), a chromium oxide



[0036] A protective surface oxide filmconprising at

| east two | ayers on the alloy surface, and nore
w@e@barabl y t hree | ayers forming on the all oy BCF/81966/013515

The protective surface oxide filmis formed when the

alloy is exposed to netal dusting environments with

| ow oxygen partial pressured3-An exenplary cross

sectional structure of a three-layer protective

surface oxide filmaccording to present invention is
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elegentdl| ayer is dependent on the conposition of the
alloy fromwhich it is formed. It can be described in
general asM2@3 wherein Mis predom nantly A and may
[0038]t heBetween the first oxide layer and the second oxide layer, a third layer

forms (herein referred to as the third oxide layer) either 81multaneou$1y 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 (MnAl,O,). 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 ',0O,4, 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.



conprise elenments of the base netal P, the alloying
metal, Q and the alloying elenent!?. [0039] Between
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third |l ayer fornms (herein referred to as the third
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t he second oxide |ayer format4on. The third oxide

| ayer is an oxide filmwhich is established by the
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nmetal Q and the alloying elenent R The nmetal P is
4wt Bdiased Hndhe 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 wt% 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 least 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.



the group consisting of Fe, Ni, Co and m xtures

thereof. The alloying netal Q conprises C, M and Al .
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selected fromthe group consisting of B, C, N, Si, P,

&, G, As, In, Sn, Sb, Pb, Sc, La, Y, Ce, Ti, Zr, Hf,

V, Nb, Ta, Mo, W Ru, Rh, Irl5-Pd, Pt, Cu, Ag and Au.

The netal P is present in the alloy at a concentration

of at |east about 40 wt % based on the total weight of

the alloy. The alloying element Ris present in the

all oy at a_caqgncentration of about 0.01 vv{% 0 about
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the combined amount of Cr, Mn and Al is greater than or equal to 20 wt%.

[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 be 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 (M;0,), a chromium oxide (M,0;) and mixtures thereof, the second
oxide layer is an aluminum oxide (M,03) and the third oxide layer is a

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



a nmetal dusting resistant alloy conposition (PQR). The
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conprises Cr, M, and Al. The alloying netal R
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the total weight of the alloy. It is preferred to use an alloying metal Q that
provides enhanced metal dusting resistance of the alloy. One example of such
an alloyihg 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,SiO, layer within the protective surface oxide film.

[0045] When the alloying metal Q 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 least 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 wi% 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,



Al'l oy Conpositions Wth Alloying Metals Including

Silicon [0044] In the alloy conposition (PQR), the
whawe/ 1zl P is at |east 40 W% preferably apCT/E@s806/013515
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wherein the total amount of Cr, Mhr and Si is at |east
[0086]mt Ytopratéatival Jusface loxide film compnses 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 oxygenA partial pressures. An exemplary cross sectional
structure 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
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 first oxide layer
is a thermodynamically stable manganese oxide (MnO), 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



addition the alloying elenent Ris about 0.01 % to
about 5.0 wt% of the alloy and conprises at | east one
web@remtsesel ected fromthe group consisting of PG/US0DE/013515

A, P, Ga, G, As, In, Sn, Sh, Pb, Sc, La, Y, Ce, Ti,

Zr, H, V, Nb, Ta, Mo, W Ru, Rh, Ir, Pd, Pt, Cu, Ag

and Au. Non-limting exanpl-es$-of such alloys are given

in Table 2 below. Table 2 is a |ist of advanced netal
dusting resistant alloys capable of formng a
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four layers on the alloy surface. The protective film

alloginfpanetd Oyeed thbelleyingyelemertdSosed to netal dusting
environnents with | ow oxygen partial pressures. An
exenpl ary cross sectional structure of a four-Ilayer

[0048]t ecBeé&th Whd ac@sonésdaxidd ayar amedbng ldyertibemp (leexeint
invention is illustrated in Figure 2. [0047] The outer

refeaypdrto aaltboseasherozade layenkeithes sinpkanesushewithyarfollopang the

| ayer contacting the.carhon su sat.urat ed envi rongent
magEhicis, NB0E TAVELTOTRBHOR hAOBRTOR T OHeHer i p e FFE,
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mddianadd e¥ide Thverf iNGi-liextide ekay@les of the second oxide layer are

t her rodynami cal | y stabl e manganese oxi de Z%QI\,{hO)f which
mégnganese cyoerate Kle@rb@4mdbﬁﬁ0muW1§© (er$h)uldea@mposition

envi r onment, nd Ls able to netrate.the rface of
Of oS aRORE P Xid Geh dREBEe R e OTRgSIpR gT thy L6, from
i . r . [ :
e
is %d@i’nihétebs M®EA@dr ahtl e@nfilthedtesaiprivetlemegruditab base
, wherein Mis predom nantly M1, and nay further
matehPy thselblyeme ntetalpf) arkthbadleying elenent #hellany, dhe pecond

metal Q and the allayin | ement R .[0048] Beneath
oxidtclaygmisaeads e tqdﬁ'y@%, tﬁ% gg@&bﬁ@%l%%% 0% d manganecse

chl(oqﬁglt%i (ﬁ4304), a chromium oxide (M,03), 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 (SiO,). 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.



referred to as the second oxide |ayer) either
simul taneously with or follow ng the nmanganese oxi de

wo agpen2fser mat i on. The second oxi de | ayer i s anPORUS®06/013515
film which is established beneath the nanganese oxi de
| ayer and adherent to the manganese oxi de | ayer.
Non-limting exanpl es of thd9econd oxide | ayer are
manganese chromate (WhCr204) and chrom um oxi de
(Cr2GCs). The conposition of the second oxide layer is
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further conprise elenents of the base netal P, the
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simul taneously wit ol | owi ng the second oxi de

layeaypeovitles hotg tenm rEsistanhe for mrial dubtayg coiresiohe Arpon-limiting

t her nodynam cal | y stable OX|def|I \NhIC
exXampinPh BRAQUEE A1 RE SBABENCSS SIS 5 @@28104) The

adher.ent h d,
CO&P&% on %ﬁtﬁ?ﬁgglitﬁ %?(gﬁo a&éllegfda%}@x&%nt oc@g rg:'oo )ﬁdgﬂg)n of the
alloPitkdoh wiiBR iCRFBRAREd.] Htadlbd dctibed th f@éh&ﬁl heREMIG,
dependent on the conposition of the alloy from which
whetreinsMfie lpmmbmirlandehemddHé is Iln‘edomnzgébeﬁalbuame and M'
whereinM i s predom nant | , and t her co rise
ma Bther SOBPTISH &I PRERS ke base mgial B )ﬁaw QyiRgEeta @ and the
and the allgying el ement/?.[0050] Between the second
allgxmgee tﬂand the third oxide layer, a fourth | ayer
forms (hereln referred to as the fourth oxide |ayer)

ofd1e. T aloy P bien SibeRuraephi AP IEn geinkf fpgmetal
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 consisting of a manganese chromate(M30,), a chromium oxide (M,03)
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 Q 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, 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



oxide filmwhich is established by the reaction
bet ween the second oxide |ayer and the third oxide

WO 2006121566 t he reaction progresses, both the sPCDO2006/013515
oxi de layer and the third oxide | ayer nay be used up.
In this case, the fourth oxide | ayer provides |ong
termresistance for netal dud-sing corrosion. A
non-limting exanple of the fourth oxide layer is
manganese silicon oxide (M2Si %) . The conposition of
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protective surface oxide filmconprises at |east three

oxi de layers, and preferably four oxide |ayers,
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e group consisting of Fe, Ni, Co and m xtures
suifhes @Qfde fTlhe wall tfonth g thetakk @ cepair iheaside layidns Hredelsy .

The all oying elenment R conprises at |east one el enent
pretectng see alleyfroremsia sivgsiusingigeof B, C, N, A, P,

Ga, Ge, As, In, Sn, Sb, Pb, Sc, LaYCeTl,Zr Hf |

V, Nb, Ta, Mo, W Ru, Rh, Ir, Pd,
[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 Q 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, 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 @, Cr is present in the



Pt, Cu, Ag and Au. The netal P is present in the alloy
at a concentration of at |east about 40 wt % based on
wao b@otiztsed wei ght of the alloy. The all oyi ng ePEnESs10B/013515
is present in the alloy at a concentration of
aboutO O Wwm%to about 5.0 wt % based on the total
wei ght of the alloy. In theZldoying netal Q the Cr
is present in the alloy at a concentration of at | east
about 10 wt% the Mh is present in the alloy at a
allGy %?S%hé‘éﬂt&ﬁioﬂfcffaa& 1L RRSHRCAV b, bR ataebridRBurtion Of at
present 1 n the alloy at a concentration of at |east
leadbabbutd.0 wiwsh aghtheVBiett @i doricbatratinb bhadeastmbout 210 €%,
- M and Si is greater than or equal to 20 wt% [0052]
whEneinghe contbines ameteicf GxiMa atn& Shisrggears than pegqpal to 20
situ during use of the alloy in a carbon
Wisgiper sat urat ed envi ronnent, or prepared by exposing
the alloy to a carbon supersaturated environnent prior

to the alloy's use. A further benefit of the present .
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alloy surface.

Alloy Compositions With Alloying Metals Including Aluminum and Silicon
[0055] In the 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 rﬁetal 0, 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 wt%. 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 Q is at least 20 wt%, preferably at least 25 wi%,



Sn, Sb, Pb, Sc, La, Y, Ce, Ti, Zr, H, V, No, Ta, M,

W Ru, Rh, Ir, Pd, Pt, Cu, Ag and Au. The netal P is
w@e@satsei n the all oy at a concentration of atPCBHS1006/013515

about 40 wt % based on the total weight of the alloy.

The alloying element Ris present in the alloy at a

concentration of about 0.01-2%% to about 5.0 wt % based

on the total weight of the alloy. In the alloying

nmetal Q Cr is present in thealloy at a concentration
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In the alloy conposition (PQR), the base netal P is at
Ld, 859,40, Wir I5If,pY eNby Bal MoaV | RasRhsly, Reokt, 44 Apeed Au.

preferably at |east 60 wt % based on the

[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 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 '
(MO), a manganese chromate (M50,), a chromium oxide (M,05) 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



total weight of the alloy. Wthin the alloying netal
Q the anmbunt of C is at least 10 w% preferably at
WO e@st121561 wt % and nore preferably at | east 20P@u/¥Us20061€13515

anmount of Mh is at least 2.5 wt% preferably at | east
5.0 % and nore preferably at least 7.5 wt% The

anount of Al is at |least 2..0@3wt % preferably at |east
3.0 % and nore preferably at least 4.0 wt% The

am)unt of Si is at least 2.0 wt% preferably at |east
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mgtalBithg %100&‘% Wﬁtalag qngatg? afoyiiig SJeMENt B at | east
2.0 wt% of Si, wherein the total anmount of Cr, M, Al
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[oma al Bepyasy téP dpplrexide ﬂasyea@aétth@swr\s%t%lg% t(fls,fdola.‘/e’f

o kel S A0 PR R S BB o

I%V @the s@cmﬁp 0x1%@ la ﬁé} fo%atlbﬁ‘ T}ie thid ojihde Hiver f¥fan dide

Cu, Ag and Au.
filinORhich 4 esrabhel@etd bye tl&un’efaanen bztwm:nf thefirsboypide daerand the
| east two | ayers on the alloy surface and nor
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long term resistance for metal dusting corrosion. A non-limiting example of the
third oxide layer is manganese aluminum oxide (MnAl,O,4) and manganese
silicon oxide (Mn,Si10,). The compositioﬁ 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',O, 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 Q, and the alloying element R.

[0060] The alloy composition of the present invention is resistant to metal
dusting corrosion and comprises: (2) 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



supersaturated environnment or furthest away fromthe

alloy) is nmade up of a thernodynam cally stable oxide,
waokioeh2isan rapi dly cover up the all oy surface Bemukiooeki3515

carbon entry into the alloy. The conposition of the

first oxide layer is dependent on the conposition of

the alloy fromwhich it is f2rmed. The first oxide

| ayer is an oxide selected fromthe group consisting

of a manganese oxide (M), a nanganese chronate
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(Sid2), and a solid solution of both al um num oxi de
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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 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
concentration of at least about 2.0 wt%, 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 the present invention is that if the protective surface oxide film cracks

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



second oxide |layer may be used up. In this case, the

third oxide |layer provides long termresistance for
woredoal12idest i ng corrosion. A non-limting exanpPE&r/vs200é1e13515

third oxide |layer is manganese al um num oxi de

(MAl 204) and manganese silicon oxide (M2Si O4). The

conposition of the third oxi2de | ayer i s dependent on

the conposition of the alloy fromwhich it is formed.

It can be described in general as MKkMyO4 whereinMis
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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 ‘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 wt%, 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.



group consisting of B, C, N P, Ga, Ge, As, In, Sn,
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present in the alloy at a concentration of at |east
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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.
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Fe, Ni, Co and m xtures thereof. The alloying netal Q
conprises Cr, M1, Al and Si. The alloying elenment R
conprises at | east one el enefit sel ected fromthe group
consisting of B, C, N P, Ga, Ge, As, In, Sn, Sb, Pb,

Sc, La, Y, Ce, Ti, Zr, H, V, Nb, Ta, Mo, W Ru, Rh,

[0de71 ﬁhé’ﬁroté&‘ﬁve’&aﬁﬂgr Qyﬁhﬁ% E‘l]llrfg’cé St ey Edb&:nbed

a concen 1 on O east about O wt %

heRas e %n%ﬂ%nttﬁé aauo ugtate BY ekF@sﬁig Il alld ¥ o atheryd dugsting
element Ris presen in the alloy at a concentration

enviformhentt su@hGis aiO6O D Ehonixtered Therefoas cdiepiotehtve goafings

ma,?,ﬁg-g&m%rﬂﬁga&ef’%}p%{} 13 U RE SR SO G Teotiogugchditions
/

in ggbqi-n[ thfygrwz o§e {0 &1&5{ &\Js(fﬁ’l%n 213/%1{ oA s o’ﬁ“?@gréf@ﬁéa

Ion O ['east

terﬁgé}li{urag&tﬁ’ét §°f16(ﬁﬁ O%}QB 50eC8o #hdi VIGSD‘?C apiePdtaBly #bm about

erein the conmbi ned anount of

556G td\/ab&nduﬁmcs ’Eﬁﬁ@dl@k bhae thheeeiptanie fadn bt Theur to
nmetal surfaces may be construct ed of the all oy,

abee200r huslerd, pmefetrab]lyeframl abpuoil hovatedbont H0G heura | oy,
and the protective surface oxide filns described above
will be fornmed in situ during operation of the unit in
[0068]ar bappsetts Bavdatedmgtednyidiwiosendl] embsdihents langd
Conposi t| ons and Met hods of lication [0064] Alloys
applications wfithe disglosed @@m@@%mﬁtt@hgla&l eQeld; hreipapenably forgheen. |

e SRS LS A APBEE fepn s
eqlqilv\lc}%?s ml%éethgyréden't %tlgﬂ 'HAQ %le&h 9@§crﬂ§edt 1B%dnﬁ\ﬁ§(§1‘@)h with

entl coext a conventi onal " st eel

sp&Yifib) é‘a&é@ﬁplﬁl%s@mbbﬂﬂﬂem§ thegedf, Gtals eviexit theginnamy alterations,
techni ques known to one skilled in the art. The

marbfigationse dnd wauamunSewdhbe epppent© these skillegrin thegerg light

erein .an outer.laye ri ses
of \M]e oregoing descr?ptlon fthout parfing fror}n the spirit or scope of the
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description.

[0069] 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
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[0071] Table 3 below is a list of the alloys used in these experiments.

Table 3
Alloy UNS No. | Alloy Compositions (Weight %) Wt.% of Q
(Cr+Mn+Al)
Inconel 600 N06600 | Bal.Ni:8.0Fe:15.5Cr:0.5Mn:0.3S1:0.1C N/A
KHR-45A " | N/A Bal.Fe:43.6Ni:32.1Cr:1.0Mn:1.7Si:0.9Nb: | N/A
0.1Ti:04C
Incoloy 800H | N08810 | Bal.Fe:33.0Ni:21.0Cr:0.8Mn:0.5A1:0.4Si: | 22.3
0.5Ti:0.07C
Inconel 601 N06601 Bal.Ni:14.4Fe:23.0Cr:0.3Mn:1.4A1:0.5Si: | 24.7

0.1C

Haynes 214 NO07214 | Bal.Ni:3.0Fe:2.0C0:16.0Cr:0.5Mn:4.5Al: | 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 (Kubota Metal Corporation).
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[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 M50,/Al,0;

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,/Al,05 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



inch were cut fromthe sheets. The sanple faces were

polished to either 600 grit finish or Linde B (0.05
wor@somsser s al um na powder) finish and cl eanePlCT/IIS2006/013515

acetone. The corrosion kinetics of various alloy

speci mens were investigated by exposing the speci nens

to a 50C0 50H2 (vol.% envi-onment for 160 hours at

test tenperatures ranging from550C to 950C. A Cahn
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nuRANBO3S ﬁitg@ﬁit area (25 mm?) on Linde B finished alloys after reaction at
550°C in 50CO-50H, gas mixture for 160 hrs.

Table 5

Alloy Wt. | Wt% |Wt. | Wt% of O Diameter | Number of

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

(um) mm’

Incoloy 800H |21.0 {0.8 0.5 22.3 400 135
Inconel 601 23.0 10.3 1.4 24.7 30 20
Haynes 214 16.0 | 0.5 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 , 20.0 |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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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 50CO-50H; gas mixture for 160

hours.
Table 7
Alloy Wt.% Cr | Wt.% Mn | Wt.% Si | Wt% of O Mass Gain
(Cr+Mn+Si) (mg/cm?)
Inconel 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 4.0 285 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,0O, layer
with a continuous amorphous silica sub-layer. A cross-sectional SEM image in
Figure 5a reveals a two-layered MnO/MnCr,0O, structure. Figure 5b, a bright

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



dusting attack as shown in Table 5. Metal dusting

resistance of EMalloys is attributed to conbined Cr,
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surface oxide filmformation as described in the
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accompanies metal dusting corrosion. Susceptibility of metal dusting 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(um) 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 hrs.

Table 8
Alloy Wt.% | Wt.% | Wt.% | Wi% of Q Diameter of | Number of Pits
Cr Mn |Si (Cr+Mn+Si) | Pits (um) | per 25 mm®
304SS 182 |14 0.5 20.1 310 260
310SS 25.0 2.0 1.5 28.5 80 5
Incoloy 800H | 21.0 |0.8 0.4 22.2 400 135
Inconel 600 155 0.5 0.3 16.3 70 750
KHR-45A 32.1 | 1.0 1.7 34.8 90 320
EM-200 164 |8.1 4.0 28.5 No Pits No Pits




| ayer with MhO crystals on the surface. This is shown
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resistance to the alloy. [0081] Selected alloys

(304SS, 310SS, Incol oy 800H,33nconel 600, KHR-45A and

EM 200) were also tested for netal dusting by exposing

t he specinens to a 50C0 50H 2 gaseous environnent at

C i aH %x% BOL560 shffbfid éﬁé&kv@iﬁﬁ:ﬁl%snn attack as

0 ?
[ exposure, e Sa e surrace was covere

sh¥t¥inGh 'lﬁdM@)SS mgmmm?aeﬁetaabe de mrm)ocﬂtcrmmmbuted to
Susceptibility of nmetal dusting corrosion was

cormbiaad Cg,a&/le]oamysnz;;tdman intb ¢ho slopyarshsnbsegeent sutferoazide
SEM exam natj on of . the corrosion surface. The average

fﬂﬁ%%ﬂﬁﬂ@@Pnéﬁ eaeripRd ingthe Paesedt IS HRs observed on t he
surface are used as neasures of netal dusting
corrosion. These results are summarized in Table 8,
whi ch depicts the dianeter of pits(m) and nunber of
pits/unit area (25 mM®2) on Linde B finished alloys
after reaction at 5500C in 50CO-50H2 gas m xture for
160 hrs. Table 8[0082] Al alloys except EM 200
suffered extensive netal dusting attack as shown in
Tabl e 8. Metal dusting resistance of EM 200 alloy is
attributed to conbined Cr, M and Si addition into the
al l oy, and subsequent surface oxide filmformation as
described in the present invention. CLAIMS.: 1. An alloy
conmposition resistant to netal dusting corrosion
conprising: a) an alloy (PQR) having a surface,
wherein Pis a netal selected fromthe group
consisting of Fe, NI, Co, and m xtures thereof, Qis
an alloying netal conprising C, M1, and A, and .



Ris an alloying element, and b) a nulti-I|layer oxide

filmon said surface of said alloy (PQR), wherein said
woriosii21seyer oxi de film conprises at | east thrPer/v%i00€013515

| ayers, wherein a first oxide |ayer conprises an oxide

selected fromthe group consisting of a manganese

oxi de, a manganese chromat e,34a chrom um oxi de, and

m xtures thereof, and is an outer |ayer |ocated

adjacent to a third oxide |layer, a second oxide |ayer
nggﬂ?g@ses al um num oxi de, and is |ocated between the

rrace of said alloy (PQR) and said third oxide
| ayer, and said third oxide |ayer conprises nanganese

al uni nym gxi de N - Sal [: o

oxi de TRA A BHo e RACR, e BTRMPL iR bpmprising

COMIOSin 4105y @POR) Balink 2 WHE4R] Wheadil netal P conprises

at | east about™40 wt % of said alloy (PQR). 3. The

al | @iscompts istieotreddf-om the grdyp ehesiging cfFel M, IGayiand

metal Q conprises at |east about 20 wt % of said alloy
IKRORY thegeofThe al | oy conposition of claim3, wherein

sai ¢, al | oyi ng _net al consi st sentjallyof O at a
con@}ﬁ% 1?%&“%#“%?1 t BPS%O‘?R T\%’ %‘i)/ogi’l\%ldat a
conggft ' €ggd about 2.5 W% and Al at a
c,ongﬁte{lﬁl}%n‘gg%{leé east about 2.0 wt % of said alloy
( POR) . dmulTiidaydr cide Giliposi $did surdhce bhsaid hllow(@QR ) wherein
said alloying element Ris selected fromthe group,
saisomyltistayeg osfdedilngcomprises apleagidhregsoxidg layexs, vepereisy
Pb, La, Ce, Ti,. Zr, Hf., V.,;. Nb..Ta e
RN, aﬁ:ff,st g}al,de;?},leragm%s,es &‘51 ogﬂea s%e'%egrf&mttﬁ% FE% P g%?smtmg
of E{Pﬁa@dn@ﬁ’e QRO hdrAnele Shdkie, a ¥ABLALIM §:AUE, and mixtures
allToying element R conprises about 0.01 wt%to about
th&rebf, Wwheltiohn saiat laydrapcie@Rtjacent 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 metal P comprises at

least about 40 wt% of said alloy (POR).

3. The alloy composition of claim 1, wherein said alloying metal Q

comprises at least about 20 wt% of said alloy (POR).

4. The alloy composition of claim 3, 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%, and Al at a concentration of at least

about 2.0 wt% of said alloy (POR).



7. The alloy conposition of claim®6, wherein said

multi-layer oxide filmfurther conprises one or nore
web@aetssl sel ected fromthe group consi sting oPCHEBIH06/013515

netal P, said alloying netal Q said alloying el enent

R, and m xtures thereof. 8. The all oy conposition of

claimb5, wherein said netal- 351:orrpr| ses at | east about

60 wt% said alloying netal Q conprises at |east about

30 wt% and said alloying el enent R conprises about

1. 0 st b %llég%hp%sﬁldﬁ & élfalrﬁ gl dRkdia%aldPiM)ying elebhent R is

al |l oy conposition of claim$8, wherein said alloying
seleeteal fr@ncthegml;scmssﬂntg of ByCoN Gi, BitGa Genssring 8nj b, Pb,

of at | east about at _a concentratloqgnogf gt
SCL bas¥, Slsodi, 7. ﬁfV\NQ/J\“hH@ M0>aW R e dhthda it dnuopgafiu, and
gast abo 4.0 W% of said alloy (PQR). 10. An all oy

resistant to netal dusting corrosion
conpr i SI ng a) an alloy (PQ?) havi ng a surface,

wh I I .
Cons bt iy 2y FEmDRALIOBET Rt &1 RPRICUL SEHATRYInE element R
. IR
coffprlies SR OF YA P M3 O e pf Pl 2889 BORE"E M o
sai d surface of said alloy (PQR), vvherel n said

[tL-1 de fi l. i de.
"ayers, THReNd] ogopyidn it Bay B fi gt 188k 8iae
filfPRSaIE %8¥%Hsg§ oné Bf’ micte 3RS rseﬂe@bé%rfrdnﬁ‘%ﬁé %ijoup consisting

adj acent a second oxide layer, said second oxid
of Isaidemetad ) s higlegloyin®uictd @ edabd aﬂdyiﬁllgmiemlant Br mmrpmlxtures

thereof.

8. The alloy composition of claim 5, 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

(POR).

9. The alloy composition of claim 8, wherein said alloying metal Q
consists essentially of Cr at a concentration of at least about 20 wt%, Mn at a
concentration of at least about 7.5 wt%, and Al at a concentration of at least

about 4.0 wt% of said alloy (POR).

10. An alloy composition 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, N1, Co, and
mixtures thereof,

Q is an alloying metal comprising Cr, Mn, and Si, and

R is an alloying element, and



consi sting of a manganese chromate, a chrom um oxi de

and m xtures thereof, and is | ocated between said
wo peost12i%i de | ayer and a fourth oxide | ayer, apehiusmo6/013515

oxi de | ayer conprises silicon oxide, and is | ocated

between said fourth oxide layer and said alloy (PQR),

and said fourth oxide |ayer-3onpri ses nmanganese

silicon oxide, and is |ocated between said second

oxi de layer and said third oxide layer. 11. The all oy

co | Fhui Y harid, | ' R), wherein

o S ey er T o T P Ry (PR
saiiZnultheayal beideciipesinpricss af leastdonr dLidengere whemin

al l oying el ement Q conprises at |east about 20 wt % of

sai d fiist oyide BEyR)r. consprises anangaagsecorigesind rangruter Wiysr

12, wherein said all oyj netal Q consists essentially
logsfedpdigeeny te Grcsnnd Qf({d@ﬁgéﬁ T,at | east about 10 wt% M

g: @aﬁo&%gﬂ{l :oa%c.ieol'aygl]; ccgr{'xpllli%ésatn ae tsef%c 5 dﬁé/ﬁl t?@ %g | CP

a concen I on east about %0 O

cosik@ig bPRhanghhesel bigropddtoya lavRrgand dxide ahd ahigtured thereof,
wherein said alloying element Ris selected fromthe

andiolqratahissteeengack fiBf oKideNayo andra famath gxide Agyer) n,
\?\? ’ Rﬁltilrﬂ%))uql? fa{ypla_ g(’)‘m&():riséjeéﬂi;ér} oﬂﬁe, gfﬂg isr\]/}qgﬁl\%dége%Weg/r? said

t her eof . The .3l oshhion of claim 14,
fo%fj}lngﬁne lgg?rda%cpﬁaééiaﬁgkﬁé?g@h?hg conpri ses about 0.01

Wt %shid RRPHE 0K dE 1 ¥eBnpERES ninsae RN onl 6xidEhandhisl loyated

conposition of claim15, wherein said nulti-Iayer
beoxeatesdid secdndr otide layemanidsesl el oxidedaysrel ement s

selected fromthe group consisting of said netal P,

said alloying netal Q said alloying element R and

m xt Ut eFThiehdlogafomposition of claim 10, wherein said metal P comprises

at least about 40 wt% of said alloy (POR).

12. The alloy composition of claim 10, wherein said alloying element Q

comprises at least about 20 wt% of said alloy (PQR).

13. The alloy composition of claim 12, 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 6.0 wt%, and Si at a concentration of at least

about 2.0 wt% of said alloy (PQR).

14. The alloy composition of claim 10, 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.

15. The alloy composition of claim 14, wherein said alloying element R

comprises about 0.01 wt% to about 5.0 wt% of said alloy (PQR).



17. The all oy conposition of claim 14, wherein said
nmetal P conprises at | east about 60 wt% said alloying
woredoali2@ronpri ses at | east about 30 w % and BEi/tS2006/013515

alloying element R conprises about 1.0 wt% to about
5.0 % of said alloy (PQR). 18. The all oy conposition
of claim 17, wherein said al3oying netal Q consists
essentially of O at a concentration of at |east about
20 % W©Mh at a concentration of at |east about 8.0
w% and Si at a concentration of at |east about 4.0
wt % of said allo P . 19.. al ] oy. conposi,t.i-an .
resiir aﬁ?e t O%?%‘Pgﬂﬁgliﬁﬁ?%g}%%swi&#%%ngi glh@l.ay%r) oxide
. P [ f Py St
AR el EORpg 1By RO oF pie ERABend REREIR 8 PRIp consiting
of ¥t e I, Reidedioyify hfetzﬂrQ,aédi@ﬁllﬁ?]inlgﬁﬂaﬂneﬁoﬂpnﬂmb hmigtures
Cr, M1, A, and gl and Ris an alloying el enment, and
théxpoh nul ti-layer oxide filmon said surface of said
alloy (PQR), wherein said nmulti-layer oxide film
conprises at |east three oxide |ayers, wherein a first
oxi dg. | Byeallcpopmipssisioarvfatiide14.evbeteau sfidanetahB cprupgses
consi sting of a manganese oxi de, a nmanganese chropnte
at deashroant il Wk%dé%ldélg]@ym&m%g EPRIPEISES allgastaboyh 30 wi%,

M _ : i . . .
ST A YRh 8B BRELLo AR R NI th SRS BB P
an%é!(d R7 solid solution of alum num oxide and silicon

OXi

and m xtures thereof, and is | ocated between
the surface of said alloy (PQR) and said third oxide

| ayeyg f‘ﬁ‘é’aﬁgﬁégo@@héigigggﬂg%aihﬂ?!wﬁ% LSASTRNLARRE] O

-

al umi num ox
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).

19. An alloy composition 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,

0 is an alloying metal comprising Cr, Mn, Al, and Si, 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 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,



silicon oxide, and m xtures thereof, and is | ocated
between said first oxide |layer and said second oxide
wo ag0en121580. The al l oy conposition of clai m 19, PEITES®061013515

said nmetal P conprises at |east about 40 wt % of said
alloy (PQR). 21. The alloy conposition of claim 19,
‘wherein said alloying metal-3 conprises at |east about

20 wt% of said alloy (PQR). 22. The alloy conposition

of claim2l, wherein said alloying netal Q consists

essankiond ¥xife 18%eBéo ;t)ﬁwscae@mnatm orid¥, sAiconendde,ablid
10 % Mh at a concentration of at | east about 2.5

soluttivn ofl alumnimmancdn andsilicon ofkide, ahd aikturbs thereo and g
and Si at a concentrati.qn_of east % of .said
locéatwbpetwe@)the surfaqgef gaifd gjloy éﬁ@. %qdo?‘i“%g“ gxifledayer, and

8 S I P T s
sﬂ%n d:)xki’de %‘hd Ih?xtu%s tﬁ@reoiﬂ and4k loddted Metwden shad fiMp oxWe layer

Cu, Ag, Au, and m xtures thereof.

ana%aldrsh;eoaﬂlo&ydesmlypny tion of claim23, wherein said

al I oyi ng el enent R conprises about 0.01 wt%to about
5.0 % of said alloy (PQR). 25. The all oy conposition

of QaiThe2dlloy\bempbsitivaiof clalht 19, ay@eimnsdidendtal Mcomprises
further conprises one or nore elenents selected from

at {dast oo g Ocwifi oftsaialddy 2Q8)met al P, said al |l oying
nmetal Q said alloying element R, and m xtures
thereof.26. The all oy conpositi on of claim 23, wherein
sai @1kt aloye ommposmmnauf c[lamsl9 abbmmrﬁsmd»taﬂpym phetal Q
al | oyi ng._ et al about 30 wt % and

nPr i ses. at é@
coggrges pf lop ﬁh@]ﬂ@t&% %@fééﬁp%ﬂ but 1.0 w%to
about 5.0 Wt % of said alloy (PQR).
22. The alloy composition of claim 21, 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).

23. The alloy composition of claim 19, 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.

24. The alloy composition of claim 23, wherein said alloying element R

comprises about 0.01 wt% to about 5.0 wt% of said alloy (POR).

25. The alloy composition of claim 24, wherein said multi-layer oxide
film further comprises one or more elements selected from the group consisting
of said metal P, said alloying metal Q, said alloying element R, and mixtures

thereof.



27. The alloy conposition of claim26, wherein said
alloying netal Q consists essentially of C at a
w@omvertssat i on of at | east about 20 wt % M at P@I/US2006/013515
concentration of at |east about 6 W% Al at a
concentration of at |east about 4.0 % and Si at a
concentration of at |east abBout 4.0 w % of said alloy
(PQR). 28. A nmethod of preventing netal dusting of
net al surfaces exposed to carbon supersaturated
envi ronnents conprising the step of providing a net aI
surface with an all oy corrp03|t|on resi st ant to nmet a
dustzﬁn dheadloysiosmposidien ef plagai’s, 3 heéi‘i'/mcséﬁjp@@ﬁ ,%ﬁomprlses

at oricangu B0 A Ve ari 1Sk gimre, O Urti s A i BF Pt B,

am!l\lkaudci‘l)lolyf}gd%!r W&eéoxgﬁﬁlﬁéas 391 IBwedp t8dbout 5D Weladf said

conpris is an alloying

alley EPORY, and b) a nulti-layer oxide filmon said
g%f?%ce of said alloy (PQR), wherein said nulti-|ayer
oxide filmconprises at |east three oxide |ayers,

whepei miR Jllo%%orﬂﬁéﬁﬁoﬁ BY eLai T Wkﬁz@&nadaw %ll6¢ing metal Q
selected fr the group conS|st|ng of a nanganese

comsistsl essemtinlpgdisa acdurmentratiormof ar bmtm’aomliQ ewt@ndn at a
m xtures thereof, and is_an outer |ayer .

conggniretien of ¢t ieashabaidipe® |1 Al ra Copcshiaian |aagfaﬁh‘gl}é‘?ut 4.0
BRSPS iSOy S51RS SRRt brom)
| ayer, and said thlrd oxi de Iayer conpri ses nmanganese
e ik L e
L R s o R
suﬁﬁéeabvnﬁ &P ENOY TRendsition 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, |
Q 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 (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
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.



| east about 20 Wt % and said alloying elenment R
conprises about 0.01 wt%to about 5.0 wt% of said
W@bkdes215POR) . 30. The net hod of preventing nmetBET/US2006/013515
dusting of claim?29, wherein said alloying netal Q
consists essentially of Cr at a concentration of at
‘| east about 10 wt% M at a4bncentration of at |east
about 2.5 wt% and Al at a concentration of at | east
about 2.0 wt% of said alloy (PQR). 31. The nethod of

pr event TROmEBIG ofdhelemtn Oietd]aiudtial of MHEHE2S) Widrein said

al | oyi ng el enent is selected fromthe gr oup
metahpi c‘dmprgseefat E:asﬁ;lbd\lt 48i Wi, s ,all@mg%ctall [ C(ﬁnpnsshs at
Pb, Sc, La, Zr, H, V, Nb, Ta,

leah abpwt 2(bwt%ptand @ald a&bylm elexinnt R S@ipEsss R il $4% to
e d .of metal dusting of claim 31,
ab\?ﬂﬁﬁg)?wwﬁf&a’rﬂﬁ?ﬁ @a@@? oxide filmfurther conprises
one or nore elenents selected fromthe group
consj stjng of s metal P, al | o
sai dgoali ; éhc@a ﬁfl@ﬁl%ﬁ@@&*ﬁ% ICE%%% ggemmaéd
allv'gﬁgr%gle% 8%89[% 'eg&n 1?'051’c L&#}f’ggc e&va%teﬂﬁ"laﬁbﬂof 8t least about 10

w99 MRSt &hcéﬁﬁhﬁé@ﬁf at Ras®idut Skt 9ag af@N1QS laQJa)ncentratlon
conprises the steps selected fromthe group consisting

of at leaa) ab@mrtx.0 wath afjsadialoggP@R)sur f ace of said all oy
conposition resistant to netal dusting corrosion, b)
coextruding as an outer layer said nmetal surface with
sai Blal Tleymedmabsf prieventigs etariustiagnef ellaird @€ whgrein said
corrosion with one or nore other |ayers of steel or

allﬁwm@eqﬂeﬁ@@éRaus|S@3e§tedcf)romota@@@uls gpesishing pl By Kt dbSinkt Ha,
Y I B EV S PP 1 10¢ BSISIAYA & Nb, Ta, Mo, W, Ru, Rh, I,

Pd, Pt, Cu, Ag, Au, and mixtures thereof.

32. The method of preventing metal dusting of claim 31, wherein said
multi-layer oxide film further comprises one or more elements selected from the
group consisting of said metal P, said alloying metal Q, and said alloying

element R, and mixtures thereof.

33. 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) constrﬁcting 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



nmetal dusting corrosion, andd) a conbi nati on of steps

a), b) and c). 34. The nethod of preventing netal
wale®bitzigenf claim 33, wherein said coating stepCTVUS1086/013515

sel ected fromthe group consisting of therma

sprayi ng, plasma deposition, chem cal vapor

deposition, and sputtering.-435. The nethod of

preventing netal dusting of claim 34, wherein said

all oy conposition is fromabout 10 to about 200

m Cafrh;cérﬂbﬁmie}f%gﬁgeips%,-b)Ta{H%l gethod of preventing

net a ustrng o m 28,” wherein said nulti-Iayer

OXi il mis forned in. Si ' [ :
conpdsi e PRI v ool bl &F Shn 35 s @eliblaia
| §RPE N seldded Flogn BRE HOBponBisAME RE G ni® kptaying, plasma
co%il}is’%lén 'ng gE:el ai 6r:n 28, wher ei ﬁ ggi d al'l oy corrpogi tyi ogn P
depeyition seieniibsl vapoe deposifien.cancf spugteringr y appar at us and
react or systens exposed to a carbon supersaturated
envi ronment. 38. A nethod of preventing netal dusting

of BBt afhesMefhRERT R¥RAREG Motat dubiie fpeiisas4whedin said
envi ronnents conprising the st egwg)f provi di ng a net al

alley compesiticnh isafirosnl abwpt d Ortp ebioni 300 meeions am thicknesst al
dusting corrosion, wherein said conposition conprises:
a) an alloy (PQR) having a surface, wherein is a netal
sel 86t dhefmethotihd prevepting nsitsl dusgingfoffedain\2§, Whereamsaid
m xtures thereof, Qis_ an allaqying n}at al, conpri si ns%t, )
mudfi-laxer, oxide Tigm is Apaned inssighduying W g said CORpPSEijoryin a
I ti-layer oxide fi,lmon said surface of said alloy
can wpe{%&l@ﬁeﬁ @%@Ldpﬁir{g SIS de i1 m conpri ses
at | east four oxide |ayers, wherein
37. 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.

38. A method of preventing métal 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 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 an outer layer

located adjacent to a second oxide layer,



a first oxide | ayer conprises manganese oxide, and is
an outer |ayer |ocated adjacent to a second oxide
wo aopen2156i d second oxi de | ayer conprises an oxPOBUS2006/013515
selected fromthe group consisting of a nmanganese
chromate, a chrom um oxi de and m xtures thereof, and
is |located between said first2-oxide |layer and a fourth
oxi de layer, a third oxide |ayer conprises silicon
oxide, and is | ocated between said fourth oxide |ayer
and sgad $bcahdl O%ideN@RRs cARPriSAl £h b:aHE kble@iddiRomaner, fgroup
conpri ses manganesé silicon oxide, and is |locate
cohsisting of aanshgmessnchroxiale, 4 emermanﬁomde cntl mixtures ittkeeof,
| ayer. 39. The nethod of preventing netal dustlng of
andll&icma%i beifieeaisaidsiarsg ox dayepr f@l&r&s oxidelayes

Dot Qidd 1RE ColipsRY B P’ﬁ&x}% ﬁg? [ﬁclélger%lp*?%%’sgg thid
foffiReid Beldalt ia abBY DI Wy oF S2L T 1oy (PSR

preven g netal dusting of claim
38, sulteforirth edie laler opinpaises empahnédecsilisdrs bide, and is located
essentially of C at a concentration of at |east about
betwean 9aid pecend exide dryenandtspishthind eiide &8 about 6. 0
w% and Si at a concentration of at |east about 2.0
wt % of said alloy (PQR). 41. The nethod of preventing
met &9. diist inethast ofcpraivemti@s malmdrchlisting aif d:laim ¥ \mlgereln said

m%gfﬁ:g%p;s:ﬁg Sel I ect ed from g ﬁ,ﬁfj)l conS| E%lnpqses at
le% abiﬁt‘ 2(;{&'1‘7 ¥a1 '\Atilo T feX?%eo R gigmpﬁﬁes éﬁc%lﬁ ?t% to

abBﬁﬁﬂ@%t%g)f@ﬁi@AncguthR? of claim4l, wherein said
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el ements selected fromthe group consisting of said

fFEEt alo. PrhSflethddl bOePentitd AletdPduifthg ofldAx 89, ®heRENSaid
alloyi’ng element Q consists essentially of Cr at a concentration of at least about
10 wt%, Mn at a concentration of at least about 6.0 wt%, and Si at a

concentration of at least about 2.0 wt% of said alloy (POR).

41. The method of preventing metal dusting of claim 38, 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, Ry, Rh, Ir,
"Pd, Pt, Cu, Ag, Au, and mixtures thereof.

42. The method of preventing metal dusting of claim 41, wherein said
multi-layer oxide film further comprises one or more elements selected from the
group consisting of said metal P, said alloying metal @, said alloying element R,

and mixtures thereof.



and m xtures thereof.43. The nethod of preventing

nmetal dusting of claim38, wherein providing a netal
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dusting corrosion conprises the steps selected from

the group consisting of: a) constructing said netal

surface of said alloy conpogBtion resistant to netal

dusting corrosion, b) coextruding as an outer |ayer

said netal surface with said alloy conposition

resiyst amfe hethFRt S prévettinoneal dasinnoftlabm@s; vittersir
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environment. 48. A nmethod of preventing netal dusting

of metal surfaces exposed to o
44. The method of preventing metal dusting of claim 43, wherein said

coating step c) is selected from the group consisting of thermal spraying, plasma

deposition, chemical vapor deposition, and sputtering.

45. The method of preventing metal dusting of claim 44, wherein said

alloy composition is from about 10 to about 200 microns in thickness.

46. The method of preventing metal dusting of claim 38, wherein said
multi-layer oxide film is formed in situ during use of said alloy composition in a

carbon supersaturated metal dusting environment.

47. The method of preventing metal dusting of claim 38, wherein said
alloy composition comprises the inner surface of refinery apparatus and reactor

systems exposed to a carbon supersaturated environment.

48. A method of preventing metal dusting of metal surfaces exposed to

carbon supersaturated environments comprising the step of providing a metal



carbon supersaturated environnents conprising the step
of providing a netal surface with an alloy conposition
wo e®oa2Ent to netal dusting corrosion, wherei nPGHUS2006/013515

conposition conprises: a) an alloy (PQR) having a
surface, wherein Pis a netal selected fromthe group
consisting of Fe, Ni, Co, ad i xtures thereof, Qis

an alloying netal conprising C, M1, A, and Si, and R

is an alloying elenment, and b) a nulti-layer oxide
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i-layer oxide tfilmconprises at |east three oxide
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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 (PQR) 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.

49. The method of preventing metal dusting of claim 48, wherein said
metal P comprises at least about 40 wt%, said alloying metal Q comprises at
least about 20 wt%, and said alloying element R comprises about 0.01 wt% to

- about 5.0 wt% of said alloy (POR).

50. The method of preventing metal dusting of claim 48, wherein said
alloying element 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 aboﬁt 2.0 wt%, and Si at a concentration of at least about 2.0 wt% of said

alloy (PQOR).



alloying element Q consists essentially of O at a
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(PQR).51. The nethod of prevEnting netal dusting of
claim48, wherein said alloying element Ris selected
fromthe group consisting of B, C, N P, Ga, Ge, As,
In, Sn, Sb, Pb, Sc, La, Y, Ce, Ti, Zr, H, V, Nb, Ta,.
Mo, W Ru, Rh, Ir, Pd, Pt, Cu, . Au nd g xtures .
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said alloying elenent R, and m xtures thereof. 53.
Pt,T0e, Agt Aadand npxeventhiengpioet al dusting of cl ai m 48,
wherein providing a netal surface with an all oy
conposition resistant to netal dusting corrosion
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pré&vidid @ hetINBERCE with 8n 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,

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

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

54. The method of preventing metal dusting of claim 53, wherein said
coating step ¢) is selected from the group consisting of thermal spraying, plasma

deposition, chemical vapor deposition, and sputtering.

55. The method of preventing metal dusting of claim 54, wherein said

alloy composition is from about 10 to about 200 microns in thickness.



coating step c) is selected fromthe group consisting

of thermal spraying, plasnma deposition, chem cal vapor
walees2tsson, and sputtering. 55. The net hod of PCT/US2006/013515

preventing netal dusting of claimb54, wherein said

all oy conposition is fromabout 10 to about 200

m crons in thickness.56. Thelaret hod of preventing

netal dusting of claima48, wherein said nulti-I|ayer

oxide filmis formed in situ during use of said alloy
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envi ronment .

57. The method of preventing metal dusting of claim 48, wherein said
alloy composition comprises the inner surface of refinery apparatus and reactor

systems exposed to a carbon supersaturated environment.



