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PCT/ CA97/ 00261 SURFACE ALLOYED H GH TEMPERATURE
ALLOYS BACKGROUND OF THE | NVENTI ON (i)
Field of the Invention The present invention relates to coating

systens for the generation of protective 5 surface alloys for high
t enper at ure netvd YWMIRY products. Mire specifically, the coatPgERCA97/00261
systens generate surface alloys having controlled m crostructures

functional to inpart predet erm ned beneficial properties to said alloy
products incl udi ng enhanced coki ng resi stance, carburization

resi stance and product |ongevity. (i) Description of the Rel ated
Art 10 St ai nl ess IFHAACBAELOYRDHPIGHTEMPERATUREA.IMYSron, ni ckel
and chrom um as the nmej or constituents, with additives that can

I ncl ude carbon, tungsten, niobium ti tam um nol ybdenum manganese,

and silicon to achieve speC|f| SAE f PIQPENTI&N The maj or

types are known as martensitic, austenitic steels.
Austenitic stai nl ess gener ally is used where both hi gh strength and

hi gh corrosion I’g?l stf;{gfﬁ ¢ Eel enti
The present invention relates to coating systems for the generation of protective
5 surface alloys for high temperature metal alloy products. More specifically, the coating
systems generate surface alloys having controlled microstructures functional to impart
predetermined beneficial properties to said alloy products including enhanced coking

resistance, carburization resistance and product longevity.

(11)  Descripti th lated

10 Stainless steels are a group of alloys based on iron, nickel and chromium as the
major constituents, with additives that can include carbon, tungsten, niobium, titanium,
molybdenum, manganese, and silicon to achieve specific structures and properties. The
major types are known as martensitic, ferritic, duplex and austenitic steels. Austenitic
stainless generally is used where both high strength and high corrosion resistance is

15 required. One group of such steels is known collectively as high temperature alloys
(HTAs) and is used in industrial processes that operate at elevated temperatures generally
above 650°C and extending to the temperature limits of ferrous metallurgy at about
1150°C. The major austenitic alloys used have a composition of chromium, nicke} and
iron in the range of 18 to 38 wt.% chromium, 18 to 48 wt.% nickel, balance iron and

20 alloying additives.

The bulk composition of HTAs is engineered towards physical properties such
as creep resistance and strength, and chemical properties of the surface such as corrosion
resistance. Corrosion takes many forms depending on the operating environment and
includes carburization, oxidation and sulfidation. Protection of the bulk alloy is ofien

25 provided by the surface being enriched in chromium oxide. The specific compositions
of the alloys used represent an optimization of physical properties (bulk) and chemical

properties (surface). The ability of addressing the chemical properties of the surface
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15 required. One group of such steels’is known col | ectively as high
tenperature all oys (HTAs) and is used in industrial processes that
operate at el evated tenperatures generally above 650[err]C and
extending to the tenperature limts of ferrous netallurgy at about
1150[err] C. The major austenitic alloys used have a conposition of

chrom um niw&etard iron in the range of 18 to 38 wt pefrciavwoozerm 18
to 48 wt. % nickel, balance iron and 20 alloying additives. The
bul k conposition of HTAs is engineered t-édards physical properties such

as creep resistance and strength, and chem cal properties of the surface

such as corrosion resi stance. Corrosion takes many forns dependi ng on
t he operati ngﬂgnwg'hra)mﬁm aléaydand physicak:;brumescihxolugh the dtulkosompoxitidat wauld and
sul fidation. Protect n of t.h ul k aI often 25 . provi ded by fhe

surface bei ngPBRi Fﬁ? °I?pﬁrt3’H 95 URPERE atﬂ?és%e QE?WE‘“JBWO?YEFFB ice of
the alloys usafdustgpresetiméik. opti m zation of physical properties (bulk) and
chem cal properties (surface). The ability of addressing the chem cal

properties of the Sufcaaloyingcan be carried out using a variety of coating progesBSTh Hefiver SHEET

7
|(:5$/L EAS?; 002 G‘ihe right combx\égu% AA&&ZS’axs to the component's surface at an appropngti rate.

through a surThese mdtérinls weuld npdayeibe alloyedogier the bslk itk ddagoled Kanner
conmposition, \{1\%] rlegults in 2 microstructure capable of providing the preengineered or desired benefits.
This would require control of the relative interdiffusion of all constituents and the overall
phase evolution. Once formed, the surface alloy can be activated and reactivated, as
10 required, by a reactive gas thermal treatment. Since both the surface alloying and the
surface activation require considerable mobility of atomic constituents, that is,
temperatures greater than 700°C, HTA products can benefit most from the procedure due
to their designed ability of operating at elevated temperatures. The procedure can also
be used on products designed for lower operating temperatures, but may require a post
15 heat treatment after surface alloying and activation to reestablish physical properties.

Surface alloys or coating systems can be engineered to provide a full range of
benefits to the end user, starting with a commercial base alloy chemical composition and
tailoring the coating systern to meet specific performance requirements. Some of the
properties that can be engineered into such systems include: supenor hot gas corrosion

20 resistance (carburization, oxidation, sulfidation); controlled catalytic activity; and hot
erosion resistance.

Two metal oxides are mainly used to protect alloys at high temperatures, namely
chromia and alumina, or 2 mixture of the two. The compositions of stainless steels for
high temperature use are tailored to provide a balance between good mechanical

25 properties and good resistance to oxidation and corrosion. Compositions which can
provide an alumina scale are favored when good oxidation resistance is required, whereas
compositions capable of forming a chromia scale are selected for resistance to hot
corrosive conditions. Unfortunately, the addition of high levels of aluminum and
chromium to the bulk alloy is not compatible with retaining good mechanical properties

30 and coatings containing aluminum and/or chromium are normally applied onto the bulk
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provi de great opportunities for inmproving net eri al s performance in many
severe service i ndustrial environnents. Surface all oyi ng
can be carried out using a variety of coating processes to deliver 5 the
right conbination of materials to the conponent's surface at an appropriate

rate. These materials would need to be alloyed with the bulk matrix in
a control |l ed nwomen127s that results in a mcrostructure caF&BIGAswpoz6!
provi di ng the preengi neered or desired benefits. This would require

control of the relative interdiffusion of aff constituents and the overall
phase evolution. Once forned, the surface alloy can be activated and
reactivated, as 10 required, by a reactive gas thernmal treatnment. Since
both the surfacellgy foBOHEe Hisdesifed surface o¥igdlef ace activation require

consi derabl e nobilit f ] 4 i . t. S
greater than 700[err%b, % qu}r’%aﬁg%:&gwdgﬁ%ﬁsgﬁn%é?Wa}e&rﬂst egﬁg‘?é%é%h?e
due t 0 t heimamiéhge eflolzhind fiich a20fethyjeme dlyitydroatirbed steah @frdlipEAKINEES.

The procedure c al s be used gn products designed for |ower
operating t enperal'g)fdéi?cég’?n fgsts %&#}aggsrm, Bygpe Heaphtht samixehvith seap
surface al | oys ngnanfds@8 tie¥adih LRirkaRe 68 AP IFof N wPRYS bR add RABEL | B coil is
Surface alloys or coating systens can be engineered to provide a full range

of benef i t sheated pinthe entarwadland thethaatts enpdugtedio shedorarwall surfach teading|té the
chem cal conpositign.a tailQri t he coating,system.to nmeet. specific
per f or mance req Lﬁyfog#ésn? ohe by ﬁ%cagt}on?%eg Wp m%u_f)ertgf)g?sfr?%B%?Wztm%'aﬁnﬂlé’des“%gle

engi neered i nto sidé@ifed)$ihe FEocks3Gs 1he BuilEiIpRT LIV (c41Bén) B SheGRdTAEN Qifa2® of the
resi stance (carburization, oxidation, sulfidation); controlled catalytic

activity; and hopil There g 5¥p BioF yepssefgakss catalytic coke (or filampggpuppoks) thekgges ar e

mai nly used §{® pf %n?%(cﬁig #ﬁéégr&%no@#%g até:o ?trsﬁéh%%kcl%?%le,ﬁnii ea:gxorp%%ﬂ?f@k@ and

alum na, or a m xture ositions of stdin S ‘steels for
hi gh t enper at ur eébaisfernay & thaighoplsde taod platesi aie franbak gac srdast. Whe liglgdieedstock

mechani cal 25 properties and,good resistance to axidation and corrasion.
Conposi ti ons V\/nicé?fﬁ)(&ﬁncaéym %’rkg\‘i?"ﬂ%ccﬁ?fnz?r tﬂa?bé’c"gi&é@ ‘%P%S“faé\adﬁr‘é‘ﬂg?/ﬂfglﬁ’gﬁood
oxi dation resi stsaffe® dréa foesllediag, o88&oke. conposi tions capabl e of
formng a chrom a scale are selected for resistance to hot corrosive

condi tions. Unfortundtelcgke @Ractatd themiel imulpiogHequinng acastinggus igiease dnthe
1109 4 el 0B Wl A0y et o

normal |y appl i eduddtpisisteevierel that the tube skin temperature cannot be raised any further and the

furnace coil is taken offline to remove the coke by buming it off (decoking). The

decoking operation typically lasts for 24 to 96 hours and is necessary once every 10 to

90 days for light feedstock furnaces and considerably longer for heavy feedstock

20 operations. During a decoke period, there is no marketable production which represents

amajor economic loss. Additionally, the decoke process degrades tubes at an accelerated

rate, leading to a shorter lifetime. In addition to inefficiencies introduced to the operation,

the formation of coke also leads to accelerated carburization, other forms of corrosion,

and erosion of the tube innerwall. The carburization results from the diffusion of carbon

25  into the steel forming brittle carbide phases. This process leads to volume expansion and

the embrittlement results in loss of strength and possible crack initiation. With increasing

carburization, the alloy’s ability of providing some coking resistance through the
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alloy to provide the desired surface oxide. One of the nost
severe industrial processes froma materials perspective is the

manuf acture of ol efins such as ethyl ene by hydrocarbon steam pyrolysis
(cracking). wooendlyth ocarbon feedstock such as ethane, propBEFCABMAGHe or
naphtha is mxed with steam 5 and passed through a furnace coil made from
wel ded tubes and fittings. The coil is -4 heated on the outerwall and the
heat is conducted to the innerwall surface |eading to the pyrol ysis of
t he hydrocarbon feed to produce the desired product m x. An undesirable
side effect of tfhengionoésshiomiwhdadedistalegetaioratek eAt(rmambiooperating tdngperatmes,wal |

surface of the oi |l .. There afe two | t ypes of coke;.catalytic coke
(or filamentous h@lfl?é?‘ 't'};ﬁﬁ'%?é ?Ymeiﬁ’f'erg‘h 'ﬂ‘ﬁ% aHRe SRRZET B By
catal yst such asyessek&drvies. TW%Bch@%E%@U&oﬁ@K@Gyears that forms in the
gas phase and plates out fromthe gas stream In |ight feedstock

cracking, catalytic doks beemdemeansuaied ﬂ:@tal&mmz@d 9@%&93111101!1903@@@@@& anhsteel

d | f
The coke can momuseces BRETmah@rs dhide® o {ih, BB hefi0e o rcbenge i n

the 15 tube outcefamhlcoucermﬁmabur eAmxmmtai muhxmgughmublveﬁtmoalmsxioﬁ of
reached when the_ coke . uil dup_is so severe that the tube skin
tenperature can ﬁ&m‘ﬂé‘“r‘éﬁ"s‘éﬂ aﬁwy S“F@F? R PackneFmepstion, a chemicah¥epopp Appasitiopaken

offline tor em)‘(@ch}lﬂﬁe.c ke c@a\ﬁnE W ﬂlh&g)n'alt t0%bim Q%ﬁp{j‘, b@gémptﬂﬁg and provides an

alumina scale which is effective in reducing catalytic coke formation and protecting from
10  oxidation and other forms of corrosion. The coating is not stable at temperatures such
as those used in ethylene furnaces, and also is brittle, exhibiting a tendency to spall or
diffuse into the base alloy matrix. Generally, pack cementation is limited to the
deposition of only a single element, the co-deposition of other elements, for example
chromium and silicon, being extremely difficult. Commercially, it is generally limited
15  to the deposition of only a few elements, mainly aluminum. Some work has been carried
out on the codeposition of two elements, for example chromium and silicon, but the
process is extremely difficult and of limited commercial utility. Another approach to the
application of aluminum diffusion coatings to an alloy substrate is disclosed in U. S.
Patent 5,403,629 issued to P. Adam et al. This patent details a process for the vapour
20 deposition of a metallic interlayer on the surface of a metal component, for example by
sputtering. An aluminum diffusion coating is thereafter deposited on the interlayer.
Alternative diffusion coatings have also been explored. In an article in
"Processing and Properties” entitled "The Effect of Time at Temperature on Silicon-
Titanium Diffusion Coating on IN738 Base Alloy" by M. C. Meelu and M. H. Lorretto,
25 there is disclosed the evaluation of a Si-Ti coating, which had been applied by pack
cementation at high temperatures over prolonged time periods.
Deleteriously, however, to date no coatings have been developed which, in the
context of hydrocarbon processing at temperatures in the range 850 to 1100°C, have been
found effective to reduce or eliminate catalytic coke deposition or to provide improved

30 carburization resistance over a commercially viable operating life. A major difficulty in
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decoki ng operation typically lasts for 24 t0 96 hours and is necessary once
every 10 to 90 days for light feedstock furnaces and consi derably

| onger for heavy feedstock 20 operations. During a decoke period, there is
no mar ket abl e producti on which represents a maj or econom c | oss.
Additionally, the decoke process degrades tubes at an accel

rate, | eadi %g“’l%”él?ﬁortelro lifeti rreg In addition to ineffici éﬁéqe‘“g 00261

i ntroduced to the operation, the formation of coke also leads to

accel erated carburization, other forms of torrosion, and erosion of

t he tube innermall The carburization results fron1the di ffusion of carbon

25 into the ste brittl.e carbide ases. s to
vol ume expansi o?"re rﬁecg‘f%cé’até’?gdf ferensasiy o?&aay fop ’ieﬂ c?%@gs g)sé%k gﬂ’ﬁfeh and
possi bl e crack foihd fuBé AIRSY suM¥tdalt tirder 1BASHcBBied high ttﬁﬁﬁepd!ﬁrbé@érh% cohfiiond in0OY" S
ability of providing some coking resistance throu

SUBSTI TUTE SHEBTyd¢dratben 2gyolysis furnaces. Ad@l@ﬂl;q,ﬂzemanngs lack the necessary resistance

PCT/ CA97/ 00261 to any or all of thermal stability, thermal shock, hot erosion, carburization, oxidation and

5 sulfidation. A commercially viable product for olefins manufacturing by hydrocarbon
steam pyrolysis must be capable of providing the necessary coking and carburization
resistance over an extended operating life while exhibiting thermal stability, hot erosion

resistance and thermal shock resistance.

Summary of the Invention

10 It is therefore a principal object of the present invention to impart beneficial
properties to HTAs through surface alloying to substantially eliminate or reduce the
catalytic formation of coke on the internal surfaces of tubing, piping, fittings and other
ancillary furnace hardware used for the manufacture of olefins by hydrocarbon steam
pyrolysis or the manufacture of other hydrocarbon-based products.

15 It is another object of the invention to increase the carburization resistance of
HTAs used for tubing, piping, fittings and ancillary furnace hardware whilst in service.

It is yet a further object of the invention to augment the longevity of the improved
performance benefits derived from the surface alloying under commercial conditions by
providing thermal stability, hot erosion resistance and thermal shock resistance.

20 In accordance with the present invention there are provided two distinct types of
surface alloy structures, both generatable from the deposition of either of two coating
formulations, Al-Ti-Si and Cr-Ti-Si, followed by appropriate heat treatments.

The first type of surface alloy is generated after the application of the coating
material and an appropriate heat treatment following thereafier, forming an enrichment

25 pool adjacent to the base alloy and cbmaining the enrichment elements and base alloy
elements such that an alumina or a chromia scale can be generated by reactive gas
thermal treatment (surface activation), through the use of Al-Ti-5i and Cr-Ti-Si as the
coating materials, respectively. This type of surface alloy is compatible with low

temperature commercial processes operating at less than 850°C.

SUBSTITUTE SHEET (RULE 28)



formati on of a chromi um based scal e detériorat’es. At normal operating

t enper at ur es, hal f of the wall thickness of sone steel tube alloys can
be carburized in as little as two years of service. Typical tube
lifetimes range from3 to 6 years. It has been denonstrated

that al um ni zed steels, silica coated steels, and steel 5 surfaces
enriched i n mMYQan#3® oxi des or chrom um oxi des are benefi ci BET/CAYTMUICI NQ
catal ytic coke formation. Alonizing[err], or alumnizing, involves the

di ffusion of aluminuminto the alloy furface by pack cenentation, a
chem cal vapour deposition techni que. The coating is functional to
forma N Al type conpound and provides an al um na scale which is

effective in reduci ngbesacendtypeoiurface adlopris dlsrpradugedusingst-Tingi driCriiid®D as

oxi dation and o r_for rrosi.on. The coating is naot stable .at .

t enper at ur es suct:l{%%oann% naﬁée'f%sogééwt}’greg'%ih t}te RPERClp %‘rsr‘@&qs, ProduceA %’%tuf’gn
brittle, exhibi barfigr aljdcemndethe pase@llspaldlan @firichment shol hdjsRni saldQliffi@odBsBel | Oy
matri x. General |y, pack cenentation_ is linited to the _  deposition of
only a single ePifasactvatien efjbisbpeof surfaee Bloy graduces aipeatestive scajeghatds mamle
chrom um and ssi Lji,G0 wik§i QX bt Lol ey chal Lyt .
generally limted 15 Wt out % dgég{s’%#gghg‘rgngd#&f!’g&ew g%%%@énn%lin%@r

al um num Sone WoSk Bighiseaes emripldy effectiveoatt reducingher elmimpunsg tatalytiofcokwo

el enents, for exanpl.e rom um.and silicon, but, the . process is |
extremely diffi ?‘lf?’gt‘%{hd ?‘ﬁpfgh“ég?“cﬂ _?&‘i‘%‘?a“gki"ﬂﬁwgh%ﬁ’am ° SPHPESth to
the appl i catdcediebf abual NBOPdishiniat QREOFhAnIBSA: 3) Bdr4bRPSLAL €
is disclosed in U S Patent 5, 403, 629 issued to %—7 Adam et al. This
patent details BYfhStess for the vapour 20 deposition of a metallic

interl ayer t he su if I t.. 1o | e . .
sputtering. q&n al um ﬁﬁ%ggfug b ﬁg?rglﬁ; %gg{iﬁe%g?gﬂ{cﬁ%%% ﬁ’?ﬁg‘e%“é‘g?{?deae a8tﬁv"tl¥1e
interl ayer. interdiffused 14yet esnitdnihy tedinkhilliss 6fthe elainking fromakebat ahoyarinthe
explored. In an,artjcle . in "Processi d Propertjes” entitled "The
Effect of Time SEPorisiseretaly Jhsrshmenigol ¥ detimeqps o risrihyed IR PLAPEAILE ng
on | N738 Base AlteQ¥poshid Mhtefials Mtldiac@ th th difhusib®bdrir! 2 formed, or BRI asd Slloy,

di scl osed the evaluation of a Si-Ti coating, which had been applied by pack
cement ati on at Mhigh is Bmponat tomeainteiparpresedive ogidd sealnen the pitomrost surface. _

Del eteri Ous'lg’ hovev ri(t:ls btrgad e%t, Hx% n?e%%td!o?%séihvaevt?on%re& 9181\1/1 Lppo?dti\‘lz\'plsu%bel n

t he context of hydrocarbon’processing a errperaf’ure PR T e range 850
to 1100[ err] C, bawbashelsy containidgdttngniedef falichromiird coraphiteedepbsitig ontdsaidbase
catal ytic coke deposition qQr to provide jnmproved 3 carburization

resi stance overaﬁgycéwgiséhcw %‘B!“Bmd’ﬁg‘raétl‘faﬁ'gofleiﬂgél}‘mﬁ(’%f@rc PReardy in

heat treating said base alloy to generate a surface alloy consisting of an enrichment pool

containing said deposited elements on said base alloy.

20 More particularly, the method comprises depositing an effective amount of
elemental silicon and titanium with at least one of aluminum and chromium at a
temperature in the range of 300 to 1100°C to provide an enrichment pool which contains
4 to 30 wt.% silicon, 0 to 10 wt.% titanium, 2 to 45 wt.% chromium and optionally 4 to
15 wt.% aluminum, the balance iron, nickel and any base alloying additives, and heat

25 treating said base alloy at a temperature in the range of 600 to 1150°C for a time effec: =
to provide an enrichment pool having a thickness in the range of lb to 300 pm.

In a preferred embodiment, the method of the invention which additionally
comprises heat treating said base alloy at a temperature in the range of 600 to 1150°C for
a ime effective to form an intermediary diffusion barrier between the base alloy substrate

30 and the enrichment pool containing intermetallics of the deposited elements and the base
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seeking an effective coating is the propensity of many applied coatings to
fail to adhere to the tube alloy substrate under the specified high
tenperature operating conditions in hydr ocar bon pyrol ysis furnaces.
Addi tional ly, tWwe9t#a1s ngs | ack the necessary resistance PEHCAPRO0REL ol
of thermal stability, thermal shock, hot erqsion, carburization, oxidation
and 5 sulfidation. A commercially viable‘ﬂ?bduct for olefins
manuf act uri ng by hydrocarbon steam pyrol ysis nust be capabl e of
provi di ng the necessary coklng and carburi zation resi stance_over

extended oper at i AHOY §lfBeniisaiddiERHPmParTiefpreferabliapviag &Bi“}kF‘F%? of iBto %ch%méﬁd
resistance and tRhghngl, %h@?&‘w{)‘? ?ctoﬁfrtﬂ?)4wt% titanium P V1o @5 &thﬁcmﬁgﬁ.,‘ 80 10

It is therefore a pr|n I pa the present "I nvention
benefi ci al palageriton asd m&ebﬂiﬂsany bnm@'adﬂmwésadhc proteotyversgrfbae is reacted with
substantially elimnate or

ducde tic. forrratl n of coiég
the internal surfROXEIZRE 5"’613? {S?’Bl?’iéeas‘f‘?“tep ﬂ ey lf> YEHRcar nm‘ﬁ’ﬁéi Phr y
furnace hardwar ecyssf digkidd, hﬁoﬂéarl#fﬁﬁﬁ Whe &f hyﬂr@gehn%x&gemraﬁg&{ Q@ﬂre"o&e@m

pyrolysis or the manuf act ure of ot her hydr ocar bon- bas roducts.
It is another objeranishable protertinespal¢ bavings thickresnefaboui 8. 5c,iar‘l%um iy ﬁtrmedm on said
resi stance of - HT As us?d for tubing, piping, fittings and ancillary
ensic ent
furnace hardware 1'1ms n 'service. It is yet a further object
of the invention to akgaffthertchbodifRMteolithieymahod dfehelimehtios dluminum PLEHrOmMIENCe
benefits derived_.fromthe surface all Oﬁ{i n% under comercjal conditions by
is replaced by an element selected from Groups IVA, VA and VIA of the Penodic Table,
10 or manganese; or titanium is replaced by an element selected from Group IV of the
Periodic Table capable of segregating to the outermost surface to form a stable protective
scale, yttrium or cerium may be added to the composition to enhance the stability of the
protective scale,
The surface alloyed component of the invention produced by the method broadly
15 comprises a base stainless steel alloy containing iron, nickel and chromium, and an
enrichment pool layer adjacent said base alloy, containing silicon and chromium, and
optionally one or more of titanium or aluminurmn or elements selected from Groups IVA,
VA and VIA of the Periodic Table, or manganese, cerium or yttrium, and the balance
iron, nickel and any base alloying additives; or optionally, wherein said silicon and
20 chromium and optionally one or more of titanium or aluminum or elements selected from
Groups IVA, VA and VIA of the Periodic Table, or manganese, cerium or yttrium, have
been applied to said base alloy under conditions effective to permit reactive interdiffusion
between said base alloy and the deposited materials, whereby the enrichment pool is
formed which is functional to form a replenishable protective scale on said outermost
25 surface of said component. The enrichment pool composition preferably comprises
silicon in the range of 4 to 30 wt.%, titanjum in the range of 0 to 10 wt.%, chromium in
the range of 2 to 45 wt.%, and optionally 4 to 15 wt.% aluminum.
The surface alloyed component preferably additionally comprises a diffusion

barrier layer, adjacent said base stainless steel alloy, said diffusion barrier having a

30 thickness in the range of between 10 to 200 um. and containing intermetallics of the
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providing thermal stability, hot erosion resistance and thermal shock

resi stance. 20 In accordance with the present invention there are
provi ded two distinct types of surface alloy structures, both
generatable fromthe deposition of either of two coating formul ati ons,

Al -Ti-Si and C-Ti-Si, followed by appropriate heat treatnents.
The first tymoofazsrface alloy is generated after the applrcmtisomomi the

coating material and an appropriate heat treatnment foll ow ng
thereafter, formng an enrichment 25 pooB-adj acent to the base alloy and
containing the enrichnment el enents and base all oy el ements such that
an alumna or a chrom a scale can be generated by reactive gas t her mal

treat ment ( surdf@@@teé@ﬂeinmm apf Yhe base aliqytelerhentsy sdrersby Ale-diffusin barder@nd The Si as
th t L | Th f 1.0
corGrpat i bl go\?\n It% FE%E& o8l g r esgtvﬁpclé’\/%f) }‘81'?**‘2[‘0% lbcc?é;% Surrb e’f‘ﬁ‘?’ﬁﬁ‘(j%&t | ess

t han 850 C. deleterious constiiGey ﬁafb]sazﬁ)ase alloy and to form a replenishable protective scale
PCT/ CA97/ 00261 - 6-

The second type $id aarmay suriace of sdidcompagenr frrrcerdanesivith tmscmbogme@t, the
Cr-Ti-Si assg smco&rll n&:ﬁ?lgl tpnfgdﬂﬁlgfaﬁ 'b%%r Eggy\é%Yr&rn’se tsh?coﬁ%@%h rfe‘{' {0 cle

I's such as to produce a acent Pase | oy
and an enri chnmetft, goahi uadpalmeﬁﬂgesﬁlldtajsfﬁu%gmﬂtbaﬁmédﬂle range oBROMAT® 4

activation of thjs e of . surface allo roduces g, .protective scale t hat
e iy o Wi o SricRErn pon) compotibn comprses GHETY WanieBes &

mai nly chrom awiieshrstsinitin G ran%e of 214 42SM %Bﬂﬁhxtﬁﬁﬁh%th@%ggbgmt%eﬁig getive
at reducing or elimnating catal ytic coke
10 wt.%, and optionally aluminum in the range of between 4 to 15 wt.%.

10 Description of the Drawings
The products of the invention will now be described with reference to the
accompanying drawings, in which:
Figure 1 is a schematic representation of a surface alloy after coating
deposition, surface alloying, and surface activation,
15 Figure 2 is a photomicrograph depicting the microstructure of a surface
alloy produced on a wrought 20Cr-30Ni-Fe alloy using the Al-Ti-
Si coating formulation;
Figure 3 is a photomicrograph depicting the microstructure of a surface
alloy produced on a cast 35Cr-45Ni-Fe alloy using the Al-Ti-Si
20 coating formulation; and
Figure 4 is a photograph showing a treated sample (left) and an untreated
sample (right) of the results of the accelerated carburization test

method 1 after 22 cycles.

ipti r mbodj t
25 Having reference 1o the accompanying figures, a process for producing surface
alloyed components will now be described. Suitable base alloy compositions of
components to be surface alloyed would include austenitic stainless steels.

Coating materials would be selected from elemental silicon and titanium, with
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formation. This type of surface alloy i's conpatible with high tenperature
conmmer ci al processes of up to 1100[err] C such as ol efi ns manufacturing
by hydrocarbon steam pyrolysis. 10 The diffusion barrier is
defined as a silicon and chrom um enriched, reactively interdiffused

| ayer containing internmetallics of the elenents fromthe base alloy and the
deposi t ed nat eMOA74127he enri chnent pool is defined as aninﬂ%ﬁQﬁﬁgﬁﬁﬁﬂ

| ayer cont ai ni ng the deposited materials and adjacent to the diffusion
barrier, if formed, or the base all oy, ““Wwhich is functional to maintain
a protective oxide scale on the outernost surface. 15 In its broad

aspect, the nethod of the inyention for providin pratective surf
on a base al | oy %6RTEPH;0HFHEHT, Ghrmigm, %W“gﬁFlﬁaF‘ﬁﬁ?’Egﬁﬁ?ﬂségé’ }jéﬁﬁgﬁﬁﬁng

onto said base ,fe Bl ﬁbﬁéﬁﬂh@iﬂﬁﬁ, bdrfu@ordRiut. AR Wa :Ble adpldce@imone

of alum num and chrom um an eat treating said base alloy to

generate a surf sapethed dleyent fromiGoumiy Ao f Thaprederred slements wouls] be titantum,lrainuing

sai d.  deposited el nts on said base.al.l.oy. .20 . Vor.e rticularly,
The et hod comprPd SEoRRL R PRitRRT it Hlitoh, Eode pusipeom Wiy B ol 2
silicon and t§t aikparediréhl ohborhiGms titaalieh @dd §lietn, i Bdrabidatidd! QF e &umdnum,
tenperature in the range of 300 to 1100[err]C to provide an enrichnment pool
whi ch cont ai ns  titaniurg apdsiepngin anbinatien nAdditiengliy.pnipitish coptingefisilicop may b5
W . % chrom um a ; . . i iron,
ni ckel and any bmggggafoﬁggﬁléy écﬁtﬁ‘??rfg\/%fs!}’}g%%h%%%bg%&#%uarﬁ]ﬁgﬁggl 3 %gﬁs%
all oy at a tenpedlabuesrichmehhelheaimgenofselofied wil depbt] wronjtke fequisige fropastief dfect
[err] to pr VHEF aqlenrichnent pool having a thickness in the range of
10 to 300 [err] ripesurtaceatioy In a preferred enbodi ment, the nmethod of the
invention whigh addi top@l WY Ti-Si corfii@fohSSSmiHRa! whhiaahhdtdfrS@l 5 RASE wAlkt,0Y
at a tenperature in the range of 600 to 1150[err]C for atine
ef fective to fortHemdwmivemit megt foomy Sde 39 wevemmd therbajanee fibeageen the base al | oy
substrate 30 and tNgentd ENFRRE cRORhaRANERLANMS wollaFalE! bk 51050 WhE,,
deposited el enents and the base

titanium would range from 5 to 30 wt.% and the balance silicon.

Typical ranges for the average composition of the surface alloy layers formed on

15 a wright 20Cr-30Ni-Fe alloy using Al-Ti-Si are shown in Table 1.

TableI
Wt. % Diffusion Barrier Enrichment Pool
Alumium Oto2 5to 15
Chromium 20 to0 40 21010
20 Silicon 51010 51030
Titanium Oto2 5t0 10
Iron, Nickel Balance Balance
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al l oy el enments,

-7-

said diffusion barrier preferably having a thickness of 10

to 200 [err]m and containing 4 to 20 wt.%silicon, 0 to 4 W%
titanium and 10 to 85 w.% chromum the bal ance iron and ni ckel
any al |l oyi ng wddramves. The protective surface is reacted wethvcas7/002éan
oxi dizing gas selected fromat |east one of oxygen, air, steam carbon
monoxi de or 5 carbon dioxide, alone, or-¥Wth any of hydrogen nitrogen or
argon whereby a repl eni shabl e protective scale having a thickness of
about 0.5 to 10 [err]mis forned on said enri chnment pool .

In a further enbodl"Frﬂmaltﬂhg@ﬂferthecmegfﬁmpwmohnf/émﬁme além'dmemmmcd on

Aot the per b Bt SRCERRE-rOloHbyE SRR 38 ATIRS) of G BB e by an

el ement selected fromGoup IV of the Tableferiodic Tabl e capabl e of
segregating to_the outernnst surface to faorma stable protective

and

scale, yttriunfor cerwmuyresay be adaddepifhRicu/Bareieppos|ti mrkgn@ahpme;m
stability of tkhe- pH-ot-ectvetseales Hre—str-face—alttoeyed
conponent of5 the i nveédumbun produged by t b et hod b‘r oadl y 45)15corrpr| Sis a
base stai nl ess{steetr_—artogy contaimni g T 1o, N cRetjand—chrarm unT—anmd—Hn
enri chnent pool | ayeFhR8i%eent sdid bas%55¥$5ol, confal ni ng%4?PYcon anfl
chrom um and nal Iy one or f titanj um or L num or

el ement s sel ecked anmhjr?rgmmqyl VA %ﬁjm AVi| f the Plflgndl c Tapl e,
or manganese, f[feri umm{amyl;r;rl um jand t hegkasd ance |ron,0t5||40kel anyl any
base al | oyi ng peet+res—or—eptgrat-y—whereti—satg—stH+ecor—eantd—26

chrom um and opti ondtdnyNinkel or ngre of Bialaaed um or jal uni ndalance el eneny s

sel ected from Goups TVA,~ VA and VIFOT the Periodic Table, or
manganese, ceriumor yttrium have en applied to said base all oy
under condilfi ons ef Rtésteibgaoted thaerngiof theéé‘@PF’@%S qfﬁleé‘tba}’q‘%%ﬁl‘%?ﬁ coating is that

a Ni:Ti:Si ratio of 4:2:1 respectively is functional to form a very stable compound in
conjunction with the other elements. This stable coating does not diffuse into the
An

exemplary component composition would be 49.0 Ni - 10.3 Fe - 3.5 Cr-22.7Ti- 13.3

substrate and maintains a high titanium and silicon content near the surface.

15 Siand 1.4 of other components.

Selection of a Delivery M for Coating Materi
The coating materials may be delivered to the surface of the component by a
variety of methods whose selection is based on the composition of the coating, the
temperature of the deposition, the required flux at the surface, the level of spacial
20 homogeneity needed, and the shape of the component to be coated. The major coating
technologies are identified below.

Thermal Spray methods include flame spray, plasma spray, high velocity oxy fuel
(HVOF), and Low Pressure Plasma Spray (LPPS). They are all generally line-of-sight
and are best suited for external surfaces. The use of robotic technology has improved
25  their throwing power somewhat. New gun technologies have also been developed
capable of coating the internal surfaces of piping products which are greater than 100 mm
in inner diameter and lengths exceeding 5 metres.

Electrochemical and electroless methods have good throwing power for complex
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bet ween sai d base alloy and the deposited mat'erials, whereby the enrichnment
pool is formed which is functional to forma repl eni shable protective
scale on said outernost 25 surface of said conponent. The enrichnent poo
conposition preferably conprises silicon in the range of 4 to 30 wt. %
titaniumin the range of 0 to 10 wt.% chromumin the range of 2 to
45 wt.% and opvoemaRtyy 4 to 15 wt. % al um num ThBCEHGAPHRO26!

al | oyed conponent preferably additionally conprises a diffusion

barrier |layer, adjacent said base st ai nl essl5t eel all oy, said diffusion
barrier having a 30 thickness in the range of between 10 to 200 [err]m

and containing internetallics of the WD 97/ 41275
PCT/ CA97/ 00261  shapes but are limited in the range of elements which can be deposited. _ g.

deposited el enents an h .oy , y ' '
barrier and the gﬁ!§9“§ hb%eg‘;‘fm%%% glr%léﬁggj rg%rléeae%?agﬁg’atrhé a&%@%&%@a?%ogr
reduce diffusi ondegosities (CVIDY; plabiia enhanced eheiiedt vapsr deposition (RECVD)] ant @hgsicall
base alloy and to form a repl eni shable protective gcal e . n said

out er nost  sur f ac ¥aRfur S5pesitiog By Eand VI methods g 55k ¥eres,2nd iocluds seshedie REC,
the 5 silic ' ' [ ' I nprises silicon in
the range of j"I’nt gﬂ%%ﬁﬂémﬁ’v&ﬂ%&éﬁﬁ%ﬁﬁe?ﬁéﬁﬁgwwio to 85 w.% and
titani umin the rangeOtfer éqating Methodsdnclude sohgel a4 flardiked bédprenssses Witk the fpower

T The tange of " SaesS SRVSREA 0k TR e Aing Mg boph Bk eirne fpd "
10 wt. % and opt icemplek ¥hapkdiEdnpbmests. t he range of between 4 to 15 wt. %

Hybrid methods combine more than one of the above to ensure that the
10  engineered surface alloy microstructure can be generated from the constituent materials
delivered, for example, CVD, followed by PVD, or electrochemical followed by PVD.

Each of the above methods has capabilities and limitations that define its
applicability for the performance enhancement of the component required. The key
delivery requirements of any method considered for a given coating formulation are

15 geometry of the component to be coated, throwing power of the method, rate of
deposition and uniformity of deposition.

All of the above methods can be used for delivery of coating materials to the
external surfaces of a wide range of component geometries, each with well defined
throwing power. The preferred methods for delivering a wide range of coating materials

20 to the internal surfaces of complex shaped parts are PVD methods. This is due to the
flexibility in the selection of consumable (coating) material, and the ability of assembling
the coating consumable within the complex shaped part. An example in the coating of
tubular products is given by J.S. Sheward entitled "The Coating of Internal Surfaces by
PVD Techniques" published in the Proceedings of the 19th International Conference on

25 Metallurgical Coatings and Thin Films, San Diego, April 6-10, 1992.

The use of maénetron sputtering is well known in the art and detailed in the

review by J.A. Thornton and A.S. Penfold entitled "Cylindrical Magnetron Sputtering"
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10 Description of the Draw ngs ' The products of the invention
w Il now be described with reference to the acconpanyi ng draw ngs, in-
whi ch: Figure 1 is a schematic representation of a surface
all oy after coating deposition, surface

al l oying, and surface activation; 15 Figure 2 s a

phot om cr ogr agb o8garet i Nng the m crostructure of a surface PCT,CA97/00261

al I oy produced on a wought 20Cr-30Ni -Fe alloy using the A -Ti-

Si coating fornul ation; Fi gur-€23 i s a phot om crograph
depicting the mcrostructure of a surface al | oy
produced on a cast 35Cr-45Ni-Fe alloy using the Al-Ti-Si 20

coating formnul at iThin FafdProcesses, AcademelRiinsqu?) Sp‘écxﬁcmi%ﬁlg§@tp%§98¥‘ﬁtng a
treated sanple (left) and an untreate sanpl e

(right) of the litesatureigclyded Hesaﬁ%@t%f‘é?@ﬂzi:mdoﬁﬁﬁ%bﬁ igfied as B. Zega entitled
o efer oncEyHRE Tatode for MRASLEAN Hniled MEREALPT LRG FERGALERN' 25

Havi ng referenc e acconpanyin rgures, a pr cess &
surface aMagpettbncSpugenrgrCathode bhhd Appuardnes” dspenmvag,ohnd:'au |st p;h&la e sal | oy

austoni i o ot o deshdll BBRES Voo aniaSpatas i e Mol SO gamed
sel ected from g gimRAtAhe ShikdkRg oPBhokiibAN UM Wi th
In this invention, the production of a surface alloyed component is divided into
four major steps:
(a) prefinishing, to generate a clean surface compatible with vapour based
10 coating methods;

) coating deposition, to deliver the required coating materials for surface

alloying;
(c) surface alloying, to generate a specific or preengineered microstructure;
and
15 (d) surface activation, to generate a protective scale by reactive gas treatment.

Steps (a) through (c) are required, step (d) is optional, as will be described below.
In step (a), prefinishing, a combination of chemical, electrochemical and
mechanical methods are used to remove organic and inorganic contaminants, any oxide
scale, and where present, the Bielby layer (a damage zone formed through cold working
20 production processes). The prefinishing sequence used is defined by the bulk
composition, the surface composition, and the component geometry. The thoroughness
and uniformity of the prefinishing sequence is critical to the overall quality of the coated

and surface alloyed product.
For step (b). coating deposition, the preferred methods of coating the innerwall
25 surfaces of components such as tubing, piping and fittings are sputtering (DC or RF),
with or without magnetron enhancement, and PECVD. Method selection is driven
mainly by the composition of the coating material to be delivered to the component
surface. With sputtering methods, magnetron enhancement can be used to reduce the
overall coating time per component. In such cases, the target (or cathode) is prepared by

30 applying the coating formulation on a support tube which has the shape of the component
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PCT/ CA97/ 00261 -O- one or
nore of alum nium chromum elenents selected from Goups |IVA, VA and VIA
of the Periodic Table, nanganese, ceriumor yttrium Titanium may be
replaced with anot her elenment from G oup I VA. The preferred el enents
woul d be titanwmg74arxsm num and chrom umin conbi nati on WEHCAITIPWSN.
However, satisfactory surface all oys nay be 5 prepared from chrom um
titaniumand silicon, in conbination, or frbm al uni num titani um and
silicon, in conbination. Additionally, an initial coating of silicon may be
applied foll owed by a coati ng of the above-descri bed adm xtures to further

enhance si | | ©ds cesied pmetyhigssehanibaitof thecrmpprsat- whe suppptiige Wishiba he
requi site propergi 4 PR ROk ol =Tk Si
conbi nati on, al u%aﬁ%@ﬁwﬁléxgﬁaéﬁf\ {tg%ﬁf'gérétegx%%&ﬁ% ¢ %ﬁ;mponemt"?%am uer% \A%a-tg;?ed
range from5 t o &Qeliteriig acuing ivatehiall vaifernlg.i Appliostion methods of the cottig donsumable
Cr-Ti-Si conbination, chrom um would ra(gge fqﬁg@ 15 to 50 V\a.% . i
titani umwoul d reHBdht SHRCE DEEFaYAG Y Hbh LPUREEPPYSCREFYIously listed.
Typi cal rangeg f?ﬁer&x'ﬁ?sé&gfmﬁ)&%g?@?d\ﬁxh Q8 befthd HBstSHEAPEE BE hpel FXBESH
formed on 15 a wight Z0CG-30Ni-Fe alloy using Al-Ti-Si are shown in Tagbl e
I materials required for components processedfighthe olefins manufacturing applicapjon. 9%

Diffusion Barrie nrich Poal . . m. um.

0to 2 l(/lagnetron ex%rxagcetnbegﬁi}lthe sputtering process w&cr:acx;rr:ﬁdélr%!(’usm% either permanent
20 to 40 magnets within the siipport Qube D passing a high DC orA( bt through the support
5to 10 5to 30 ., X Ti tani um X

0to 2 tube to generat an,appgopriate magnetic field. The latter approach 1s based on

10 electromagnetic theory specifying that the flow of an electric current through a conductor
leads to the formation of circular magnetic induction lines normal to the direction of
current flow for example, D. Halliday and R. Resnick, "Physics Part II" published by
John Wiley & Sons, Inc. (1962). When using permanent magnets to generate the field,
the composition of the support tube is unimportant, however, when using a high current,

15  the support tube should be made of materials with Jow electrical resistance such as copper
or aluminum. The process gas normally used is argon at pressures ranging from 1 to 200
mtorr, and if required, Jow levels of hydrogen (less than 5%) are added to provide a
slightly reducing atmosphere. The component temperature during deposition is typically
in the range of 300 to0 1100°C.

20 For step (c), surface alloying can be initiated in part or carried out in parallel 1o
this operation by depositing at sufficiently high temperatures of greater than 600°C with
well defined temperature-time and flux profiles, or it can be carried out upon completion
of the deposition in the temperature range of 600 to 1150°C.

Step (d), surface activation, is considered optional in that the unactivated surface

25 alloy can provide many of the targeted benefits, including coking resistance to some
level. However, proper or complete activation can further increase overall cdking
resistance through the formation of a superior outermost scale. Activation can be carried
out as part of the production process, or with the surface alloyed component in service.
The latter being useful in regeneration of the protective scale if consumed (eroded) or

30 damaged. When activation is carried out as part of the production process, it can be
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Typi cal ranges for the average conposition of the surface alloy |ayers
formed on a cast 35Cr-45Ni-Fe (supplier B) alloy using Al-Ti-Si are
shown i n Tabive d7l41275 rCiiadd 93 r0bd6r

W. % D ffusion Barrier Enri chnment Pool 5

Al um um Oto 5 - 14 - 4 to 15

Chr om um 25 to 85 10 to 30

Silicon 4 to 20 4 to 15

Titani um initiated during the surfaretalioyAng step, or after its completion. THz groceds is carried

Iron, N ckel out by reactive gas thenn%ﬂr%%gnt in the temperature range of G&atloalq(é(e) °C.

The product and process of the invention will now be described with reference
to the following non-limitative examples.
5 EXAMPLE }
This example demonstrates the coking resistance of treated versus untreated tubes.
A laboratory scale unit was used to quantify the coking rate on the innerwall of
a tube by running the pyrolysis process for 2 to 4 hours or until the tube was fully
plugged with coke, whichever occurred first. The test piece typically was 12 to 16 mm
10 in outer diameter and 450 to 550 mm in length. The tube was installed in the unit and the
process gas temperature monitored over its full length to establish an appropriate
temperature profile. Ethane feedstock was introduced to a steady state ratio of 0.3:1 of
stearmn: hydrocarbon. The contact time used ranged from 100 to 150 msec and the
cracking temperature was approximately 915°C. The sulfur level in the gas stream was
15 approximately 25 to 30 ppm. The product stream was analyzed with a gas
chromatograph to quantify product mix, yields and conversion levels. At the end of the
run, the coke was burned off and quantified to calculate an average coking rate. After the
decoke, the run typically was repeated at least once.
The results for 6 treated tubes are reported in Table III, identifying the coating
20 materials used for the treatment and the tube innerwall surface being tested for coking
resistance. Quartz is used as a reference representing a highly inert surface with no
catalytic activity. The formation and collection of amorphous coke from the gas phase
is considered independent of the catalytic coke formed at the tube surface and can
account for up to 1 mg/min, depending on the collection area (surface area or roughness)
25 atthe tube surface. Therefore, 2 surface with no catalytic activity is expected to exhibit
a coking rate of 0 to 1 mg/min due simply to the collection of amorphous coke.
Differences within this range are considered unimportant and ascribable to differences
in surface roughness. Metal reference tube runs are also shown with their test results
taken from a database of the test unit. The 20Cr-30Ni-Fe metal reference alloy is

30 considered the lowest alloy used in olefins manufacturing and exhibits the highest coking
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Table III: Pyrolysis Test Results of Treated and Untreated Tubes

Tube Samples Coating Materials Major Surface Coking Rate
Species in Test (mg/min)
A Si (wreatment 1) chromia & silica 0.65, 0.64
B Si (treaiment 2) chromia & silica 1.06; 1.02
C Ti-Si chromia & silica 0.48; 0.60
D Cr chromia 0.51;0.73
E Cr-Ti-Si chromia 0.67; 0.66; 0.79
F Al-Ti-Si alumina 0.68; 0.38
Quartz reference for none (untreated) silica 0.34;0.40
A,B,Cand D
Quartz reference for E { none (untreated) silica 042;0.36
Quartz reference for F | none (untreated) silica 0.23

Metal Reference 1
(20Cr-30Ni-Fe)

none (untreated)

mixture of bulk metals
and their oxides

§ to 9 (from database)

Metal Reference 2
(higher base alloys)

none (untreated)

mixture of bulk metals
and their oxides

4 to 5 (from database)

EXAMPLE I

This example is included to demonstrate the lack of carburization following

accelerated carburization and aging tests.
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shapes but are limted in the range of elenments which can be deposited.
Vapour based nethods include pack cenmentation, thermal chem cal vapour
deposition (CVD), plasma enhanced chem cal vapour deposition (PECVD), and
physi cal wWoRpeLrTs deposition (PVD). PVD net hods are very pdimcasseczend

i ncl ude cathodic arc, 5 sputtering (DC, RF, nagnetron), and el ectron
beam evaporati on. O her coat i‘ﬁé'rret hods include sol gel and
fluidized bed processes with the forner capable of delivering a w de
range of coating materials to both sinple shaped and conpl ex shaped
conponent s. Two acqefeppieddestmehedshaye hesn rh‘éedr#@@@hlma:ﬁrbsﬂ@ﬁ@fl resistangdov e
to ensure that cture

generated from Eghégﬁestﬁ&?ueng {c%? dsegri,ﬁ,%gngn l)v?%hq'ﬁ‘f\:) "LSI ?‘C\‘éﬂ%\ﬁg gﬁhC\/D

fol | owed by PVBuramSn fldechsincsfetiaaapyrbigki avemd ° O YorBUB 3 hours to deposit cafbdf bn Of
t he above neth s ha.s cangl ties and Ilmtatlons that define its

applicability e Rige Prved yARfhosntosk atdi Q@@Hﬁﬁﬂﬁé’fﬂgeﬁw(}%d
The key 5 dekhbygmbnbRgy hﬁ%@&&é@&ﬁ%&%ﬁ&ﬂb@&&&%ﬂlﬁ{oﬁﬂe tf pRcdiHEN
coating formulation are 15 geonetry of the conponent to be coa{J

t hr owi ng power figally, ecake ool ab8#)°6f using steae/gio siixtiues aadh thsting £ oo mhqursof

of ot i ng. mat St sotdibors, wiolgRHE oF B APCEAER e Dol Biepesiogeri

conmponent geomBinm ®8ll HReAGBssWiithl Rbibufl 8dsith@dgh to one hAlf %@g/aﬁﬁﬁ@{ness-rﬁﬁr
preferred nmethods for dellverlgci a W de range of coating materials 20 to

the internal suffadesydss ddvgleest of pripwiratien sdognalymeen sghhentsof tinpervice due
to the 10° ! | e: S b perial,
and t he abi IOT t 53‘&3 ozkasngseén%rp‘li‘%% - gd&ﬁ%%gggﬁ?cggaidég%u%%#&g%% %ﬂzxd e%
conpl ex shapedrgpagsent ohnt\&mailﬁqﬂn& [ n t he coating of tubuI ar products is
given by J.S. Sheward ent t

PVD Techni ques" pubf¥ H’?f?“ﬁél (5’8%&%"?1%5‘%\‘5“1 ei ‘F\PW" a%’%%‘QF

Conf erence on surface alloys passed the test with either minimal or no carburization whatsoever. Figure

4 shows one of the treated tubes (sample on left) showing excellent carburization
15 resistance alongside an untreated tube after 22 cycles.

The second test method (Accelerated Carburization Method 2) used to evaluate
carburization resistance is more severe than Method 1 in that a thick layer of carbon is
initially painted on the test piece surface, followed with a hot soak at 1100°C in a 70%
hydrogen and 30% carbon monoxide atmosphere for 16 hours. The sample is removed

20 from the test unit, additional carbon is repainted and the cycle is repeated. Three such
cycles are sufficient to fully carburize the 6 mm wall thickness of untreated tubes of the
wrought 20Cr-30Ni-Fe composition. The test is considered more severe than Method 1
due to the longer duration of the soak portion of the cycle, and because the test does not
allow the surface to recover in any way with a protective scale. The surface alloys

25 considered commercially viable have passed this test. The test is intended to provide a

relative ranking.

EXAMPLE III

This example is included to demonstrate the superior hot erosion resistance of

treated alloys.
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The use of nmgnetron sputtering is well
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known in the art and detailed in

t he review by J. A Thornton and A.S. Penfold entitled "Cylindrical
Magnetron Sputtering” SUBSTI TUTE
SHEET (RULE 26) WO 97/ 41275

PCT/ CA97/ 00261W0O 97/41275 PCT{GAD7/00261

in Thin Film Processes,
literature included U S. pat

pat ent

I ssued to B. Zega entitled
Magneti cal | y- Enhance
Sputtering Cathode a

Var shal e oGitick i yda cMabdHRHs 2TeeABRAEAR 48 hidia hisBO PO BKIAR to

5 to J.
Sputtering", cl

5

10

15

Academ c Press (193& Specific exanples in the
ts 4,376,025 and 4, 407, 713
"Cylindrlcal Cathode for

d i nd I
R TR ——

Sputterln
* AIPSAP Kot

nce the Uniformty of deposition.
air. Erodcnt particles are propelled towards the test surface at a predefined speed and

impact angle. The weight loss of the sample is quantified for a fixed load of particles
(total dosage).

A total of five surface alloy - base alloy combinations have been tested. In all
cases, as shown in Table [V, weight loss measurements show that the erosion resistance
of surface alloyed components is 2 to 8 times that of untreated samples. The Al-Ti-Si

systems on a cast alloy exhibited the Jowest erosion rate of the systems tested.

Table I'V: Hot Erosion Test Resnlts

Base Alloy Coating Materials Weight Loss (mg)
used for Surface Alloy 30° 90°

impingement impingement

20Cr-30Ni-Fe Cr-Ti-Si (sample A) 8.9 7.4

wrought

{sample B)
none (reference)

13.9 10.7
453 57.8

35Cr-45Ni-Fe
(cast, supplier A)

AlL-Ti-Si
Cr-Ti-Si
None (reference)

35Cr-45Ni-Fe
(cast, supplier B)

Al-Ti-Si
Cr-Ti-Si

VN~
(R R RN

None (reference)

EXAMPLE IV
This example is included to demonstrate the thermal stability of treated alloys.
20 Thermal stability testing is carried out to ensure the survivability of a surface
alloy at the operating temperatures of commercial furnaces. Test coupons are annealed
in an inert atmosphere at various temperatures in the range of 900 to 1150°C for up to
200 hours at each temperature. Any changes in structure or composition are quantified
and used to project the maximum operating temperature for a given surface alloy.
25 The results for the cast alloy 35Cr-45Ni-Fe from supplier B indicate that both the
Al-Ti-8i and the Cr-Ti-Si systems can be operated at temperatures of up to 1100°C. A

temperature of up to 1125°C can be used for the Cr-Ti-Si system but may lead 10 a slow
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In this invention, the production of a surfate all oyed conponent is divided

into four nmaj or steps: (a) prefinishing, to generate a
cl ean surface conpatible with vapour based 10 coating

met hods; : (b) coating deposition, to deliver the required
coating materials for surface al I oyi ng; (c)
surface all oybRgs12b0 generate a specific or preengi neered wctioastisoaet ure;
and 15 (d) surface activation, to generate a protective scal e by
reactive gas treatnent. St epd8(-a) through (c) are required,
step (d) is optional, as will be described bel ow In step (a),

prefinishing, a conbination of chem cal, electrochem cal and
mechani cal netdeedsration of sedAl-Di-Siesystem. o Tyadrdi-8h dysten ibgging ¢o dasticienant s,

any oxide scal e, and wher resent, the Bielhy |ayer (a danmage zone
formed thr ougﬁeWﬁ‘“ﬁb“r"ﬁ?‘i‘fﬂ‘giéEO%r @&@Pl“&ﬂﬁ‘“gf‘ﬁ’&%@g% generplpuss aRXIPER; ng

sequence used gy sk WARerRYerddde oP¥1d0°C, and iﬁx%ﬂ%?&sési Bratd Bifow !‘(Hoaﬁg

conposition, and the conponent geonetry. The thoroughness a
uniformty of the prefinishing sequence is critical to the overall quality

of the coated surface alloyed product. For step (b),
coati ng deposiw,ﬂ{iﬂg preferred nethods of coating the innerwall 25

surfaces ofs conmponghisexahislbisasclidéd kd@mdsAtd the WtemAl shbdigSistanR oF Bikdcer i NY
(DC or RF), wi th or w thout magnetron enhancenent, and PECVD. Met hod

sel ection is @Hpxediparts. mai nly by the conposition of the coating materi al

to be delivered toﬂ%a?&'gggr@%g%nge testingZigBﬁe"&‘ifﬁg}ﬁ%&*&xc%gg@ gflrt%xé‘sg%fg?etﬁl% ¢

magnet ron enhancement can to reduce ing tinme
per conponent to Withsadenxagesy firiree shutdetins(ino sereat hbetelargeserppapareathaiges 30
appl ying the coati ng f or mul athi on. on.a suppor t tube which has the shag_e of
t he conponent May occull overa very's ort time. The test nig evaluates tube segments by gas finng o
10 the outerwall surface to a steady state temperature of 950 to 1000°C for 15 minutes
followed by rapid cooling to approximately 100°C or lower in about 15 minutes. A test
sample undergoes a minimum of 100 such cycles and is then characterized.
Both the AI-Ti-Si and the Cr-Ti-Si systems passed this test with no deterioration.
The systems on the wrought tube alloy 20Cr-30Ni-Fe were tested for a total of 300 cycles
15 with no deterioration observed. Untreated reference samples in all cases exhibited severe
chromium loss after 100 cycles.
It will be understood, of course, that modifications can be made in the

embodiments of the invention illustrated and described herein without departing from the

scope and purview of the invention as defined by the appended claims.
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to be coated and a dianeter |ess than that of the conponent. The support
tube with the coating consunmable material is then inserted within the
conmponent in a manner capabl e of delivering coating materi al

uni formy. AppWP@¢#i2dh net hods of the coating consunabl e PCIKASTARY
support tubing can include any of the coating nmethods perviously |isted.

5 Thermal spray nethods were found to be'hﬁ'e e range of
coati ng materials required for conponent sl gi‘&gﬁd%%&me ol efins
manuf act uri ng a&pl i_cation. Magnet ron enhapncenmemEPbACAhe spdttering
process was car APt usi ng either pernmanent magnets wihin the
support tube or ;passi | I : t.

t ube to generat é’ an %g‘%ﬂ%&%g{gﬁ&% é@%&ﬁylg‘lerﬁg%o&rﬁagéﬁgpgtgr app glgcg:lhmfkse]
based on 10 el ewtchoomigmebpinprisibe degosiing ontb paid bast hiddy didmental silicayfand titagivect ri c
current through colndgctor . Iaen?dgrto t he Bor t.i on.é)% ciPlic | ar
magneti ¢ i nduct R 2t FHELe RS PHRICUAE SBrom R AR Gt Batine said base pllavito BPISRS or
exanpl e, D. Kal hisgh@ate anél BnsiRastirak enridiimienht fool BsHtdinihg sai® dbddsiéededdnts on
John Wley & Sons, Inc. (1962). Wen using pernmanent magnets to generate
the field, saithbase@leibsi ti on of the support tube is uninportant,
howev_er, Wh.en us! ng nblﬂ%r&c a:ijnr\crdexpxtcl ] 15’, dews'dx%%ggécgivéklrgguﬁgpé’férgen% sﬁrx%gne of
materials with Now el'ectrical "fesi'stancte Suclr as copper or “al am num
The process gas ambtitamlh ywithaeBast Sna6OhimAmnhe SRrofien Beatgmperatui©im the tage 00
ntorr, and if require l,aw | evel s of _hydrogen (] ess than 5% are added to
provi de a Qﬁ?%? Si/oor gd?x&ﬁ"ﬁ’&eé{‘ Fr%‘é”ﬁ‘ﬁlé‘ri“‘e@#ﬁé‘c%ﬁ’%ﬁ%ﬁfﬁt WhérsHicgre
during deposjgt i @510 wt.%YiinR@, Yo 45 wi.%4 dhrdnliGmlaR8 g,%oaéx]ﬁ@{a 15Qut 24 QR $he 20
For step (c), surface alloying can be initiated in part or carried out in
parallel to balagdedroppiekel arsanly\pastoablozingiaddjtives. suf fi ci ently hi gh

tenperatures of 3gr ea}\ex{etﬁo%%g clgsnmﬂ0 Efrrx Ellan% %‘,’I htell]t treating said base alloy at a temperature in

the range of 600 to 1150°C for a time effective to provide an enrichment pool having a
thickness in the range of 10 to 300 um.

15 4. A method as claimed in claim 1 which additionally comprises heat treating said
base alloy at a temperature in the range of 600 to 1150°C for a time effective to form an
intermediary diffusion barrier between the base alloy substrate and the enrichment pool
containing intermetallics of the deposited elements and the base alloy elements.

5. A method as claimed in claim 4, in which the diffusion barrier contains 4 to 20

20  wt.% silicon, 0 to 4 wt% titanium, and 10 to 85 wt.% chromium, the balance iron and
nickel and any alloying additives.

6. A method as claimed in claim 5, in which the diffusion barrier has a thickness in
the range of about 10 to 200 um.
7. A method as claimed in claim 1, reacting said protective surface with an oxidizing

25 gas whereby a replenishable protective scale is formed on said enrichment pool.

8. A method as claimed in claim 7, in which the reactive gas is at Jeast one of
oxygen, air, steam, carbon monoxide or carbon dioxide, alone, or with any of hydrogen,
nitrogen or argon.

9. A method as claimed in claim 8, in which the protective scale has a thickness of

» et T ——
L T
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wel | defined tenperature-tine qu profiles, or it can be carried out
upon conpl eti on H‘l\“‘f“m\!m@\‘ %‘ i on |n the tenperature range of 600 to
1150[err] C surface activation, is considered
optional in that the unactivated surface 25 all oy can provide many of the
targeted benefits, including coking resistance to sone | evel . However,
pr oper or con]!ﬂ!Et'mwctivation can further increase overal |l REOKCANGD0261

resi stance through the formation of a superior._outermst -scale. Activation
can be carried out as part of the pB% dUGHISOBHBETOLAS SBEENr| with t he
surface all oyed conponent in service. The Iagg;:@_m,gg@l ng ugeful in
regeneration of the protectjve scale if conSured—{erodedy—or—30 damaged.
When activati &8 i sAdagthqdes clsiredsis chaimt! R, tcnlémpzéhmm%ﬁr gy withen can be

WO 97/ 41275
ted
PCT/ CA97/ 002 6ilement selected from Groups IVA, VA and VIA of the Periodic Table, or magganese,

initiated durcaygblehd sepegatingtoahé aytemgssivgface torforafasnblé protectivgicalel on. The
process is carried ut by reacltlve as t treatnent in the

tenperature r dhge 6fm%‘bﬁé)'t‘so°‘ilﬂfé@’ claim 1,2, or rep ﬁ‘ég Gt Wit 39 qsmedbss of

the i nventisonsididd f?&Wd?&xﬂQﬁ&%@Fé}m‘MctﬂbTeEf erence to the follow ng
non-limtative exanples. Thi s exanpl e

denonstrates fhe cAknmbpdraeslasn@dnnelaoﬁlﬂr datr échddigrmally adding gtitied of nirésn

A | aboratory scale u used t uantlfythe coking rate on the

i nnerwal | of toe enbancey ebsé%r"gﬁﬁipﬁ%eqwg %ol ysis process for 2 to 4 hours
or until the gsbe wasurfabd kNoyed component which comprises: a base stainless steel alloy

containing iron, nickel and chromium, and an enrichment pool layer adjacent said base
10  alloy, containing silicon and chromium, and optionally one or more of titanium or
aluminum or elements selected from Groups IVA, VA and VIA of the Periodic Table, or
manganese, cerium or yttrium, and the balance iron, nickel and any base alloying
additives; or optionally, wherein said silicon and chromium and optionally one or more
of titanium or aluminum or elements selected from Groups IVA, VA and VIA of the
15 Periodic Table, or manganese, cerium or yttrium, are applied to said base alloy under
conditions effective to permit reactive interdiffusion between said base alloy and the
deposited materials, whereby the enrichment pool is formed which is functional to form
a replenishable protective scale on said outermost surface of said component.
14. A surface alloyed component as set forth in claim 13 wherein said enrichment
20 pool composition comprises silicon in the range of 4 to 30 wt.%, titanium in the range
of 0 to 10 wt.%, chromium in the range of 2 to 45 wt.%, and optionally 4 to 15 wt.%
aluminum.
15. A surface alloyed component as claimed in claim 13 or 14, additionally
comprising
25 a diffusion barrier layer, adjacent said base stainless steel alloy, said
diffusion barrier having a thickness in the range of between 10 to 200 pm,
and containing intermetallics of the deposited elements and the base alloy
elements; whereby the diffusion barrier and the enrichment pool are
formed which are functional to reduce diffusion of mechanically

30 deleterious constituents into said base alloy and to form a replenishable
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pl ugged with coke, whichever occurred first. ‘'The test piece typically was
12 to 16 Mm 10 in outer dianeter and 450 to 550 mmin |length. The tube was
installed in the unit and the process gas tenperature nonitored over
its full length to establish an appropriate tenperature profile.

Et hane feedstock was introduced to a steady state ratio of 0.3:1 of

steam hydr ocaslpmraizike contact tine used ranged from 100 to EF@CAPBOR26ANd

t he cracking tenperature was approxi mately 915[err]C. The sul fur |evel

in the gas streamwas 15 approximately 2521t-0 1305 BRRET HARegpPHuct stream
was analyzed with a gas chr omat ogr aph t ¢ quang ,;Lch oduct{m x, yields
and conversion levels. At the end of the burned of f

and quantified to cal cul qimecaﬁcaméxgmd:mkérngstrsaifa:e ofikdié companent. decoke,

t he runtyplcall wasr eated. at | east on . . . The results for 6
reat o0 tubea ol 1 o aTRs SOy STROSPT s S GEhn gl PREr it FHpEgRen
material s used iﬁx%dfdhﬁlsidh%aﬁi&?ﬁ&ex ed 6 betRRer 101, sﬁxﬁrcfxﬁﬁﬁurﬁ%bﬂﬁm

tested for coking resi st ance. artz is used as a reference
representing a fangpsifipm abept 103085 wt %, mdwdn@mmcommwumna&tq%wt% anfhe

formati on and col.| ecti,on hous coke.from the gas as,

consi der ed |gd 415%%?“%51'1 PR c@ﬁ&'ﬁf’ L& 8018%?(355 %’F?ﬁeﬂ’g? f”Eﬁf te‘béo ggr‘?‘a/(‘f’e and
can accoun&h:&armmm the 5861‘ Ped42 GEPESasd fGnidh ke &0kd 68N B0
(surface area or roughness) 5 at the tube surface, Therefore, a surface

with no cat al yt We*aald quticpallyalumisamtie therangs phpgiiveen 4 to 15d6ki ng rate of 0
to 1 mg/mn dueh’?' ”pABthchctznl% &P&Jnﬁﬁu‘h&ﬁﬁs agﬂé@{n%fﬁsncqg%r éé in whxcg Sb1
onsi dere able to

Differences within this range are uni nportant and ascri
di f ferences surfane sloytd cenpopemhnassternidly abatedfube, @ipeer fitthe. r uns ar e al so

h ith t aken . f. dat ab t t
The. 200r - S0R- FIS o APt BBt somnone o alza Gl 1 S Bt il s o oy

used in ol efi nScdiﬁmrlErﬁ(iﬁMi’n%aﬂ?@oﬁé@t‘ubé,tpﬁpefo?ﬁtmigghes'f coki ng

This Sheet Has Been Replaced
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rate of 8 to 9 ng/mn. Wth such a coking rate, the test tube is fully

pl ugged (coked) in | ess than 2 hours. Hi gher alloys tested (richer in
Cr and Ni) provide an inprovenent with a reduction in coking rate to
4 to 5 ng/ m n. WO97/41275 The results show that the netal pceeketbobsibes
perform as good as the quartz 5 ref erence tube. The renaining
chal l enge, as described earlier, is in producing a surface al I oy that
exhi bits excell ent coking resistance, while also exhibiting the other
properties required for commercial viability i.e., (carburization
resi stance, thermal stability, hot1 erosi on resi stance and thernal
shock resistance). Tabl e Ill/q%ncﬂysis Test Results of Treated and
Untreated Tubes 10 Tube Sanpl es Coating Materials

Maj or Surface Coki ng Rate

Speci es in Test (mg/ m n) A Si (treatnent
1) chroma & silica 0. 65, FolGal. B Si
(treatnment 2) chroma & silica 1.06; 1.02 C

Ti - Si chroma & silica 0.48; 0.60

A - - * e - - - v
’-'-,'l.l"'-: ) - L 1* ¢ e . e > 1> "e @ PPN
e s 4o e’ e te e oL, LR .

TARGET SURFACE

ENRICHMENT POQOL
(MODIFIED HTA)

— — S ——— —— — ——— A . —— Gr—— Ao ——— — ———

DIFFUSION BARRIER

77777
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D Cr chroma ° 0.51; 0.73 15

E Cr-Ti-Si chrom a 0.67; 0.66; 0.79

F Al -Ti-Si al um na 0.68; 0.38

Quartz reference for . hone (untreated) silica 0.34; 0.40

A, B, Cand D gsQuartz reference for E none (untreat eglepmcabidosa
0.42; 0.36 20 artz reference for F none (untreated) silica

0. 23 Met al Reference 1 none (untreated) m xture of bul k
netals 8 to 9 (from dat abase) (20Cr - 30N - Fe)

and their oxides Met al Reference 2 none (untreated)

m xture of bulk netals 4 to 5 (from d%tlfﬂgase) (hi gher base all oys)
and their oxides 25 EXAMPLE I This exanple is included to
denonstrate the | ac ' er at ed
carburization and ag

wo 976}

35ym'
_— BARRIER

FG.2.

b ENRICHMENT
POOL

DIFFUSION
BARRIER
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Two accel erated test nethods have been used to eval uate carburization

resi stance. The first nethod (Accel erated Carburization Method 1)
conprises a cycdYRBH2I524n duration and consists of ethang pyrolysis at
870[err]C for 6 to 8 hours to deposit carbon on the test Sﬁé@gﬂouu
surface, followed by an 8 hour soak at 1100[err]C in a 70% hydrogen and 30%
5 carbon nonoxi de atnosphere to diffus®/Bhe deposited carbon into the test

pi ece, and finally, a coke burn off at 870[err]C using steam air
m xtures and lasting 5 to 8 hours. Under these conditions, w ought
tubi ng of the 20Cr-30Ni -Fe all oy conposition with a 6mm wal | t hi ckness

typically carburizes through to one half of the wall thickness after

15 to 16 cycles. This level of carburization is normally seen at the end of
the service 10 cycle of tube products in conmmercial furnaces and can

t herefore be considered to represent one tube lifetine. A
total of 9 surface alloys have been tested using the above procedure. Al

of the surface alloys passed the test with either m nimal or no
carburization whatsoever. Figure 4 shows one of the treated tubes
(sanple on left) showi ng excellent carburization 15 resistance al ongside
an untreated tube after 22 cycles. The second test method
(Accel erated Carburization Method 2) used to eval uate carburization
resistance is nore severe than Method 1 in that a thick |ayer of carbon is
initially painted on the test piece surface, followed with a hot soak at -
1100[err]Cin a 70%. hydrogen and 30% car bon nonoxi de at nosphere for 16
hours. The sanple is. : . fromthe test unity:additional. carbon is

Met hod | due:
and because the t¢
with a protective:
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25 considered commercially viable have passed this test. The test is

i ntended to provide a relative ranking. _;g. EXAMPLE | I
This exanple is included to denonstrate the superior hot erosion resistance
of treated all oys. WO 97/ 41275

PCT/ CA97/ 00261 , - A7 -
Hot erosion resistance is carried out to evaluate Ssgqgesmmelq@g\gggﬁrd
€%

erosion rates We afimsur f ace al | oyed conponents.i Tu s are heated

to 850 [err]C and are exposed to air. Erodent pel | ed
towards the test &SurfaténciodofFredding Aptplerpresiriadon a base alloypaotaimngiren, nidvel

(Fotal tosage) ARl SaliBL el S SRSy
conmbi nati ons havewhpeiedsesieast.alfind@inland chromium in the amount of 5 to 30 wi% titanium, 15

5 10 30 wi% aluminum or chromium, and the balance silicon, and heat reating said base

alloy 1o generate & surface alloy at a temperanre in the range of 300 o 11 00°C consisting
of an earichment pool containing said deposited elements on said base alloy in the
amount of 4 1o 30 wt.% silicon, 0 10 10 wt.% titamium, 2 10 45 wt.% chromium and
optionally 4 w0 15 wi.% aluminum, the balance iron, nickel and any base alloying
10 additives.
2. A method as claireed in claim ], hear weating said base alloy et a temperature in
the range of 600 10 1150°C far a ime etfective 1o provide an enrichment poal having a
thickness in the range of 10 10 300 pm.
5. A method as claimed in claim 1 which additionally comprises hear treating said
15  base alloy at a temperature in the range of 600 10 1150°C for a rime effective to form an
intermediary diffusion barrier between the base alloy substrare and the enrichment pool
containing intermetallics of the deposited elemenis and the base alloy eiements in the
amount of 4 10 20 wt.% silicor, 0 70 4 wt% titanium, 10 1o 85 wt.% chromium and 0 to
5 wt% aluminum, the balance iron and nickel and any alloving additives.
20 4. A method as claimed in claim 3, in which the diffusicn barrier has a thickness in
the range of abour 10 1o 200 um.
5. A method as claimed in claim 1, reacting said protective surface with an oxidizing
gas whereby a replenishable protective scale is formed on said enrichment pool.
6. A method as claimed in claim 5, in which the reactive gas is at least one of
25  oxygen, air, steam, carbon monoxide or carbon dioxide, alone, or with any of hydrogen,

niwrogen or argon.
7. A method as claimed in claim 6, in which the protective scale contains chromia

or alumina and has a thickness of abour 0.5 10 10 um.
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‘cases, as shown in Table IV, weight |oss neasurements show that the erosion
-resi stance of surface alloyed conponent8-is ro-8- {rﬂes——tha,:%of
b

‘untreated sanples. The Al -Ti-Si systems on BtCigk} gylexhibijt ed t he
| owest erosion rate of the systens tested. 10 Tgbl e | BEPHASEDEY osi on Test
Resul ts 8. A mBaskasAlldiogd in claim 1 or 2 repIaCnghldngn ETHTaiSum with an

Wei ght Loss sed for Surface
0 30] eE r] ") clement seleciggfrom {Sroups IVA, VA and VIA of the Periodic Table, or manganese,

Al | oy

P! noeTent I OP! BAGRRNY segregaripf YTk JURBES sncfrce 10 form a sable oy Phe 22! ©
(sanpl e B) 5. A théhBd as cla:mcd in chﬂnﬂ, 2 or 3 replacing titanium with an <clement
none (reference) 45 57.8 35Cr - 45N - Fe

Al -Ti-Si 5 7 selected from Group I\ﬁf’@ﬂli@c“f(l&éfé?lc supplier A)

Cr-Ti-Si : o

(ref er ence) 10 A me‘%oldefs ofhitfied gxggr_n 08 léliof Fe additionally adding yuriugg gnlblepgll%ntg
1.2 (cast, afhupge thestalR)ity of the profarciive scaie. 2 2

None (reference) 9. E LE | V.
exanple is i ncI utfed tH Sél'éfﬁanélt!‘i’ya’ra ECNPRETER VP OmPEsES @yLast Sfaﬂféﬁ%seﬂ"f‘él"luéys

20 : hermBbnisd 8l Lid é,QSHoﬁguhS deeidn Al o &fﬁq%uﬁt cald Wse a oy,

survivability of a surtacé oy af e operating tenperatures o
commerci al fug nasa&ﬁemfﬁ&tnmmbbmagmemahneﬁhﬁﬁ: range of 10 to 300 um, and containing

silicon and chromium, and optionally one or more of nanium or ajuminum, in the
ameount of 4 10 30 wr% silican, 2 10 45 wi% chromium, 0 10 10 wr% ttanium and
opronally 4 1o 15 wi% aluminum, the balance iron, mickel and any base alloying
clements, whereby the enrichmenr pool is formed which is functional 10 form a

replenishable protective scale on said cutermeoest surface of said component.

V—
L

12, A surface alloyed component as claimed in claim 11, additionally comprising a
silicon and chromium enriched diffusion barrier, adjacent said base stainless steel alloy
and berween the base alloy and the enrichment pool, said diffusion barrier having a
thickness in the range of between 10 w0 200 pm; whereby the diffusion barrier and the
20 enrichment pool are functional v reduce diffusion of mechanically deleterious
constituents into said base alloy and to form a replenishable proiective scale on said
outermmost surface of said component.
13. A surface alloyed component as set forth in claim 12, wherein the silicon content

n said diffusion barrier laver ranges from berween 4 10 20 wt.%, said chromium content

-—---..u....... ...-..—...
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in an inert atnosphere at various tenperatures in the range of 900 to
11150[err] C for up to 200 hours at eachatlermg_r_ature. Any changes in
‘structure or conposition are quantified 'mqisug Elmtg rﬂcﬁt t he

maxi mum operating tenperature for a given surface all:ffﬁ%" ég - The
results for the cast_alloy 35Cr-45N -Fe from sbppli APHi cat that both
t he Al - Ti FEenFamERRICE 1P 8-V §U¢ DHEUERFPHFE HETSATRU A 7 Penperhsald es
of up to 1100][er, e antant T e re of 4p : RN n,

For The oroTi - 5 Eed sopien rBEPHER U8 2Ll b kb rt bk g F L RGoHR8T
PCT/ CA97/ 00261 comprises silicon in ihe range of 4 w0 30 wt.%, chromium in the range of18r0-32 wi.%,
deterioration of the Al-Ti-Si system The Cr-Ti-Si systembegins to
deteriorate at andtitapismyehe BrEsoideresnidig 14 vof: apd prtocatyes impinum in the range
manuf act uri ng pl Lgenerad | y,,use a maxi num outer tube wall
tenperature %f f?%’?@%r?& fjsa\r%/“l'n nost cases operate bel ow 1050[err] C.
EXAMPLE V. 5 14, A Jhiss: edoved eoripgbnkicisudidthed @n daBHNS] (AbL13 hewhhar aul

shock resistance of surface al l oyed parts. . o
surface alloyed component is an internally coated tube, pipe or fitting.
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. (1r\ k) /3 ‘
Ther mal shock resistance testing is used to e% Eat, he~abr+~+4y of the
surface all oy to withstand enmergency fur ’%shu Holvds b | ser vi'ce raflen
| arge tenperature changes may occur over] g very SHort ‘t‘i ma. The test
rig eval uates tube segnents by gas firing of {1 qbeoegutigjr)wa | isurface to a
steady state tenperature of 950 to 1000[err] € flor 15 m nutes fol | oned
by rapid cooling to approximately 100[ err] Clor—tower—it-ab 15 m nutes.

>—

A test sanpl e undergoes a m ni num 62100 such cycl es and s then
characterize and .t he - TL-SiTsyste
passed this ﬁ est i f‘heﬁr‘\%d%f@f‘gl&géapf%?fmesmk aCHERadg YR P gﬁé“rg%eﬂaywa?g%ﬁ

tube alloy 2QQoy26hiairdisg wenamitlel chrbniioh aadlalibying @8did0 eypitig] Gepdsitihgn0
deterioration observed. Untreated reference sanples in all cases exhibited
severe ORI hﬁ#%@y&nfgﬁcufe@nweu ofglemental silicon, aluminygp, gndgisanium

embodi mont s of Ry S hed Mt S 3Se R0, SRR defoddf slopproms it 2

departing § r agmpérature in the eaige ofl600 twrMOHyyr@gertdam aRvrfide 20y 2onslairgefhnby
the appended cl.ai ns. A nmet hod of providing a

protective s GW‘&@CWQI ‘Hb‘chOUéalﬁ%ﬁ !"é@é"‘a’f’ sifjgom A 101 b % ntaniumg? FnyS WL.%

containing ir Pq"g@g] 2 |

deposi ting Bﬂmél 0 sal Egg‘g‘w oy an%@&%@%&géﬁéﬁ%ﬁieg&m%ﬁcggﬂd
silicon, al urinpbase aloyidg ddditivesnsaid enriclimeth poal havingaadiickees in theahngeopfSldi d
base alloy with aldg]P%osMe el.ements at erature |nthe range

of 600 to 113030 ek S grEchmen poglhis WFW@%&@W gd¢pogiiion o
enri chmengy pQQalﬁﬁla.ﬂ?f&rQ@d%bﬁé greroﬂ 30 wt. % silicon, O to 10 wt. % titani um
c

2 to 45 wm.% om um and to 15 wt. %alumnumvvlththe bal ance
t her eof bei n@.i r orA metlwidak claiftkd in claim 1 which additionally comprises further heat treating

said base alloy and artendant surface alloy at a temperature in the range of 600 1o 1150°

C for a time effective to form an intermediary diffusion barrier between the base alloy

and thé surface alloy containing intermetallics of the deposited elemental silicon, and one
15 or more of chromium, titanium or aluminum, and the base alloy elements.

3. A method as claimed in claim 2, in which the diffusion barrier contains 4 1o 20

wt.% silicon, 0 1o 5 wt.% aluminum, 0 to 4 wt% titanium, and 10 to 85% chromium, the

balance thereof being iron and nickel and any alloying additives.

4. A method as claimed in claim 3, in which the diffusion barrier has a thickness in
20 the range of about 10 to 200 ym.

S. A method as claimed in claim 1, further comprising reacting said protective

surface with an oxidizing gas whereby a replenishable protective scale is formed on said

enrichment pool.

6. A method as claimed in claim 5, in which the oxidizing gas is selected from the
25  group consisting of oxygen, air, steam, carbon monoxide and carbon dioxide, alone, or

with any of hydrogen, nitrogen or argon.

7. A method as claimed in claim 6, in which the protective scale is chromia or

alumina and has a thickness of about 0.5 10 10 um.

8. A method asclaimed inclaim 1, replacilng titanium with an element selecied from

30 Group IV of the Periodic Table.
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any base alloying additives, said enrichment peel- havm_g a-thr-c:kness in the
range of 10 to 300[err]m whereby said errs|<ebnéhﬁ1wool Hig 1t unct i onal
to reduce the deposition of 10 catalytically {fqrivedcoKe” fheﬂe n. 2.
A method as clainmed in claim1 which additionadlljy g i‘|.§es f her heat
treating sai d base alloy and attendant surfjac aT‘r oy at a enperature
in the range of 600 to 1150[err] C for aitiwe—etfeetive-toiform an
internediary diffusion barrier between t Be- base al | oy and he surface

all oy containing internetallics ofthe dep03| t ed— e"l”"é’ﬁ’éﬁt’al I'con, and one
15 or nore chr m Iu nd t. se aI I o enments.
3 " A'merhé as AsaRas LaAATR Bt e S e B e £
contains 4 t(ﬁrBﬁpIVoftN&Pt%oﬁidTWl 0to5 vvt.%al umnum O to 4 wt %
titani um anﬂ 10 tpo 859 ;hrocgn n& .the bal ance  t her eof being_ iron and
ni ckel and ar{ al %yP giped in claim }, in whichnsaid, surfags alloy; ?&!tl‘?mﬂl&l ai m
3, in which t Hhﬁr Eﬂﬂﬁ’ range of about
10 to 200 [er Pin%%é;%@%p@é{ t cgéﬁ J(Ht%fr}ggﬁsa’a sﬁrg?cﬁ]ailgyf urt her

conpri sing rdacti ny mehod as alamtd I® claim 2,5 Wwhith s4id Burdite Callod Zddigorgdl

whereby a repl enishabl e protective scale is fornmed on said enri chment
pool . 6 comprisesaTHIA opceriumyiofahancy the sability ofisgid wpnface allpg oxi di zi ng gas

S selectedf omt [ f a

nonoxi de and gar bd“bn%agé %i&éal on h&h Whicl'e ”Bﬁﬁﬂgp A g%”re §}§1rn§e gT}\te&nafnt‘))yogen
or argon. contdining uen,rmﬂdwahmwhmadd aﬁlelﬁiohhﬁhﬁpodl yehadidcehh$aid base
protective scale is chrom a and has a thickness of about

0.5 to 10 [epHp¥fontainingsh ‘°&°n‘§‘t/h§ﬂic% 0(!‘[' aqw %6 Tjianiynat 19 45 W% ghegeting and
titani umpy t B 8N eh AR mRRiS thethiddce ThedtorBeigPirdn! ndfkel %t B/ bR aB0y2R! €

additives, said enrichment pool having a thickness in the range of 10 to 300um whereby

said enrichment pool is functional 10 reduce the deposition of catalytically formed coke
thereon.
13. A surface alloyed component as claimed in claim 12, additionally comprising a
15 diffusion barrier layer, adjacent said base stainless steel alloy, containing intermetallics
of silicon and one or more of chromium, titanium or aluminum, whereby the diffusion
barrier and the enrichment pool are formed which are functional to reduce diffusion of
mechanically deleterious constituents into said base alloy and to form a replenishable
protective scale on said outermost surface of said component.
20 14. A surface alloyed component as claimed in claim 13, in which said diffusion
barrier layer has a thickness in the range of 10 to 200 pm.
15. A surface alloyed component as set forth in claim 13, wherein the diffusion
barrier contains 4 10 20 wt.% silicon, 0 10 5 w1.% aluminum, 0 10 4 w1% titanium, and 10
10 85% chromium, the balance thereof being iron and nickel and any alloying additives.
25 16. A surface alloyed component as claimed in claim 15 in which said enrichment
pool has a protective scale formed thereon of chromia or alumina.
17. A surfacealloyed componentas claimed inclaim 12 in which said surface alloyed
component is an internally coated tube, pipe or fitling.
18. A surface alloyed component as claimed in claim 15 in which said surface alloyed

AR

30 component is an internally coated tube, pipe or firting.
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- 20- 9. A nmethod as clainmed in claim2, replacing titaniumwth
an el enent selected from G oup IV of the Periodic Table. 10.

A nmethod as claimed in claim1, in which said surface alloy additionally
conprises yttriumor ceriumto enhance the stability of said surface all oy.

5 11. A nethod as clainmed in claim2, in which said surface all oy
additionally conprises yttriumor ceriumto enhance the stability of
said surface all oy. 12. A surface alloyidjg ﬂpoqgnTAM% Hl conpri ses:
a base stainless steel alloy contai ni ng i (YR ~Hi kel Ciehr oni um  and

an enrichnment pool |ayer adjacent said base ‘ [alloy cont ai nj
W% silicon, 0 to 10 wt%titanium 2 to 45 w % chrong: §&EPapdy 10
al um num the bal ance thereof being iraompi-nickel|[and any basefalloying

addi tives, said enrichnment pool having a thickpess T the Tange jof 10 to
300[ err] m wher eby said enrichnment pool isifunctional to reduce the
deposition of catalytically forned coke t her eon. 13. A surface
al | oyed conponent as clained in claim12, additionally conprising a 15

di f fusi on bf"” I er .Afé\%fﬁfce aﬁ@eﬁ%&ﬂ]ﬁoﬁeﬁ cﬂn?rﬁ?d@E?&Erﬂllgmﬁiﬂ?géqﬁkﬁaﬁ‘aﬂwed

cont ai ni ng |n ernme I'CS of silicon and one or nore m
titani um or abmpbnermis ahiwerinllytdoetedmitfeypipeor fitting. barri er and the enri chment
pool are formed which are functional to reduce diffusion of

mechani cal ly del eterious constituents into said base alloy and to forma

repl eni shabl e protective scale on said outernost surface of said
conponent. 20 14. _A surface alloyed conponent as clained in claim13, in
whi ch said diffusion barrier layer has a thickness in the range of 10
to 200 [err]m 15. A surface all oyed conponent as set forth in claim
13, wherein the diffusion barrier contalns 4 to 2 SI|ICOﬂ Oto
5wm.%alumnum O to 4 wt%titanium and 1 m om um the

bal ance thereof being iron and nickel and a Itives. 16.

A surface all oyed conponent as clained in cI nw15 in mhlch sai d enrlchnent
pool has a protective scale fornmed thereon of chrom a or al um na. 17.
A surface alloyed conponent as clainmed in claim12 in which said surface

al | oyed conponent is an internally coated tube, pipe or fitting.

18. A surface all oyed conponent as clainmed in claim15 in which said
surface all oyed
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30 conponent

.-

Is an internally coated tube,

.

RS e 3 R

; kne ey

pi pe or fitting.

-21- 19. A surface alloyed conmponent as claimed in claim 16 I n which
said surface alloyed conponent is an internally coated tube, 8
fitting.
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