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REACTI VE HEAT TREATMENT PROCESS FOR PREPARI NG SAME FI ELD OF | NVENTI ON

[ 0001] Th nvention is broadly concerned with c cularly
conpositi 3‘?48&&’22'1%% cernets and reactive heat treatnent ﬁéf/g%gag.uﬁ’f&%z'
preparing same. BACKGROUND OF | NVENTI ON [0002] Erosion resistant materials
find use in many applications wherein surfaces are subject to eroding
forces. For exanple, refinery process vessel internals exposed to
aggressive fluids containing hard solid particles such as catalyst

particles in vari m@wgﬁ@ d, Wﬁm@ﬁ&ﬁgﬂjﬂ ;gal nst

bot h erosion and.
erosion and corr ok SN PREP ARSI SAME at  hi gh

tenpera- tures is a technologlcal challenge Refractory liners are used
currently for conponents requiring protection against the nost severe

er osi on an rQsi ? s the inside walls of cyclones such as the

i nt ernal cggﬁggégﬁgﬁﬁgggﬁgiugatalytic cracking units (FCCU). The life span
of these refractory liners is significantly limted by mechanical attrition
of the lin ra t: ~Qf- 10 I on

resi st ant mo &l algtﬁl gﬁgm ‘E&H‘ﬁ ltls) %acg}%grsl?ér@%&vﬁgé ”3% &)g*t?cuﬁrgfl es.
These cast ghhBodtioni gadiesf detfledy élﬁﬁre%ﬁv@ﬁ@ét't?&tﬁlﬁnﬁﬂ%ce@{r&? In\g need of
protection and uponcheat curing harden and adhere to the face Via

met al - anchsame.or netal -reinforcenents. It also readily bonds to ot her
refractory surfaces. -The typical chem cal conposition of one comrercially

avai lable refractory is 80.0% A12C3, 7.2% Si 2, 1.0% Fe2Q3, 4. 8% MyQ CaO,
4. 5% P20 BAGKGROUND OF INVENTION

[0002]  Erosion resistant materials find use in many applications wherein
surfaces are subject to eroding forces. For example, refinery process vessel
internals exposed to aggressive fluids containing hard solid particles such as
catalyst particles in various chemical and petroleum environments are subject to
both erosion and corrosion. The protection of these vessel internals against
erosion and corrosion induced material degradation especially at high tempera-
tures is a technological challenge. Refractory liners are used currently for
components requiring protection against the most severe erosion and corrosion
such as the inside walls of cyclones such as the internal cyclones in fluid
catalytic cracking units (FCCU). The life span of these refractory liners is
significantly limited by mechanical attrition of the liner, cracking and spallation.
The state-of-the-art in erosion resistant materials is chemically bonded castable
alumina refractories. These castable alumina refractories are applied to the
surfaces in need of protection and upon heat curing harden and adhere to the
surface via metal-anchors or metal-reinforcements. It also readily bonds to other
refractory surfaces. -The typical chemical composition of one commercially
available refractory is 80.0% ALOs, 7.2% SiO,, 1.0% Fe,0,, 4.8% MgO/Ca0,
4.5% P,0s in wt%.



WO 2004/ 104245 PCTNS2004/ 015552 -2 [0003] Ceram c-netal conposites are
called cernets. Cernets of adequate chem cal stability can provide an order

of magni t uge 20s@ldgisser osi on resi stance over refractory meiraidelsmiicapwn in
the art. Cernets are generally produced using powder netallurgy techniques

where netal and ceram c powders are mixed, pressed and sintered at high
tenperatures. Since powder netallurgicaldy produced cernets usually have
hombgeneous microstructure and uni form “conposition, sophisticated
attachnment nethods are needed to attach cernets onto the nmetallic surfaces

wher oi 1 er RigaY 1 R4S ANS RSl ol LA Ealleh SRRIdke e R0 balies i or

gradi ent c are cernets eln one surtace O cerne

ceram c-ri giendied] $tABilltpexn ?ﬁ@ﬂd@ eh oad@ dfsmaBtialdd higher &fdsidnl iebisGate _
conposition gradient cernmet there is a concentration gradient of the ceramc

in the netedr refraptosy maserisls dnownan theartc dbcrardts atd genendlly heodueedini ¢
decreases wi,ith depth. These cqonposition gradient cernets are desired and
pref erred $URS Pe¥der setalungydeehimgrasiheregnetad apd CeramicOMdersaieo met al or

N f ' had h | di ng d h i bi L d
case. of weltierh ore-ot sl sIHiERA SibiEefferatuby et Bolndlr MR Biradelin 1l Ty
metal lic l‘ﬁﬂoﬁﬁ&ed ESrhdYS SBAIfy haveidinG éﬂé%ﬁbﬁfﬁg{’oa%ﬁ ,?Pgﬁgﬁ% can al so

exhibit superior durability particu- Tarly under con erein thermal
f1 uct uat i oftgmpdsition ssophiisticapieateichnichenifthod @eireded & attidhesdrinégs processes

to prepare conposition gradient cernmets. [0005] One object of the present
i nvent i on émtottbe pasalligsuzfagepvberein erosiqn msintandeoof the sudfaceissiespadt | cul arly
conposition gradient cernmets via reactive heat treatnment of a netal all oy.
[ 0006) Another object of the present invention is to provide a conposition
gradi ent ck900d] peatopositen igvadicntrasmmetsare seuneisevhenain omeemnﬁmertofgﬁec ess.
0007] These and ot her, objects w || becqne rent frqmjhe description

[ ] cermet 93 Ceramic- and the unexposea surf%gg ?s metal-rich. fn a typ?ca(i P

composition gradient cermet there is a concentration gradient of the ceramic in

the metal composition such that the concentration of the ceramic decreases with

depth. These composition gradient cermets are desired and preferred for cost-

effective attachment of cermets directly onto metal or alloy surfaces using

methods such as welding due to the compatibility and ease of welding a sub-

stantially metallic object to another substantially metallic object. Furthermore,

such composition gradiént cermets can also exhibit superior durability particu-

larly under conditions wherein thermal fluctuations are present. However, there

is a need for effective processes to prepare composition gradient cermets.

[0005] One object of the present invention is to provide a process for
preparation of cermets, particularly composition gradient cermets via reactive

heat treatment of a metal alloy.

[0006] Another object of the present invention is to provide a composition

gradient cermet product derived from the reactive heat treatment process.

[0007] These and other objects will become apparent from the description
that follows.



that follows. WO 2004/104245 PCT/ 1JS2004/ 015552 -3- SUMMARY OF | NVENTI ON
[ 0008] In one enbodinent is a process for preparing a conposition gradient

cernet mat g [ising the steps of: - heating a met Qut.ai ni ng
at | east oﬁ&ed g‘i‘”@ﬁ%‘m’ umand titaniumat a tenperature %C%%Z%gﬁﬁgzof
about 600C to about 1150C to forma heated netal alloy; - exposing said

heated netal alloy to a reactive environgent conprising at |east one nenber
selected fromthe group consisting of rédctive carbon, reactive nitrogen,
reactive boron, reactive oxygen and m xtures thereof in the range of about
600C to about 1150C for a tinme sufficient to provide a reacted alloy; and -
cooling said reacted alloy to a tenperature bel ow about 40C to provide a
conposi t i o GVEMAY QIS INMEMBHAN; 51 . [ 0009] Anot her enbodinent is directed
towards a conposition gradient cernmet product obtained fromthe disclosed
reactive heat treatnent process. . BRIEF DESCRI PTI.ON OF THE FI GURES [ 0010]
Figure 1 ddBPe8k cln pBe embodiment ipa papcass §oF Diepanng B£ompasitiomeradienict i on
Cl-4 ---> C+ 2 H2 conpared. to usteenit'_c stainless steels (ain

equi | i bri ufCTPFHIRY .coﬂpéjﬁ%ﬁﬁé pérof' the carbon activity val ues of gas

m xtures applicable to the instant invention. [0011] Figure 2 depicts the
nmass gai n duehéatinod benal Apyeontaningat 104t ohe of throtgiumetnd dymiumaitamt i on) of
304 stainless steel (74Fe: 18Cr: 8Nl in wt% as a function of CH4 content
in H2 at 1100@ripsratud authe. raigz aDaH GOPAC (BE@HOLWSRDENFDEeSE: a heated

metal alloy;

( - exposing said heated metal alloy to a reactive environment comprising at
least one member selected from the group consisting of reactive carbon,
reactive nitrogen, reactive boron, reactive oxygen and mixtures thereof in the
range of about 600°C to about 1150°C for a time sufficient to provide a
reacted alloy; and

- cooling said reacted alloy to a temperature below about 40°C to provide a

composition gradient cermet material.

[0009] Another embodiment is directed towards a composition gradient

cermet product obtained from the disclosed reactive heat treatment process.
BRIEF DESCRIPTION OF THE FIGURES

[0010] Figure 1 depicts carbon activity of an environment based on the
reaction CH, ---> C + 2 H; compared to austenitic stainless steels (a, in
equilibrium with Fe;C). Also marked are the carbon activity values of gas

mixtures applicable to the instant invention.

[0011] Figure 2 depicts the mass gain due to carbon ingression (a measure of
cermet layer formation) of 304 stainless steel (74Fe:18Cr:8Ni in wt%) as a
function of CH, content in H; at 1100°C for 3 hours.



-4 [0012] Figure 3 depicts Lhe thickness variation of surface cernet
structure on 304 stainless steel as a function of tenperature in 37.3 vol %
CHA: 62. 7 wWb%nbthoeservironnent for 3 hours. [0013] Fi gure perai8Rodalossdshe

t hi ckness variation of surface cernet fornmed on various Fe:N :C based high
tenperature alloys as a function of reaction tinmes at 1100C in 37.3 vol%
CH4:62.7 vol % H2 environments. [0014] Figure 5 depicts scanning el ectron

m crographs showing (a) surface chrom um carbide-netal cernet structure on
310 stainless steel (54Fe:2IN:25Cr in w% after reactive heat treatnent
at 1100C f gpoR2)hoUpfzurd 3 3epiety MefhiRres Sarfati 3 fRTARR etRRMRRictaRdod b)

enl arged area on the surface revealing the Cr-rich carbide

[ (Cr 0. 6Fe0&4y 4thlean dte€l adiz fimtiod cfttempefditiecin3 .3 Mol% @Hj:62. MW 3% Hy pr oduce
a conposite ceram c-netal two-phase structure. In this scanning electron

m crographenﬁﬁomﬂmtiofihmﬂﬁdes appear dark gray and the netal appears
recessed, because it has etched nore deeply than the carbides. These
figures show the final product having the cermet_ surface, which is the

product of [00E3lpr oFiguse didepinss thedhickmesnvanatiorof guirrsicerngtfameddupi ct s
oPructur e GAnDRs PR Heet R torhhesaturs Mlovs ps a FRICHOI L eagtioR Heyat( i n
w9 all o - . i Lid W all ft tive heat
ot ment” d00SG a3 o VO 2. T oI% B e, o1 b6 o et 1 ommont

[0016] Figure 7 depicts optical mcrographs showing mxed Ti C and M/C3
MeCr d E Lde- netal . . St t .0n 60ke: 25Cr.: 1 i :5Ti (in w9
1oy aft e N0 P EESREE Rpicl A G B B Pt S B ming (S byrdiens it 90
vol % H2 envihi SAfRR Carbt¥2- 8004V Lotéfstnitlallc 532 8 Pt QimeR Steel (54Fe:21Ni:25CT

in wt%) after reactive heat treatment at 1100°C for 3 hours in 37.3 vol%

CH4:‘62.7 vol% H; environment and (b) enlarged area on the surface revealing
the Cr-rich carbide [(CrogFeg4)7Cs] and Cr-depleted steel (63Fe:31Ni:6Cr in
wt%) to produce a composite ceramic-metal two-phase structure. In this
scanning electron micrograph the Cr-rich carbides appear dark gray and the
metal appears recessed, because it has etched more deeply than the carbides.
These figures show the final product having the cermet surface, which is the

product of the process of the instant invention.

[0015]  Figure 6 depicts optical micrographs showing M,C; (M=Cr and Fe)
carbide-metal cermet structure on (a) 55Fe:35Cr:10Ni (in wt%) alloy, (b)
45Fe:45Cri:10Ni (in wt%) alloy and (c) 35Fe:55Cr:10Ni (in wt%) alloy after
reactive heat treatment at 1100°C for 24 hours in 10 vol% CH,:90 vol% H,

environment.

[0016]  Figure 7 depicts optical micrographs showing mixed TiC and M;C;
(M=Cr and Fe) carbide-metal cermet structure on 60Fe:25Cr:10Ni:5Ti (in wt%)
alloy after reactive heat treatment at 1100°C for 24 hours in 10 vol% CH4:90

vol% H, environment.



-5 DETAI LED DESCRI PTI ON OF THE | NVENTI ON 10017] The first step of the
process for preparing a conposition gradient cerniet material conprises
heating a &gt l.lQy containing at | east one of chrom titaniumat a
t enper atur‘gﬁi%b?ﬁé@ange of about 600C to about 1150C tg&&%ﬁ?oﬁ}ﬁﬁ%ﬁ ed
nmetal alloy. The metal alloy containing at | east one of chrom um and

titani um conprises fromabout 12 to 60 % chromum fromO to 10 wt%
titanium and from 30 to 88 wt % of netals selected fromthe group

consisting of iron, nickel, cobalt, silicon, alum num nanganese, zirconium
haf ni um v | 4~ Q0] tal ) tungsten, and m xtures

t her eof . Ii)r@d‘é, s &?gﬁgb‘,..]&i Q[c ”Lﬂ.cT.uj WT constituent of the alloy
is iron. Thus, stainless steels such as type 304SS, -347SS, 321SS, 310SS and

th li k j =ni gckel b | | h I I 00H ticularl
sui tabl o FORTQ TRLEER bRy afe Brod o FenE e SRl tp 3kl or ocess
conprises Eéx&’n?ét'xﬁ&eﬁﬁﬁcé]ﬁgﬁéféé HEtkigk a:ﬁéﬂa?éﬂl{:fc@nt 5 hi’fea?ﬂ“é{ﬁé ment .
sel ected fromthe group consisting-essentrally o reactive carbon, reactive

ni trogen, Emﬁhﬂ?aﬁwﬁ%imh%ﬁttémge%ﬁ% tBOhnFe df WhBEt 6OORT e9hbddt t he range
of about 600C to about 1150C for time period-sufficient to provide a

reacted al I[950°C @0fddin Nhested hectiledldy. VEheMiétdl QNG RontSnidg! A364st bGe ofr bon
environnent carburization reactions are believed to occur. \VWile not

wi shi ng t ochmnhioomand titanits cvayirses fromfbotiel 2 el W% dheamitme ftame Bt process

applicants believe .that the _carburization process |eads to precipitation of
chr omi um r ¢ HO 31 Hianappad EarpiQto ph é&t&’soggket&l& seiprted @UFESS@ EFRCs,

(Cr0.6Fe0.4)7 06FeQ 3 nd...Ti C on.the alloy surface .and within the
S 1oy rmt r PSR 0 RGP IO Cobelly Svon. bty Bt RESRERLN"gr act ent
carbi de cepiffum\ChrtRPinl Bbbhiem Raht 0 At PdReRn, tungsten, and mixtures

thereof. In a preferred embodiment the major mass constituent of the alloy is

iron. Thus, stainless steels such as type 304SS, 347SS, 32188, 310SS and the

like and iron-nickel] based alloys such as Incoloy 800H are particularly suitable

for the instant process.

[0018] The second step of the process comprises exposing the heated metal

alloy to a reactive environment selected from the group consisting essentially of
reactive carbon, reactive nitrogen, reactive boron, reactive oxygen and mixtures
thereof in the range of about 600°C to about 1150°C for a time period sufficient

( to provide a reacted alloy.

f0019] When the reactive environment is a reactive carbon environment

carburization reactions are believed to occur. While not wishing to be bound to

the mechanism of the reactive heat treatment process applicants believe that the

carburization process leads to precipitation of chromium-rich and titanium

carbide phases for example Cr7C3, Cry3Csq (CrogFeps}Cs, (CrogFe4)23Ce and TiC
“on the alloy surface and within the alloy matrix resulting in a cermet and

particularly a composition gradient carbide cermet.



-6 [0020]
which the

greater thgo dohglos2@f the alloy. (ac)environnment > (ac) mgieEdushofydisas
. . I

A reactive carbon=environnent is defined as an environnent

in

t hernodynam c activity of carbon (a,) in the environnent is

carbon environnent suitable for the instant invention conprises at

one of CO

CH4, C2H6 or C3Hs. The reactive carbon environnment may

tive
east

optionally include H2. The reactive carbgn environnent may further conprise
nd H2O. The following reactions [1], [2] and [3] shown bel ow are

02, C2, a
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ment
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the enviro
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n heat treatnent follows reaction [3], the carbon activity

(a) in

ofrthe allay.ac = e- GO’ RT (PCH4gy1p? 2H2) where Gis the free energy

lon, Ris the gas c Tis the tenpera- ture in Kelvi

n units

&r;;t ant, t
he partial pressure em\rlmnmexpeﬁt(fl mejalses net hane and hydrogen.

ivities as a function of (Pcaa/P2n) are plotted in Figure

1

TORT A0 BOSISRER SAPE O St B fhigat 2 o

Q4sflnd BECO, ], ICLELCH O eTH fedPHPE Earbbi @ nvRhARG! ﬁi’dy ent
xture of nethane "and hydrogen can range from about 1 vol %
optiongiyeinelude Hy. The reactive carbon environment may further comprise
0O,, CO,, and H,0. The following reactions [1], [2] and [3] shown below are
some of the reactions that are believed to occur under the heat treatment
conditions to provide the reactive carbon. The carbon reacts with the metal

surface to form chromium-rich and titanium-rich carbide phases.

CO+H;--->C+H)y0O [1]
2C0O ——umm >C+ C02 [2]
CH; ——--->C+2H, [3]

[0021] When heat treatment follows reaction [3], the carbon activity (a.) in

the environment is
-G°/RT
a=e (Pcra/P2m2)

where G° is the free energy of activation, R is the gas constant, T is the tempera-
ture in Kelvin units and P is the partial pressure of the respective gases methane
and hydrogen. Carbon activities as a function of (Peys/P2y,) are plotted in

Figure 1 wherein is indicated the preferred range of Pcya/P2y, for the process of

the instant invention.

[0022] When a mixture of methane and hydrogen are used to provide the
reactive carbon environment, the methane content in the gaseous mixture of
methane and hydrogen can range from about 1 vol% to about 99 vol%, prefer-

ably about 2 vol% to about 45 vol%. This is depicted in Figure 2, where the

in the
to



ably about 2 vol %to about 45 vol% This is depicted in Figure 2, where the
WO 2004/ 104245 PCT/ US2004/ 015552 -7 mass gain due to carbon ingression (a

nmeasur e oqu%dg;érnd@yer formati on) of 304 stainless Ste?ETﬁIE%QIPI%iﬁQ: 8Ni

in wt% at exposed for 3 hours is plotted as a function o

content in H2. The preferred nmethane content in the gaseous m xture of

nmet hane and hydrogen corresponds to the 70I ateau region of the curve. In
this range, the reaction tines are short’er to obtain a specific thickness
of cernmet. Gas mixtures in which the nethane content in the gaseous m xture

of ety S OGNl ShSRLon A3 A5 O 6580 PSR 30P°
eroount o luftedld 3k ORI 801 8910058 SloERAaN A y Boflhe 2,

carbon envig #Rifition dfHEHCEOSeAE BIH, | The beeféAsanéthah& tohienein the) and hydr ogen
can range from about 0.1 vol %to about vol % preferably about 0.1 vol%to

about 2 vogageofi®afsiuri\oé methvmer aakhydrogemuomespomds to shaaplateact regionift r ogen
environnment, nitrjdation reactions are believed to occur. Whj|e not w shing
to be bountet@dryheln harHRgestheapagtinn Himgs erehastesito obtain dsPECificocess

L il e A I R
al l oy surfag 8f Weititing ahﬁ%l)ggél)%égxt is?&ﬁt&%ﬂfaﬁ% Vo198 cfug Sgg?fer &Rl and

particularlTy a conposition g tride cernet. A'reactive

ni trogen eHyiwenBiTEn thése rawdds) eslidsarbonRpbsicioAM the mllowbuefict ben be
t hernodynam ¢ activity of nitrogen (aN) in the environment is greater than
that of t hencountered asMdicated byteerapid (eadpasetofl mass gain in Figure 2.

[0023] When a mixture of CO and hydrogen are used to provide the reactive
carbon environment, the CO content in the gaseous mixture of CO and hydrogen
can range from about 0.1 vol% to about 5 vol%, preferably about 0.1-vol% to
about 2 vol%.

[0024] When the reactive environment is a reactive nitrogen environment,
nitridation reactions are believed to occur. While not wishing to be bound to the
mechanism of the reactive heat treatment process applicants believe that the
nitridation process leads to precipitation of chromium-rich and titaninm nitride

( phases for example Cr;N and TiN on the alloy surface and within the alloy
matrix resulting in a cermet and particularly a composition gradient nitride

cermet.

[0025] A reactive nitrogen environment is defined as an environment in
which the thermodynamic activity of nitrogen (ay) in the environment is greater
than that of the alloy.

(aN)environment > (aN)metal

Since molecular nitrogen is relatively inert in terms of nitridation of an alloy,

ammonia-bearing atmospheres are preferred. Ammonia is metastable and



Since nolecular nitrogen is relatively inert in terns of nitridation of an
all oy, ammoni a-bearing atnospheres are preferred. Amonia is netastable and
WO 2004/ 1049d 2000042152004/ 015552 -8 di ssoci ates into nol pepiyasoolsdasd

nol ecul ar H2 when heated to el evated tenperatures. The preferred
conposition of the reactive nitrogen environnment conprises at |east one of
air, amonia and nitrogen. The conpositign can further conprise H2, He, and
Ar. In such a reactive nitrogen environnent at tenperatures in the range of
600C to 1150C all oys contai ning elements such as C and Ti which have

strong chemissatiatdsfinto fokecul &7 Nphhd agdecul BeHL Sthehadiviated 1o dlevatagi on
reactions. In order to increase nitrogen absorption by the alloy, nolecular
NH3 is pr eftempemtures.dThe petfarredwompusitaon of theuehctie, nitiogen ahvoenmgnt

di ssociated atomc n rogen o dissolve at the surface and diffuse into the
bul k i nt eCPBIPTIFES @hi,eaﬁfe@lw OToAIF. FAAMOPH: AR HTPSERr e CPIMPRHALION Gaess,

niri dos | RO SERPRSE Bad 18 ocBl AFn i Buch aRACHIE R éqﬁl'n%%fim%é@[#?‘éce
[0026] W‘e@exﬁ Szt i e Bf 609"@' I@Y%@’@?ﬁll@ﬁsecdﬁﬁﬂlrﬁgel@ﬁﬂﬁhdﬁ

reactive n|tr gen environne he anmoni a cont'ent 1 n the gaseous m xture of

anmoni a and:ﬂmdr'pmmdhafaveamcfdt&mleﬂmﬂmine\scfbf/nitﬂ)u&hmﬂdeﬁ@; wido
preferably about 2 vol%to about 70 vol % [ 0027] The preferred tenperature

range for mmdapbnsmam@nsnén oulerdpdnemassf nitrogar ahsorplipubycthatadioyi ng
chromum titaniu ereof to Ltrid cernet_is in the range
of about 6@RCEYaR 131?1 @eg[tg CWReﬁnlﬂFFearh‘é)é%li e, U AlowiBSt conpri ses

ar adh ent o drmeraies Atbmif RIFEATERERRGE wiPaRhball B iR Ok s oo
thereof respbtisr of R MEAE all6RC SitiBlar RIVWArGRAZRIEN procdsy, SfEidatibn ¢ah 1oy and
nitrogen environnent, carbonitridation

to the formation of surface nitrides, internal nitrides in the matrix and at grain

boundaries near the alloy surface.

[0026] When a mixture of ammonia and hydrogen are used to provide the
reactive nitrogen environment, the ammonia content in the gaseous mixture of
ammonia and hydrogen can range from about 1 vol% to about 99 vol%,

preferably about 2 vol% to about 70 vol%.

[0027] The preferred temperature range for accomplishing the conversion of a
metal alloy containing chromium, titanium and mixtures thereof to a nitride

cermet is in the range of about 600°C to about 1150°C.

[0028] When the reactive environment comprises a mixture of reactive
carbon and reactive nitrogen a mixed composition gradient cermet comprising
carbide, nitride, carbonitride and mixtures thereof results. When the reactive
environment is a reactive carbon and nitrogen environment, carbonitridation
reactions are believed to occur. While not wishing to be bound to the
mechanism of the reactive heat treatment process applicants believe that the
carbonitridation process leads to precipitation of chromium-rich and titanium

carbonitride phases for example Cr,CN and TiCN on the alloy surface and



reactions are believed to occur. Wile not wishing to be bound to the
mechani sm of the reactive heat treatnent process applicants believe that the
car boni t rigat, Qcess leads to precipitation of chrom '

titani um @griggﬁllolgﬁgde phases for exanple Cr2CN and Ti GVP@I[SR@JQ?%‘)%/
surface and WO 2004/ 104245 PCT/ US2004/015552 -9 within the alloy matrix
resulting in a cernet and particularly _ag_corrposi tion gradient carbonitride
cernet. [0029] A reactive carbon and nitTogen environnment is defined as an
environ- ment in which the thernodynam c activity of carbon (ac) and

nitrogen ( Lt | S f _the. alloy. The
preferred %o rJ'D{Sillet'p“?@ﬁ %E%%%g%;c i%/%rgr%trtg%%bgﬁgm#}ﬁ 898@@% %rnonment
conpri ses %d{mégrmgcgfmgﬂi a and nitrogen and at |east one of CO CH4,
C2H6 or C3HB. The conposition can further conprise H2, He, and Ar. In such
a reactive carbon and nitrogen environ- nment at tenperatures in the range of
600C to 11&1@@9}“ | Qv fedz@RE @hitontarRl SifRREA cnfHERmeSt 18" defid Hs aW*EnQ;g\-oﬂave
strong chem cal affinities for carbon™and nitrogen undergo rapi

car boni t r i gienht lmwhehahe tesmddymiatrae attivicpoboarboat(a@nanat nitioken ¢at)iianhe
process, carbonitridation can |lead to the formati on of surface carbonitride,
i nt ernal cerBEHIeentde grasteribanthatiof thealley. Fheprefogad ¢anipesitivacof thae al | oy

ot ¢ omrertEact g rarhon agfl LGSR e R s 2 b EaRe OlRREBD: wi shi ng
belh ; | _
to be O“”Q%&e 1|‘ﬁ| c En %??%g?&%@f)f gﬁﬁ.dﬁﬁ(‘g%gﬁeor ;?i égl;ﬁ‘f&ﬁp&mﬂﬁﬁ ehaS

applicants e that ori1 dat’i on ess 0 precrpitation of

chr omi um r figthep88miptise B,V Mebond dg. InRkask s rbavtivexaiibdeakd aRreuRd ehivBdnon t he

al l{foy surface and into the_ alloy matrix resulting in a cermet and
parti cul aringnbatdtempessitures nn ghearhnge tof 6O Ado dd60HE allojOoRtthining elemientee bor on
environnent is defined as.an environnent .in \?[n_i ch the thernodynam c

activity ofuchasder angdeli whichaversisong rhemicalatfingmsdor eagdpnangditrogen

undergo rapid carbonitridation reactions. Similar to carburization or nitridation

process, carbonitridation can lead to the formation of surface carbonitride,

internal carbonitride in the matrix and at grain boundaries near the alloy surface.

[0030] When the reactive environment is a reactive boron environment,
boridation reactions are believed to occur. While not wishing to be bound to the
mechanism of the reactive heat treatment process applicants believe that the
boridation process leads to precipitation of chromium-rich and titanium boride

{ phases for example Cr,B and TiB, on the alloy surface and into the alloy matrix

resulting in a cermet and particularly a composition gradient boride cermet.

[0031] A reactive boron environment is defined as an environment in which
the thermodynamic activity of boron (ap) in the environment is greater than that
of the alloy. The preferred composition of the reactive boron environment
comprises for example at least one of diborane (B,Hg), BCl3;, and BF;. The
composition can further comprise H, He, and Ar. In such a reactive boron
environment at temperatures in the range of 600°C to 1150°C alloys containingA
elements such-as Cr and Ti which have strong chemical affinities for boron

undergo rapid boridation reactions. Similar to carburization or nitridation



of the alloy. The preferred-conposition of the reactive boron environnent
conprises for exanple at | east one of diborane (B2H6), BCl3, and BF3. The

conposi ti oww@asusiioyiher conprise H2, He, and Ar. In such pcfeasjolusoron
environment at tenperatures in the range of 600C to 1150C al | oys cont ai ni ng

el ements such as O and Ti which have strong chem cal affinities for boron
undergo rapid boridation reactions. Simipar to carburization or nitridation
WO 2004/ 104245 PCT/ US2004/ 015552 -10 process, boridation can lead to the

formation of surface borides, internal borides in the matrix and at grain

boundar i es pa6edss ! uridationycanuehd eethel fofA 2o \bf burfhee borddds, ey bofdeent is a
reactive oxygen environnment, oxidation reactions are believed to occur.

Whi | e not i $he m@mvoab@abmw@ndm-@snmmmm\ frfadee reacti ve heat
treatment process applicants believe that the oxidation process |eads to
precipitation of chromumrich and titanium oxide phases for exanple

(Cr, Fe) 203 [0@32]C3 WhenTthe zeantiverenvironment isrf reastive @xygemenvirotment, | oy mat ri x

{§8§'35 'R ol R hDelsbin oocat oS HRo iRy bF bavedio fhe ﬁ{?‘lﬁt
pr asour o 1| ARUARIEDPF ik AR Mt ARRRAcnc e SisR BBl bl BelifSe R o L e
reactive OxyaBioRProcaRTeAs 1%2;5396 Pﬁﬁﬁoﬁbf E&%’iﬁm?dl?icﬁfan@' fitanfiy BRHeaNd CC2.

The conposition can further | se , He, and Ar. In such a reactive
oxygen enyhasesrfen bxﬂhpl&(@ﬂl"‘@&@g,&zogl ahd TiOaogahe tll698hrface ddOGathah | oys
containing elenents such as G and Ti which have strong chemi cal affinities
for oxygen theadey gwirspesaliong tne comeicadpasienlady @ ¢ampositioa gmdientat i on or
nitridation roces§ oxidation can |lead to the formati on of surface oxides,
I nt er nal OPP‘&%S ‘the matrix and at grain boundaries near the alloy
surface.

[0033] A reactive oXygen environment is defined as an environment in which
the oxygen potential in the environment is greater than the oxygen partial
pressure in equilibrium with the oxide. The preferred composition of the
reactive oxygen environment comprises at least one of air, oxygen and CO,. The
composition can further comprise H,, He, and Ar. Insucha reactive oxygen
environment at temperatures in the range of 600°C to 1150°C alloys containing
elements such as Cr and Ti which have strong chemical affinities for oxygen
undergo rapid oxidation reactions. Similar to carburization or nitridation
process, oxidation can lead to the formation of surface oxides, internal oxides in

the matrix and at grain boundaries near the alloy surface.

[0034] The third step of the process is cooling of the reacted alloy. The
cooling step can include a variety of cooling rates and/or an intermediate
temperature hold before cooling to below about 40°C. In one embodiment the
cooling step comprises cooling the reacted alloy at a rate in the range of 0.5°C
per second to 25°C per second. In another embodiment the cooling step com-
prises cooling said reacted alloy to a temperature in the range of 500°C to 100°C,
holding the temperature at any temperature in the range of 500°C to 100°C for a

time period between 5 minutes to 10 hours and thereafter cooling at a rate in the



[0034] The third step of the process is cooling of _the reacted alloy. The
cooling step can include a variety of cooling rates and/or an internedi ate

t enper at ur gy§ah ¢l B§f;q" € cooling to bel ow about 40C. In On§C$ﬂE?ﬂﬂié(H}%§§ﬁ the
| g

cooling step conprises cooling the reacted alloy at a rat e of
0.5C per second to 25C per second. In another enbodi ment the cooling step
com prises cooling said reacted alloy to a tenperature in the range of 500C
to 100C, holding the tenperature at an‘y”t‘errperature in the range of 500C to
100C for a tine period between 5 mnutes to 10 hours and thereafter cooling

at arate in the L2004/ 104245 PCI/ US2004/ 015552 -11 r e ,of ..0. 5C per
second to Z8eE%ef E{Seécﬂ‘?a S?@”ﬁép%ﬁﬁ{?ﬁ@%’é toil?ﬁ?‘l”caé}?ﬂ-‘é“aﬁl ABpHCANS
preferred Li . ' . oad 0035] The
Eposur ot (e E P pRchSa B3RE BECHRS 1R g U SO el ect bt ve
environnment) can vary in the range of about 1 hour to 800 hours to achieve
various thi S LOesa. Di:tr ] de. r ey - 0Qr ra.Qxi de
cernet on t[ﬁgsg‘ﬁr f Z@g%ﬁlﬁgﬁﬁé{ﬁ g[?ee gﬂl?(%ﬂé 1%21 Oéfxglﬁquyegk%%ér‘lg@alrsb? 89%\%@ i's

depi ct ed 'Geﬁ%@vﬁdﬂﬁ%x@réﬂﬁ&?'ﬁlﬂﬁ@% foftalbeus Uhoat & 860 hbes teer met
formed on various Fe:N: hi gh”tenperature alloys is plotted as a function
of exposur echidvewasious tndknéss e tied cArbbixCritndad /ca&bunitfidEbbrkiz. of oxaddo H2

environment. Thus, this exanple shows that the process of the instant
i nventi on @&rmgkon thegsurfacedhe maialallpys e rrasplestor earhide cemaetigt resul ting

in a conposjtion gradient carbide.cernet, Aternately, the process can also
be used ¢ o deBFbLFIEER fouiate tie i GieRt bf A EHR ebiin ERRER/BTRRT 8 um or
m xt ure of EeYag : ' | tufeP IS : qmg&? ,Qn gradi ent
cerfret mﬂ%&@g‘ggﬂgﬁgﬁp&% l%E}lrﬂéll'\gaer se@m}{sﬁgi}g’@rﬁdr%y% E&cc%r?glss 0 b%‘tﬁrg bul k
al 1 oy. [ 003fthe IEordii6HEE $100°CHIRArIES voRpRTH,:6217 W61% PDlenrbfthely,. t he
conposition of the reactive environnent, the tenperature and the exposure
time. Exposiins, this example shows that the process of the instant invention can be used to

obtain any thickness of carbide cermet resulting in a composition gradient

carbide cermet. Alternately, the process can also be used to completely convert

the entire bulk of the chromium, titanium or mixture of chromium and titanium

comprising alloy to a composition gradient cermet wherein the gradient traverses

the entire thickness of the bulk alloy.

[0036] The thickness of cermet layers can be controlled by the composition of
the reactive environment, the temperature and the exposure time. Exposure

( times can be determined experimentally as depicted in Figure 4 for a carbide
cermet. For thinner layers, the exposure time will be less, and for thicker layers
the exposure time will be greater. Typical exposure times for a carbide cermet
can range from about 1 hour to about 500 hours, preferably from about 5 hours
to about 300 hours, and more preferably from about 10 hours to about 200 hours.
Thus, the exposure time and temperature are two variables that can provide a
desired thickness of cermet and a desired composition gradient cermet. For a
nitride cermet, typical exposure times can range from about 1 hour to about 800
hours, preferably from about 5 hours to about 500 hours, and more preferably

from about 10 hours to abount 300 hours. Thus, the exposure time and tempera-



times can be determ ned experinentally as depicted in Figure 4 for a carbide
cernet. For thinner |ayers, the exposure time will be less, and for thicker
| ayers thwoeoposdzss tine will be greater. Typical exposwm@ts0®go1ksn a
carbide cernmet can range from about 1 hour to about 500 hours, preferably
fromabout 5 hours to about 300 hours, and nore preferably from about 10
hours to about 200 hours. Thus, the exppsure tine and tenperature are two
vari abl es that can provide a desired thickness of cernet and a desired
conposition gradient cernmet. For a nitride cernet, typical exposure tines
can range tut®ateal@variablesithat oammprovidS0 desifalittickivse bE nitbidy cefast altbat 5
hours to about 500 hours, and nore preferably from about 10 hours to about
300 hour s.deFired composiiquogradient niteidervgrmetrper a WO 2004/ 104245

PCT/ US2004/ 015552 12 ture are two variables that can provide a desired

thi ckness of nitride cernmet and a desired conposition gradient nitride
cernet. [ d9937] Tydiypidal layesor sermet stpictwre thickoess ¢an nge fomanleashge from at
| east aboyt 1 89m',crons UP oth twtﬂess 0 he. netal aJloy being acted
on, prefet t3 IHRTORSHR 105 gfsoRfithemgia) allgyy begactsh®y from about 5
mm to abq | ckne et ermaned . by el r.oN_n croscopy
t echni quesﬁréﬁeég?}%o%%é%!ﬁs u&rtﬁaai@ugéﬁpﬁﬁ' ﬁlqrﬁgr#fad%y%éqrg%ﬁ%%tﬁnijr oscopy.
[ 0038] Thag hRAV ' i ' G i sting of
i aount O P i ke R Rt T el B b SR s o 111 de.
boride, aschuiguekknown corbheaf bedinuyt ¢kikd i thieoant wihebsttron mrbsuBpyont ai ni ng
nmetal alloy. [0039] The reactive heat treatnent process of the instant
invention results in a conposition gradient cernet having erosion

resi stancqd0888kr i Thetinsthipinvehtidies alsmbppiatabie i 4o yrttcde tangistgg ohamm um
titaniumand m xtures thereof as shown in Exanple 4. This is because the
erosi on r eneynied ehspmivia-righ of/tijanpmvich casbideenitidenearbonijride, hovisleops and

rovi des hardening. In.,the instant_.invention,.the e
P andd oXide th combination With & chromitin and titanitm containing metal alloy.

[0039] The reactive heat treatment process of the instant invention results in a
composition gradient cermet having erosion resistance superior to that of the
untreated alloy containing chromium, titanium and mixtures thereof as shown in
Example 4. This is because the erosion resistance of the alloy improves as the
cermet layer develops and provides hardening. In the instant invention, the
amount of reactive carbon, reactive nitrogen, reactive boron, reactive oxygen
diffusing into the metal alloy containing chromium, titanium and mixtures
thereof from the respective reactive environment is utilized to produce the
composition gradient cermet. The portion of the alloy containing chromium,
titanium and mixtures thereof not converted to cermet, is unchanged and
maintains the physical properties it possessed prior to treatment in accordance
with the instant invention. This composition gradient structure is particularly
advantageous when one desires to use welding as an attachment method of the
carbide cermet to a surface. Furthermore, a composition gradient cermet can
have a superior thermal expansion match with the underlying metallic substrate

with superior durability under thermal fluctuations. Thus, the cermet layer



anount of reactive carbon, reactive nitrogen, reactive boron, reactive
oxygen diffusing into the netal alloy containing chromum titanium and

m xtures hesR9hobiom the respective reactive environmens . i({" dto
produce the conposition gradient cermet. The portion of rk{%feré%W% s

contai ning chromum titaniumand m xtures thereof not converted to cernet,
I s unchanged and naintains the physical ,properties it possessed prior to
treatnment in accordance wth the instéﬁ?'invention. Thi s conposition
gradient structure is particularly advantageous when one desires to use

Far  her mor ROt ABOER e REAR bl b OTinE B REGEFLes Gy B fachiBprc
expansi on pRd alecihdiBal fefiabiieE Vi ligEt al | i c substrate with-superior

durability under thermal fluctuations. Thus, the cermet |ayer WO 2004/ 104245
PCTI US2004/ 015552 -13 provi des erosion resistance while retaining physical

properti es[g(40]t hertad dRAEPHRAGN Pﬂtﬁeﬂ%ﬁﬁ@tscﬁbdﬁ@d BPitle proceds dffigs@hd oy.

[ 0040] The conposition gradi ent” cernets produced by the process of instant
i nventi on reentien caebeiused bethecserpeadtureerange o 360°C0HERVOC BOPGLécw apy ot ect
any steel or_any other alloy surface exposed to severe erosion and

abr asi on. $gakor anyrothenellongiréscerarnesed o $EYSER esi anst alyasionn Somefe

Pt coL ve bbbk bt S R R e, 1
wear pl at egjeg %Fﬁh&if-ﬁcgl?dsgsrepgratﬁ%eﬁyﬁl ! §'ak $n ﬂ’iéj‘fﬁlgxﬁ 5 PSS caRlygormponent s

subj ect to erosion w strearns. ese applic ons conposition gradi ent

cermets prcpakest Dnitidedin 96@singdhdastey, wisk pldtes, noveRtdrnged hele @
contbi nation of erosion resistance and ‘toughness as well as an optim zation
of t her mal irsertg,geaEnebladen anth eompopentssubjeChtepenosibnt fdow streams- Inithesal

cernets prepared via powder netallurgy nethod, jt affords attachnment via
convent i onwﬁm%nﬁaom@eWaﬁgdlaﬂﬁcw P’@Pa-FF'éft Bnt IQPCStSHBCrtﬁ%FnS@IHanSi on

to invention offer a combination of erosion resistance and toughness as well as an
optimization of thermal stresses within the component. Compared to conven-
tional cermets prepared via powder metallurgy method, it affords attachment via
conventional welding techniques and a better matching of thermal expansion to
the base steel. It also could provide a superior method of protecting turbine

blades from both oxidation and erosion.

[0041] Another embodiment of the invention is directed to a composition

| gradient cermet product prepared by the process comprising:

- heating a metal alloy containing at least one of chromium and titanium at a
temperature in the range of about 600°C to about 1150°C to form a heated
metal alloy;

- exposing said heated metal alloy to a reactive environment comprising at
least one member selected from the group consisting of reactive carbon,
reactive nitrogen, reactive boron, reactive oxygen and mixtures thereof in the
range of about 600°C to about 1150°C for a time sufficient to provide a

reacted alloy; and



t he base steel. It also coul< provide a superior nethod of protecting
turbine blades from both oxidation and erosion. [0041] Anot her enbodi nent
of the i nvaworan/oR4slirected to a conposition gradient ceeikrdiedest
prepared by the process conprising: - heating a nmetal alloy containing at

| east one of chromumand titaniumat a tenperature in the range of about
600C to about 1150C to forma heated ngtal alloy; - exposing said heated
netal alloy to a reactive environnent conprising at |east one nenber
selected fromthe group consisting of reactive carbon, reactive nitrogen,
reactive bor aoplingasitreacted wiley tandempetanrebeldwrabolit #6°G.he  range of about
600C to about 1150C for a tine sufficient to provide a reacted alloy; and
WO 2004/ 104245 PCTI US2004/ 015552 -14 - cooling said reacted alloy to a

t enper at ur f00d2] ow TheoprocdB@f the Gs?int Threeioncemisbeofpplivel torsiyanirfacsy &ari on can
be applied to any surface. For exanple the internal surface of any chem cal
or petrol eckampledhe tteghal sudees of ahghemicd @fpetrolerml proe¢ssimgpreatiosm t he

2 oo at BBPRSH ot MR pleetee ORI AFaMR FRARARESPANED 6 about 600C to
about " 1150, 30 NG AROSRAm fufbs thEREE b 1AM ARTRED bSSleaflsad J  om the

a
group consi sting éssentla Yy eac car reactive ntetrogen,

reactive bpuOlywahRafH m%%aﬁgqenga%%gﬁggbggg ?Séutt esPef and ﬂaehge%;pbeéw% of about

600C to about” 1150C for a Icilent to provide a reacted

i nternal steat@ecentipmimencelerted frotretiegraiip tonsibbh®essehdally of 6€active
conposition gradient cermet material is forned on the internal surface of
t he react ogar ehgtl v milfogeny feack@ve bononeraactive oxygemp and migturhe thepenfosi ti on

gradi ent cerpet can exhi bit enhanced erosion resistance. One non-limting
in the range of about 600°C to about 1150°C for a time period sufficient to

provide a reacted internal surface. Upon cooling to temperatures below about
40°C a composition gradient cermet material is formed on the internal surface of
the reactor. The internal surface of the rector comprising the composition
gradient cermet can exhibit enhanced erosion resistance. One non-limiting
illustrative example of this use is the cyclone separator of a Fluid Catalyst
Cracking Unit in oil refining. |

[0043] As another example, the surface of any object, for example the blades
of a turbine, can be made of a metal selected from the group consisting
essentially of chromium, titanivm and mixtures thereof at a temperature, heated
to a temperature in the range of about 600°C to about 1150°C and then exposed
to a reactive environment selected from the group consisting essentially of
reactive carbon, reactive nitrogen, reactive boron, reactive oxygen and mixtures
thereof in the range of about 600°C to about 1150°C for a time period sufficient
to provide a heat treated object. Upon cooling to temperatures below about 40°C
a composition gradient cermet material is formed on the surface of the object

exposed to the reactive environment.



illustrative exanple of this use is the cyclone separator of a Fluid

Catal yst Cracking Unit in oil refining. [0043] As another exanple, the
surface of i , for exanple the blades of a turbi be made of
a netal select gg%@%mthe group consisting essentially oﬁ&lﬁ&g@ﬁm&?ﬁ”
titaniumand m xtures thereof at a tenperature, heated to a tenperature in
the range of about 600C to about 1150C ]gwd then exposed to a reactive

envi ronnment selected fromthe group consisting essentially of reactive
carbon, reactive nitrogen, reactive boron, reactive oxygen and m xtures

th fi f t 600C t bout, 1150C f I i od

su? 1[ iegi eln'[mb% L?g&%ﬁgﬂgﬁgtﬁppﬁl 3’?%&%6‘%@8{3{ &@ﬁﬁcg%&aﬂth%%ﬁgnger atures
bel b {fal i -Lal i th
our face.ofiy fition BoS8EPaMdcOR ofishiH £t oSiFCATEh pEBBENEE The ot G 105,
PCT/ US20044 &% eekmind8 bly@Bé Hot Hiesief ABIA 69059 Tebi GISAAN apdeqdivey jhhe

process of the instant "invention possess enhanced erosion and corrosion
pr oper t i eshe Ehamplassicotion af gse diselosurde (Thendrosidniopte dicthel@radienisiermetsnd
Attrition Test (HEAT) as described in the exanples sectiop of the

di scl osur dTeR¥Ed dWIbE HoGess o dhe inpanginygntan it eskéhan 1 xdlacedram afhe

rocess of..t-he i,nst il nventi is le t han ,1. 0x10-6 cc/gram i C
b odant . _HiC SorARs e coEbNINe RerEirimbia i YermpsrPhEt Ao et ey
anal yses ag 3. biegbribedti e ERMPEES sS&fdd %%33'%&185 SPHRMSsiole
COorr osi on rate o t he gra lent cernets prepare Yy t he process o t he
i nstant i rryendfl the gradichesanidiaprepyied byOthe 2receks et .the ddadt inventieariget

conposi tions prepar e_go b%/ the process of the instant inven- tion possess
fracture tl Ardx16f grlemtsec. t han about 3 MPamir2, preferably greater than
about 5 MPaml/2, and nore preferably greater than about 10 MPanill2.

Fracture toughness is the ability to resist crack propagation in a
[0045] The cermet compositions prepared by the process of the instant inven-

tion possess fracture toughness of greater than about 3 MPa-m"?, preferably
greater than about 5 MPam'?, and more preferably greater than about 10
MPa-m'?. Fracture toughness is the ability to resist crack propagation in a
material under monotonic loading conditions. Fracture toughness is defined as
the critical stress intensity factor at which a crack propagates in an unstable
manner in the material. Loading in three-point bend geometry with the pre-
crack in the tension side of the bend sample is preferably used to measure the
fracture toughness with fracture mechanics theory. The cermets of the instant

invention can be affixed to metal surfaces by mechanical means or by welding.
EXAMPLES

[0046] The following non-limiting examples are included to further illustrate

the invention.



mat eri al under nonotonic | oading conditions. Fracture toughness is defined
as the critical stress intensity factor at which a crack propagates in an
unst abl e waresrosrust he material. Loading in three-point peangk06@iTeishy Wt h
the pre- crack in the tension side of the bend sanple is preferably used to
measure the fracture toughness wth fracture nechanics theory. The cernets
of the instant invention can be affixedgto netal surfaces by nechani cal
means or by wel ding. EXAMPLES [0046] The follow ng non-limting exanples
are included to further illustrate the invention. WO 2004/104245

PCT/ US2004£00/R6fFE 11 OR BXANRI Bedk TiBadedir ¢ Gl cigPAmRYS of Cormer ci al

Al'l oys [0047T The reactive heat treatnents were conducfed on the selected
chrom um cont ai ning comerci al alloys, 304SS, 310SS, Haynes HR120 and

| nconel 35§0¢47] TheTtrsabale ﬁ@ﬁf&ﬁ&hﬁbﬁ@&w%%oﬁﬂﬁ@@dltﬂ BW-selbORlE 1

Conposi tions of Chrom um Containi ng Comrercial Alloys Alloys UNS No.

Conposi t i onhfomitn GotaiRing nomasersintelloR3G048SBA10FR, Hay S HHR180iand. 4Vh: 0. 6Si
310 Stainless Steel S31000 Bal Fe:25.0Cr:21.0Ni:1.5Si:2. Ovh Haynes HR120
N08120 Bal Ipcongh32liAs7ThrnomisNirompitiossire giveibhelowss3vA S35315 Bal
Fe:24.8Cr:34.8Ni:1.6Si: 1.4Mh [0048] The sanples had rectangul ar geonetry
wi th di nensions of about 1.25 cmx 1.25 cmx 1 cm The sanple surfaces were
ground to a 600 grit SiC finish andléﬂﬁléd ultrasonically in acetone. The

procedure used in '

carburization of t‘géﬁggﬁé?@ g?gf]h‘[f‘%;mﬂln pur ggﬁgrcﬁlﬂ n%g;enw r onment
(CH4- H2) , which—was—deternned—thern graVI‘I‘IBLIID'

Alloys UNS No. Composition (wt%)

304 Stainless Steel | S30400 Bal Fe:18.5Cr:9.6Ni:1.4Mn:0.6Si

310 Stainless Steel | S31000 Bal Fe:25.0Cr:21.0Ni:1.58i:2.0Mn
Haynes HR120 NO08120 | Bal Fe:33.0Cr:37.0Ni:2.5Mo:2.5W:0.6Si
Inconel 353MA S35315 Bal Fe:24.8Cr:34.8Ni:1.6Si: 1.4Mn

[0048] The samples had rectangular geometry with dimensions of about 1.25
cmx 1.25 cm x 1 cm. The sample surfaces were ground to a 600 grit SiC finish
and cleaned ultrasonically in acetone. The procedure used in the invention was
to establish the kinetics of carburization of the selected alloys in a purely
carburizing environment (CH,-Hj), which was determined thermogravimetric-
ally in a Cahn 1000 thermogravimetric unit. The investigations were carried out
in the temperature range, 800°C to about 1160°C. A coupon was heated to a
temperature of 1100°C in a hydrogen environment in a vertical guartz reactor -
tube and held at that temperature for approximately 5 minutes. Thereupon, the
enviromment was changed to 37.3 vol% CH,4-62.7 vol% H,. After 3 hours of
exposure, lowering the furnace surrounding the quartz reactor cools the metal
sample. After the sample has attained room temperature, the surface
microstructure was examined by scanning electron microscopy. By “Bal” is

meant balance of metal in the constituent composition.



ally in a Cahn 1000 thernogravinmetric unit. The investigations were carried
out in the tenperature range, 800C to about 1160C. A coupon was heated to a

t enper at ur gyPlood 9% 1 1 a hydrogen environnent in a verti eact or
tube and hel d at t%at tenperature for approximately 5 m nﬁ&ég&%%@%%pon,
the environnment was changed to 37.3 vol % CH4-62.7 vol % H2. After 3 hours of
exposure, |owering the furnace surroundg?g the quartz reactor cools the

metal sanple. After the sanple has atfained roomtenperature, the surface
m crostructure was exam ned by scanning el ectron m croscopy. By "Bal" is

bt Uspooa) 7SS s, Tkl defrslysfls (0% Uit CaURRR b O R dRnél chUber>
car bi de- ”Efrﬁéroﬁ%imeés%’ﬁrfo%(e:cri% 310 Ghialksk @i&k(ﬁ%ﬁ\ﬁ%i%ﬂﬁ%@@) 310

stainless steel (54Fe:2INi:25Cr in w% surface after reactive heat
treat ment girfackUiferfredctivellat achtinehe a8 1Y00E fog$h&ds in BT Yo bRpenvi ronment . A

magni fied view of cermet mcrostructure, revealing'the C-rich carbide
[ (Cr 0. 6FeoCE),723] valfd Hy eanminmend. % selgnifiaBHewddiNerfEt miorostidfcture, pr oduce a

conposite ceram c-nefal, tw-pha structure, is depicted in Figure 5b.
O -rich i staygakeg thebr-righ WIQPT@ro.sEew)v%]am&ﬁ@ep&t@%éﬁeﬂ on on a wei ght

basi s t han Akhe onstd-t uent tals conmmri sing ere . Mis
54Fe: 2| Ni %W’\Aﬁ%ﬁ 1111"?{134{3@]}‘%%0%%@“@%0@? 5 CE%E?\ITEBR?H%E Cr-rich
carbi des agpgah et @Y iR ModB SHT Rt R R RPER it has
etched nore deer&?;?lgt r%n@%lrl\e%r bi% es. #ﬁgse f?%‘ﬁ‘ggﬂ‘s%?%%a% %‘iﬂdﬁgl pr oduct
havi ng t hehighenpiopowtidiaor a wéighhbasis firandhie ether roasiivegameealcomptising
invention. Changing the duration of exposure to the carbon gaseous
envi r onmenM, ovtieng &4 1s 4kce:2 ANe:RACS én 9t 7. him thimssanhing ¢legteen miptagraph shown by
the graph in Eigure 4.. EXAMPL . React,ive Heat Treatnent of Commerci al
Al oys [oo%’@]gﬁﬁgh Rt ApEeh %F%rﬂrﬁa 250 15 Wefal APRRAISHECRS S RECAUSEH | vel y
heat has etched more deeply than the carbides. These figures show the final product
having the cermet surface, which is produced in accordance with this invention.
Changing the duration of exposure to the carbon gaseous environment changes

the thickness of the cementite layer. This is shown by the graph in Figure 4.
EXAMPLE 2: Reactive Heat Treatment of Commercial Alloys

[0050] The chromium containing alloys listed above were reactively heat
treated in a tube furnace for 24 hours at 1100°C in 10 vol% CH,4:90 vol% H,
environment. Samples were healted to a temperature of 1100°C in a hydrogen
environment and held at that temperature for approximately 5 minutes. After 24
hours of exposure, the alloy samples were cooled down. After the samples
reached room temperature (25°C), the surface microstructure and the thickness
of cermet layer formed on various alloy surfaces were investigated by cross
sectional scanning electron microscopy. Chemical compositions of M7C;
carbide phase and Cr-depleted binder phase were investigated by semi-
quantitative energy dispersive x-ray spectroscopy. The tendencies of Fe and Ni
to partition between the metal matrix and the carbide precipitates are expected to

be different. The thickness of cermet layers, Cr and Fe contents in M,C; carbide



treated in a tube furnace for 24 hours at 1100C in 10 vol % CH4: 90 vol % H2
envi ronnent. Sanples were heated to a tenperature of 1100C in a hydrogen
envi ronnentwe@npebshed2gs at that tenperature for approxi mat el yopyrdodhssy After
24 hours of exposure, the alloy sanples were cool ed down. After the sanples
reached roomtenperature (25C), the surface mcrostructure and the thickness
of cernet layer fornmed on various alloyjgurfaces were investigated by cross
sectional scanning el ectron mcroscopy. Chem cal conpositions of M/C3
car bi de phase and Cr-depl eted bi nder phase were investigated by sem -
quantit at '][yl?as;%&ﬂﬂ%nﬁbc%ﬁﬁirﬁbf’@rﬁe?ﬁ:‘lecﬁﬁ&@élrrﬁétﬁ'ét?hasé' RatHig ReAnE 185eQf Fe and
Ni to partition between the netal matrix and the carbide precipftates are
expect ed tare snenmarfiest beiow. The t hi ckness of cernet |ayers, C and Fe
contents in M/C3 carbi de WD 2004/ 104245 PCT/ US2004/ 015552 -18 phase and
conposition of Cr-depleted netal matrix _phase within cernet |ayers are
summari zed bel ow. TABLE 2 The Thi ckr&lﬁ and Fe Contents in M/C3 Carbide
Phase and Conposiyi . -Adepl.at e tal iX P i thjn Cernet
Layers after Reag?}?\?@l eg’iegﬁeeﬁo n%sj’i@{dég@%ggﬁﬁ %ﬂ)nt | ni ng
Conmerci al Al FORROSHHPR RhELdepieted Me dhase WHHPLSFERG e A oys of

& 136G belgcted iGhromium LrontaipingfrommercipbAlloys ri x

cermet in MEeacyy Healol reatmes 3 . OTRRIEIG
phase (wt% 304 Stainless Steel 2.13 27.0Cr:73. OFe 76.6Fe: 3.6Cr: 19. 8N 310

Stainl ess $teel 1.90 52. OF THckAER (r@%ﬂ:ﬁ.(&ﬂﬁ;ﬁ@. 7N Cobssion8i20 L. 79
37 AP a1 0 - 58 BPT BanRL IS et L s T, el
. 4Fe: 4. : 58.5Ni : ¢tiv ea e
37,4k yer PG VP Ry ot eRbohiph kS kAT
304 Stainless Steel 2.13 27.0Cr:73.0Fe 76.6Fe:3.6Cr:19.8Ni
310 Stainless Steel 1.90 52.0Cr:48.0Fe 63.0Fe:5.8Cr:30.2Ni
Haynes HR120 1.79 58.0Cr:42.0Fe 36.7Fe:4.4Cr:58.9Ni
Inconel 353MA 1.50 58.0Cr:42.0Fe 37.4Fe:4.1Cr:58.5Ni

EXAMPLE 3: R;;active Heat Treatment of Custom-Made Alloys

[0051] Alloys containing different concentrations of Fe, Ni, Cr and Ti were
prepared by arc melting. The arc-melted alloy buttons were annealed at 1100°C
overnight in inert argon atmosphere and furnace-cooled to room temperature.
Cubical samples of about 1.25 cm x 1.25 cm x 0.75 cm were cut from the
buttons. The sample faces were polished to 600-grit finish and cleaned in
acetone. The specimens were exposed to a 10 vol% CH,4:90 vol% H, gaseous

environment at 1100°C for 24 hours.

[0052] Detailed electron microscopy and chemical analysis of the alloys after
exposure indicated that specific alloy compositions in the Fe-Ni-Cr system
generate cermet structure with M;C, carbide and metal phase. The thickness of
cermet layers, Cr and Fe contents in M;C; carbide phase and compositions of

Cr-depleted metal matrix phase within cermet layers are summarized in Table 3.



[ 0051] Alloys containing different concentrations of Fe, Ni, C and Ti were
prepared by arc nelting. The arc-nelted all oy buttons were anneal ed at 1100C
overni ght i 1d0@ids28y gon at nosphere and furnace-cool ed t g b SiRaLat ure.
Cubi cal sanmples of about 1.25 cmx 1.25 cmx 0.75 cmwere cu romthe
buttons. The sanple faces were polished to 600-grit finish and cleaned in
acetone. The speci nens were exposed to_g;10 vol % CH4: 90 vol % H2 gaseous

envi ronnment at 1100C for 24 hours. [005 Detail ed el ectron m croscopy and
chem cal analysis of the alloys after exposure indicated that specific

all oy co Infd ' er NI S q T with
M7 C3 carm anggﬁé[?gi ¢ Eﬁ%@? hsgI %cﬁ@inesseg%?? élgé'e)’r:S r,Tiéé[? 5@%?@“ Hg&%ﬁtd Fe
contents ilaydfieas 6bfamcttamhaaoabenteaiqos Cf iimeed] maixgtabetathddhal matrix
phase within cernet |ayers are summari zed in Table 3. 2004/ 104245

PCTI US2004the FeelN-Cr-systeBy was melativelytemriched e HagipdreCotorehratien iw nretadr ci al
alloys, relatively thick, cernet, |ayer was obtained and the cqoncentration of
O in net AhasaeRhInGRIAXadatHesistance ahhighet IGmpsragies ehRGABtSA ati vel y

"osi ot anc st oot R TR i Bl TRaThies S ERAGER RN, Shown i n
Figure 6 i0disavestd iR FéY&IBi’&QﬂHP&EB&h%%UﬁEmrM@m( ce 30810hE hter

carbi de-netal "Cermet structure in the surface regions after “reac t| ve heat

treat ment ehclMdRGtiRaRNTRUNSOPT 3024 AbYsGHALPROMD CHLHD vol9peE3] An al | oy
of conposition 60Fe: 25Cr: I ONi : 5Ti (in wt% generates cernmet structure with
m xed Ti C and MfC3 carbi de and netal phase. The thickness of cernet |ayers,

Cr and Fe [@OBSENt Ad &Y 6Bcembbiitien B0FE 25T ONISTDIOGH Wt H) efbratds depl et ed
met'al matrix phase within cernet layers are sumarized in Table 3. The
opti cal mcermet sipuctuisrwigh mivedTiChard Mys cZrbide dnd medal phiase.sThe and

hol f m Ti C and M/ NECr d F
Torpho Ogyﬂl?ckngsxg cerlmet ?z?yers, C%S an(d Fe coz%:gnts ig

compositions of Cr-depleted metal matrix phase within cermet layers are

7C5 carbide phase and

summarized in Table 3. The optical microscopic image shown in Figure 7
indicates the size and morphology of mixed TiC and M;C3; (M=Cr and Fe)
carbide-metal cermet structure in the surface regions after reactive heat treatment

at 1100°C for 24 hours in 10 vol% CH,4:50 vol% H,.

TABLE 3

The Thickness, Cr and Fe Contents in M;C; Carbide Phase
( and Composition of Cr-depleted Metal Matrix Phase within

Cermet Lavers after Reactive Heat Treatment of Fe-Ni-Cr-Ti system

Thickness | Cr and Fe Contents Composition of
of cermet in M,C; Carbide Cr-depleted metal
Alloys (wt%) layer (mm) Phase (wt%) matrix phase (wWt%)
55Fe:35Cr:10Ni 3.17 48.0Cr:52.0Fe 65.3Fe:7.9Cr:26.8Ni
45Fe:45Cr:10Ni 3.35 77.1Cr:22.9Fe 67.6Fe:13.8Cr:18.6Ni
35Fe:55Cr:10Ni 1.00 79.0Cr:21.0Fe 52.1Fe:7.0Cr:40.9Ni
60Fe:25Cr:10N1:5Ti 2.50 66.3Cr:33.7Fe 74.5Fe:9.1Cr:16.4Ni




carbide-netal cernet structwe in the surface regions after reactive heat
treatment at 1100C for 24 hours in 10 vol % CH4: 90 vol % H2. TABLE 3 The

Thi ckness, W 2@dofzes Contents in M/C3 Carbi de Phase and ferpesiolbhxRs0f
Cr-depleted Metal Matrix Phase within Cernet Layers after Reactive Heat
Treatnment of Fe-Ni-Cr-Ti system Thickness O and Fe Contents Conposition of
of cernet in M/C3 Carbide Cr-depleted mgbal Al oys (wt% | ayer (nm Phase
(W% matrix phase (W% 55Fe:35Cr:1ONi 3.17 48. OCr: 52. OFe

65. 3Fe: 7. 9Cr: 26. 8Ni  45Fe: 45Cr: | ONi 3. 35 77.1Cr: 22. 9Fe 67. 6Fe: 13. 8Cr : 18. 6Ni

35Fe: 550 : IEGMNAMIPTOR 47 ORfdsiont Tedthfy 52. 1Fe: 7. OCr: 40. 9Ni  60Fe: 25Cr : | ONi : 5Ti
2.50 66.3Cr" 4.5Fe:9.1Cr:16.4Ni WD 200 4/1 0 42 45 PCT/ 13S2004/ 015552

_20- EXAMPLE 4: Erosion Testi ng [0054] The reactive heat treatnents were

conduct ed po0z] B4 MYET o ﬁacﬁ@@ﬁ&tt&batﬂéﬁ@%&e%ﬂﬁh%dfdﬁrcdiﬁhe?éﬁﬁ?&HTS@fBj
Attrition st "(HEAT). The 310SS sanples had rectangul ar geonetry wth

di mensi ons pedpasbsarhplzs foi HohErostoand dtritiorDTEsti(EBATOEhs 31088 was
reactively heat treated in a tube furnace for 138 hours at 1100C in 10 vol %
CH4: 90 vol samples hadresiragilan gepmeimy with dinsgsigsiafohout B nchet 2Hdnphe was

s 50" vo! 38 it b uhBle s Raekte %‘it%%%rgémgug?%e@% ¢Biobin Rat e vis
emved poropfta {OUE i 10BN 1 9B R EpnRomubRTRR! AADEF a2 122 ana
shape entr gi3184sh J0® YRS oftick %ﬁﬁpl@%s ?@éﬂ:tﬁ@l); Red reafddind bR -fimace for

96 hours at 1150°C in 10 vol% CH4:90 vol% H, environment and named as

C3108S1150.

[0055] Erosion Rate was measured as the volume of cermet, refractory, or
comparative material removed per unit mass of erodant particles of a defined
average size and shape entrained in a gas stream, and had units of cc/gram (e.g.,
< 0.001 cc/1000 gram of SiC). Key defined erosion test conditions are erodant
material and size distribution, velocity, mass flux, angle of impact of the erodant

as well as erosion test temperature and chemical environment.

[0056]  Erosion Loss of Cermet was measured by the Hot Erosion and
Attrition Test (HEAT). The carrier gas and atmosphere, simulating the intended
use, but preferably air, were heated to the same temperature. HEAT tests were
preferably operated as follows. In the preferred operation of the HEAT test, the
cermet specimen blocks (C310SS51100 and C310SS1150) of about 2 inch square
and about 0.5 inch thickness were weighed to an accuracy of £0.01 mg. The
center of one side of the bock was subjected to 1200g/min of SiC particles
entrained in an air jet exiting from a riser tube with a 0.5 inch diameter where
‘the end of the riser tube was 1 inch from the target disk. The 58 wm angular SiC
particles used as the erodant were 220 grit #1 Grade Black Silicon Carbide (UK
Abrasives, Inc., Northbrook, IL). The erodant velocity impinging on cermet

targets was 45.7 m/sec (150 ft/sec) and the impingement angle of the gas-erodant



< 0.001 cc/ 1000 gramof SiC). Key defined erosion_test conditions are
erodant material and size distribution, velocity, mass flux, angle of

i npact of as well as erosion test tenperatur 1?@ ical

envi ronrrenWTﬂggg‘%?mErosi on Loss of Cernet was neasured 6§C eﬂﬁomﬁggégosi on
and Attrition Test (BEAT). The carrier gas and atnosphere, sinulating the
intended use, but preferably air, were.heated to the sane tenperature. HEAT
tests were preferably operated as foll6Wws. In the preferred operation of
the HEAT test, the cermet specinen bl ocks (C3l GSS1100 and C310SS1150) of

Accuracy oftERB e RE RAHSe s bl HE Rk e IR AU AR ol o 1o

1200g/ mi n %eﬁg&rggisﬁ&muﬂy@im@%&m@ﬂ dRdKr TIRE oAt ﬂgawagwﬁsrri ser

tube with a 0.5 i di anet er where e end of the risef tube was 1 inch

from the tanaeits.dTsk erckiéh &Bts'thahe HRA TRIns weRperfdrifedufters 286 (1BsoeF)odant
were 220 grit #1 Grade Black Silicon Carbide (UK Abrasives, Inc.,

Nor t hbr ook for T hourSheAfiteradstiig thel @eirey speginey iwege apaineweighed taaget s was 45. 7
m sec (150 ft/sec) and the inpingement angl e of the gas-erodant WO
2004/ 10424 8ceewsbo0H] ongseaicterming the wieight losse Thereyosionasate1ss egualf er abl y

452 between the nmain z%xis qQf  the rjiser tube and tae surf,alge of .thcel_speci men
di sk. The ¢ wlugmeolpalenpl rempvedpar ungigpass ofifodaiasticies spgaingdine HEAT

speci o waibE AR and a8 b 3R Gl dpRaiens o ST, i e The -
wei ght | 0S $edubifBn @fF Wit 168 SudBS e corhParbd o ¥ YaliFofof O'T8E &id @l renpved

per unit nmass of erodant particles entrained in the gas stream and has

uniits of cefaadam RESCOBOND™ AR-T2D(Re<kbo Brotihiéts, Ined Rittsiourghf PAgI ght | oss
due to erosion conpared to a value of 1.0 for the standard RESCOBONDTM
AA- 22S ( Regch-228dypicaly comprisepat leabt8Q0% BRO;, 725 328, t hpTcEe G5, 4E%r i ses

at | east 80.0% A120 7.2%.Si 0 0% Fe203, 4. 8%
?\/Igd?él(%, 4%5% P, 50 in wt%. croographs of the eroded surface were electron
microscopically taken to determine damage mechanisms. Table 4 summarizes

the erosion loss of selected cermets as measured by the HEAT



MO CaO, 4.5% P205 in wt% M crographs of the eroded surface were el ectron
m croscopi cally taken to determ ne damage nechani sns. Table 4 summari zes

t he erosi agohesmodfsssel ected cernets as neasured by the PENUSY0480G41 104245
PCT/ US2004/ 015552 -22- CfQN~n ONd py uNo OO NN 10 OU~0 N 0O
[- WW kri vi G, 71 UMC O pq QNsza—" cn Nin Md NN tO0O O M by
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O'n O mMMOO In W 2004/104245 PCT/ US2004/ Q15552 -23 [0057] The HEAT
test neasures very aggressive erodant particles. Mdre typical particles are

sof ter andwanspe140yer erosion rates. For exanple FCCU %%ﬁéﬁmaﬂﬁ based
on alum na silicates which are typically softer than al um nhas I'Ch "are

typically nmuch softer than SiC. EXAMPLE 5: Corrosion Testing [0058] Each of
the cernets of Exanples 4 was subject ec_l2 0 an oxidation test. The procedure
enpl oyed was as follows: 1) A specinmen Cérnmet of about. 10 nm square and
about 1 mmthick was polished to 600 grit dianond finish and cleaned in

acetone. 2 S ' o : ' iy at oCin-
therrmgravmr@tﬁi c%%%%%@@Q%iéﬁféﬁg&%ﬁ@gksf (%\FI 8%5 hrs at
800C. 4) AtfritalQfarticies ard STty ROEIAREE MWiverdrbAvE datk® FOPExdRpRATET
tenperature.” 5) Thickness of oxide scale was determ ned by cross sectional
m cr oscopy catetystnaei msed bntahenior silcdtenwhiolf areeypicaldp 9dftdihthan himkinmss of

oxi de scal e was ranging about 0.5 mto _about 1.5 gm The cernet

conposi ti oMduekATeHyP rapeh sefitesthamBiCy ess than about 1x10-11 g2/ cmds or
an average oxi de scale of |less than 30 mthickness when subject to

EXAMPLE 5: Corrosion Testing

[0058] Each of the cermets of Examples 4 was subjected to an oxidation test.

The procedure employed was as follows:

1) A specimen cermet of about 10 mm square and about 1 mm thick was

polished to 600 grit diamond finish and cleaned in acetone.

2) The specimen was then exposed to 100 cc/min air at 800°C in

thermogravimetric analyzer (TGA).
3) Step (2) was conducted for 65 hrs at 800°C.

4) After 65 hours the specimen was allowed to cool to ambient

temperature.

5) Thickness of oxide scale was determined by cross sectional

microscopy examination of the corrosion surface.

[0059] The thickness of oxide scale was ranging about 0.5 pm to about 1.5
pm. The cermet compositions exhibited a corrosion rate less than about 1x10™!
g*/cm®s or an average oxide scale of less than 30 um thickness when subject to
100 cc/min air at 800°C for at least 65 hours. These represent superior corrosion

resistance.



100 cc/mn air at 800C for at |east 65 hours. These represent superior
corrosion resistance. -24- CLAIMS: 1. A process for preparing a conposition
gradient cernet material conprising the steps of: - heating a netal all oy
conprising from18 to 60 w% chromum fromO to J O wt% titanium and from
30 to 82 wt% of netals, at a tenperatiudde in the range of about 600C to
about 1150C to forma heated netal alloy; wherein said netals further
conprises iron, at least 9 wt%nickel, and one el enent selected fromthe
group consisting of cobalt, silicon, alum num manganese, zirconium
haf ni um vanadi um niobium tantalum nolybdenum tungsten, and m xtures
thereof; - exposing said heated netal alloy to a reactive environnent
conprising at | east one nenber selected fromthe group consisting of
reactive carbon, reactive nitrogen, reactive boron, reactive oxygen and

m xtures thereof in the range of about 6001C to about 1150C for a tine
sufficient to provide a reacted alloy; and - cooling said reacted alloy to a
t enper at ure ?ﬁ#gm/about 40C to provide a conposition gradient cernet

mat eri al . b 2 process of claim| wherein said reactive environnent is a
reactive carbon environment conprising at |east one of CO CH4, C21-16 or
C31-h. - 3. The process of claiml wherein said exposing step is for a tine
period of abdut Alprhoess foroprepiinigoueampatitiophgragicooeesmebmatariad poRprigiagei n sai d
exposi ng ife is.for atinme period to provide a reacted alloy wherein said
reacted & Fé&p§85prises preci pitated chromium rich carbides, titanium
carbides and m xtures of chromumrich and titanium carbides. - 25 5. The

process of GLAdY HnbheashycRMSiIfNBH M 60PR% RuRIrtEM, FHORPDS §0 wi%
titanium, and from 30 to 82 wt% of metals, at a temperature in the range of about
600°C to about 1150°C to form a heated metal alloy; wherein said metals further
comprises iron, at least 9 wt% nickel, and one element sclected from the group
consisting of cobalt, silicon, aluminum, manganese, zitconium, hafnium,

vanadium, niobinm, tantalum, molybdeavm, tungsten, and mixtures thercof;

- exposing said heated metal alloy to 2 reactive environment comprising at Jeast one
member sclected from the group consisting of reactive carbon, reactive nitrogen,
reactive boron, reactive oxygen and mixtures thereof in the range of about 600°C

to about 1150°C for a time sufficient to provide a reacted alloy; and

- cooling said reacted alloy 10 a temperature below about 40°C to provide a

composition gradient cermet material.

2. The process of claim 1 wherein said reactive environment is a reactive

carbon environment comprising at least one of CO, CH,, C;H; or C3H;.

3. The process of claim 1 wherein said exposing step is for a ime period of

about 1 hour to 800 hours.

4. The process of claim 2 wherein said exposing step is for a time period to
provide a reacted alioy wherein said reacted alloy comprises precipitated chromium-

tich carbides, titanium carbides and mixtures of chromium-rich and titanium carbides,



Cr7C3, Cr23C6, (Cr,6 FeoehC3, (Cib.6Fco.a)23C6 and m xtures thereof. 6. The
process of claim4 wherein said titanium carbides conprise TiC. 7. The
process of claim1 wherein said exposing step is for a tinme period
sufficient to forma reacted alloy |layer of thickness of about 100 m crons
to about 30 nmon the surface or in t¥e bulk matrix of the netal alloy. 8.
The process of claim1 wherein said exposing step is for a tinme period
wherein the reacted alloy is of thickness enconpassing the entire depth of
said netal alloy. 9. The process of claiml| wherein said cooling step
conprises cooling said reacted alloy at a rate in the range of 0.5C per
second to 25C per second. 10. The process of claim 1 wherein said cooling
step further conprises cooling said reacted alloy to a tenperature in the
range of 500C to 100C, holding the tenperature at any tenperature in the
range of 500CSt oThoproctsrof glaimfewheseingdid gromswn-ieh§aERidesCamBprse hours and

Secona | Libhorekadotoatier o Crbhicoleh @it ATOT (2 oot ve

ni trogen environment conprises at |east one of air, ammonia and nitrogen.
12. The procegs Pfe SioRkdd ok LIRSS WhétemAdash ﬁiﬁﬁﬁﬁh@&bﬂe%ob\%riﬁ@‘!ri@. tinme period

to provide a reacted alloy wherein said reacted alloy conprises
precipitated chromum rich nitrides, titaniumnitrides and m xtures of
chrom um ri ch7anthd proaedswhchaimrli wibercinlsdid Sppsprpetasis fof a Gngiperibd wher ei n
said chromumrich nitrides conprise, Cr2N. -26- 14  The process claim12
wher oi 1 SHFRHETHER R FRACEDALY Lol Pt SEHcks of At H9 ikoRLEcatore 20 of rm

wher ei n saj j (nTeTa N it bPERMm&RVAIRNMENt conprises at | east one
of ammni%gh}r{{ﬁﬁlgﬁ%%eﬁqgnd a‘%ﬁﬁlgggﬁaoneq%f Cdo,d%nCI L, C21- or C3Hs.

8. The process of claim 1 wherein said exposing step is for a time period
wherein the reacted alloy is of thickness encompassing the entire depth of said metal

alloy.

9. The process of claim | wherein said cooling step comprises cooling said

rcacted alloy at a rate in the range of 0.5°C per second to 25°C per second.

10. The process of claim 1 wherein said cooling step further comprises
cooling said reacted alloy 1o a temperature in the range of 500°C to 100°C, holding the
temperature at any temperature in the range of 500°C to 100°C for a time period
between 5 minutes to 10 hours and thereafter cooling at a rate in the range of 0.5°C

per second to 25°C per second to below about 40°C.

11, The process of claim 1 wherein said reactive nitrogen environment

comprises at least one of air, ammonia and nitrogen.

12. The process of claim 11 wherein said exposing step is for a time period to
provide a reacted alloy wherein said reacted alloy comprises precipitated chromium-

rich nitrides, titanium nitrides and maxtures of chromium-rich and titanium nitrides.

13. The process of claim 12 wherein said chromiwm-rich nitrides comprise
Cl’gN .



16. The process of claim1 wherein said reactive boron environnent

conpri ses at toast one of B2H<, BCl3, and BF3. 17. The process of claim1l
wherein said reactive oxygen environnment conprises at |east one of air,
Cx2, oxygen. 18. A conposition gradient cermet product prepared by the
process conprising: - beating a netaPballoy conprising from18 to 60 w %
chromum fromO to 10 wt% titanium and from30 to 82 w% of netals, at a
tenperature in the range of about 600C to about 1150C to form a heat ed
nmetal alloy; wherein said netals further conprises iron, at least 9 wt%

ni ckel , and one el enment selected fromthe group consisting of cobalt,
silicon, alum num manganese, zirconium hafnium vanadi um ni obium

tantal um nol ybdenum tungsten, and m xtures thereof; - exposing said heated

netal alloy to a reactlve envlronrrent co [ sing at.|east one nber
sel ect ed fromidneThs piosesshslaapi! ﬁd"}éﬁ'é'%‘ér?gfd;‘ﬁf’?‘“% “'FF«L?&FPW"&%FB@E reactive
nitrogen, reactive boron, reactive oxygen and m xtures thereof in the range

O acrog " o oS OTRPRtkers kT Aichd wBerb TG ERRLAR Sl Gldsllobh M Ov) O 2

reacted allo reac to a enperatrure bel ow about

40C. _27- enk&onﬁqeﬁpfm@;&wes Qﬂeﬂﬂ afé eﬁmmmmpmdm arjd 8 pesedndyt COe process
of clains 1-17 havi ngda fracture toughness greater than about 3 MPa rnrl2.

20. A conﬁbba@zl‘bmfﬁz i ent cernet product prepared by the process of clains
1-17 having an erosion rate | ess than about 1.0 x106 cc/gram of SiC erodant.

21. A conposi t r adi ent, t I cess of clains
1- 20 havi ng co rgﬁ%ﬂmfaﬁs er_g rﬁq‘ﬁgér{gq%%%%ﬁf&?&%%g#&n& %éﬁ) eo(r? an average
oxi de scatdimprives hetesstoRadf B3K,, BAl}) a8 BFss when subj ect to 100 cc/min air at
800C for at Ieast 65 hours.

17. The process of claim 1 wherein said reactive oxygen environment

comprises at least one of air, CO,, oxygen.

18. A composition gradient cermet product prepared by the process

comprising:

- heating a roetal alloy comprising from 18 to 60 wt% chromium, from 0 to 10 wt%
titanium, and from 30 to 82 wt% of metals, at a temperature: in the range of about
600°C to about 1150°C to form a heated metal alloy; wherein said metals further
comprises iron, at least 9 wt% nickel, and one element selected from the group
consisting of cobalt, silicon, aluminum, manganese, zirconium, hafnium,

vanadium, niobjum, tantalum, molybdenum, tungsten, and mixtures thereof;

- exposing said heated metal alloy to a reactive environment comprising at least one
mernber selected from the group consisting essentally of reactive carbon, reactive
nitrogen, reactive boron, reactive oxygen and mixtures thereof in the range of
about 600°C to abont 1150°C for a time period sufficient to provide a reacted
alloy; and

- cooling said reacted alloy to a temperature below about 40°C.



22. A nmethod for protecting a netal surface exposed to an erosive materi al

at tenperatures in the range of up to 850C, the nmethod conprising providing
the netal surface with a cermet conposition according to clains 18-21. 23.
A nmethod for protecting a netal surface exposed to an erosive material at
tenperatures in the range of 300C to-B50C, the method conprising providing
the netal surface wwth a cernet conposition according to clains 18-21. 24.
The net hod of claim 22 wherein said surface conprises the inner surface of

a fluid-solids PPN 9&&1&%&3{5&8&&1 cermet product prepared by the process of claims

1-17 having a fracture toughness greater than about 3 MPa m'?,

20. A composition gradient cermet product prepared by the process of claims

1-17 having an erosion rate less than about 1.0 x10°® cc/gram of SiC erodant.

21. A composition gradient cermet product prepared by the process of claims
1-20 having corrosion rate less than about 1x10'%° g*/cm*s or an average oxide scale
of less than 150 ym thickness when subject to 100 co/min air at 800°C for at least 65

hours.

22. A method for protecting a metal surface exposed to an erosive material at
temperatures in the range of up 1o 850°C, the method comprising providing the metal

surface with a cermet composition according to claims 18-21.

23. A method for protecting a metal surface exposed to an erosive material at
temperatures in the range of 300°C to 850°C, the method comprising providing the

meta] surface with a cermet composition according to claims 18-21.

24. The method of claim 22 wherein said surface comprises the inner surface

of a fluid-solids separation cyclone.





