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GRADI ENT CERVMETS AND REACTI VE HEAT TREATMENT PROCESS

WO ORIRRERARI NG SAVE  FI ELD OF | NVENTI ON [ 0001] pdh@s2004/015552
present invention is broadly concerned with cernets,
particularly conposition gradient cernets and
reactive heat treatnent procgss for preparing sane.
BACKGROUND OF | NVENTI ON [ 0002] Erosion resistant
materials find use in many applications wherein
sur f ace®MPOSITIPNGRADENTICER METS A NP REACTINVE,

ref i nefy A0r IRISSTNASNT PROCIEITROR PREPRSANG SAME

aggressive fluids containing hard sofld partictes such
as catalyst particles in various chem cal and
etrol eum envi ronnents are subject to both erosion
Ii%&il&ﬁiﬂﬁ&lﬁﬁﬂﬂiﬁe protection of these vesse
i nternal s agai nst erosion and corrosion i nduced

mat eri al degradati on especially at hlcgh tenpera- tures
[00Q1h téfélﬁrmm@t swiensipalis bragdly Fedearedbwith qermets, pedicularly

d f t tect
colBHERH Efio seRer APE B RO i A BPR 48P Srs TotBivpating
sakdde inside walls of cyclones such as the internal

cyclones in fluid catalytic cracking units (FCCU).
The life span of these refractory liners is

BACKGROIEND GFINYERETOW Mechani cal attrition of the
iner, cracking and spalTation. The state-of-the-art

in erosion resistant materials is chemcally bonded

[0003] abEeosigh %E‘ld’ﬂéhtrrﬁﬁtreﬁ‘éls%h&ﬁse Mﬁﬁy ‘éﬁﬁﬁé‘éﬁcﬁls%h@{’eﬁfi
refractories are applied to the surfaces in need

supfaoteatei subjeeh th enpdimgfates uFomex anayle arefimedly pxﬁmessevdsssel
the surface via netal -anchors

or
infegpals exROSSHdP dgmEstiye fluidy rerfaidng hatd spdichpartiglesisneh as

colg AR B L R o dnfh R PR D EREE A3 bR o
boiﬁ%3%$n7a1§f/ec§k9§®n.lme/°p%§t%g§on b1 BAMIELE Derhi S RRTE

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% Al O3, 7.2% Si0,, 1.0% Fe,0s3, 4.8% MgO/CaO, -
4.5% P05 in wt%.



WD 2004/ 104245 PCT/ US2004/ 015552 -2 [0003]
Ceram c-netal conposites are called cernets. Cernets
wobtonadegunt e chemical stability can provi de aPCDUS®04/015552
of magni tude hi gher erosion resistance over
refractory materials known in the art. Cernets are
general ly produced wusing pogpder netallurgy techni ques
where netal and ceram c powders are nixed, pressed
and sintered at high tenperatures. Since powder
[0083R| | WegirarHmptal pOaHosRes Seroaticd cuftals| YCdimess of adequate
honmogeneous m crostructure and uni form conposition,
chenpealstaty htyeernaproatderamaerder oh ourgnande haghs ¢resdomtresistnce
onto the netallic surfaces wherein ﬁrOSi

cer ntEt S 3 n
OVEE EFLERCIARIg T} Wi e the @t.gLermgls are [B6BR4{+Y pro uced

an . : . :

o BB AR Oy RRETB E R SEELSpR e  e:

mixeaXPRESSH M §iakPed &t MRhabmpbfaturek N Stndeydwddr metallurgically
conposition gradient cérmet there is a concentration

produdtiderermets tdvallydrasehoniageneties metrabtroctpoand nnifiosmc h
that _the concentration of the ceram c decreases with

coggsHiony seRRISHEHR Sitechsnerfrmeihens axenersied taakiag sprmaefs
onf B LG S8t o petarOGreFiolt BB ds dgpired.

nmet hods such as wel ding due to the conpatibility and
e o ' z [ i '

(OBBFE , Lol h e St bRl Aol A e SBlab ot e
cefHEhis CRFRARLAEIP And FRANRRDpoSET SBFSccCid n@hBAcEX M Ritypical

superior durability particu- larly under conditions
contpsisgion giadiemd cefhetdheratis arenaewtrati@s gradientofeeceramic in

there is a need for effective processes to prepare .
the Bighd ComRAsigRhEndthatihe ropsentraspl bsecesppidecstasenwith

rovide a

esent invention is.to r-ocess, fo
defifhs pEheseicomilid FREcht Satps drd AR ATbarsrmsg for cost-
ef@EAYE SRACHIREATRIf cYihndts'BReH \thito Reak] & ARy RiHFaceS uling
nmetal alloy. [0006] Anothef object of thé present
mdthodnduchasi weldingdwy todihe xoagapibéhityl aml eage ad ivesidinger subt-
product derived fromthe reactive heat .treatnent
staptiglz grctalljcogueqt tyrnagthen subsenéallopjetaltis ohiact. Bagbernore,
sudl ggrgl%ggitifo%ogrpa&'re]ﬁt ge%sn%rcsl B Ao 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.
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SUVMARY OF | NVENTI ON [ 0008] In one enbodinent is a
w@e@aasr43 or preparing a conposition gradi ent PCEURBD4/015552
mat eri al conprising the steps of: - heating a netal
all oy containing at | east one of chrom um and titanium
at a tenperature in the range of about 600C to about
1150C to forma heated netal alloy; - exposing said
heated netal alloy to a reactive environnent
conprising at |east one nenber selected fromthe
S@WRI@?@F?N ofoNeactive carbon, reactive
T@?Wm%‘?%ﬁron, reacti ve oxygen and m xtures
. thereof in the range of about 600C to about 1150C for
[0903] e s he eRibRAlmbs iP Elcﬁfbé’e%s For ?ﬁaﬁp afiag add os1t%}g gradient

cool 1 ng sal d reacted al oy to a er at ure bel ow

ce@ipetiinadiial tcomprivingitheastepswiposi ti on gradi ent cer net
material. [0009] Another enbodinent is directed

- Bt Riiesa e RN o En e 4CRY gof o6 horBluR HE itapipm at o
p{e?ﬁu;r?e?ﬁ e ﬁ?hl%ﬁa?%éﬁ?ﬁbﬂdt%o@& okt PSRE [P a heated
g arbo op

cts n activity an envi ronmen
bﬁfeegaqmythe reaction CH4 ---> C + 2 H2 conpared to
austenitic stainless steels (a,, in equilibriumwth
Fe3C). Al so marked a e the carbon actjvity val ues of

- g@@ow&wﬂé@a@gm@ BHQY 102 FEASTiVE SOYHPIIRREAPTBHSING at

[ 1 [

T SRR R 2, KRS P,
3934&cﬁ§/é‘ itk @Eh, sdREVe bOANTE reddFe Vgeh AinWiixt@®s &hereof in the
function of CH4 content in H2 at 100C for 3 hours.

Wan2e &4/abod 2660 T k0045036 $62a 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 wi%) as a

function of CH, content in H, at 1100°C for 3 hours.



-4 [0012] Figure 3 depicts the thickness variation of
surface cernet structure on 304 stainless steel as a
wo ewvations of tenperature in 37.3 vol % CH4: 62. 7PEDIUS200R015552
envi ronnent for 3 hours. [0013] Figure 4 depicts the
t hi ckness variation of surface cernet forned on
various Fe:N :Cr based hi gh tenperature alloys as a
function of reaction tinmes at 1100C in 37.3 vol %
CH4:62.7 vol % H2 environnments. [0014] Figure 5 depicts
[00d2hni dGgedeccdemots the thigkmysh v asihtion o s(lﬁaceswrhmt structure on
chrom_um car bi de nmetal cernet structure on
3¢ slaplessstel @g o funairen of igmperature im3Bogol % C&Im 62.7 vol% H,

ctiv reatment at 1100C for 3 hours in 37.3
e%vdf@m@ifs%?h?u%l % H2 environnent and (b) enl arged
area on the surface revealing the Cr- rlch car bi de
104510, S8 s D J R IR SRS b Sl SO bt i on
VérY&Ism'@N%(}tHab'éd High: tehl‘f)e}iihfe alﬁ%%%'anﬂm%h@ﬁ of PEaction fimes at

m crograph the Cr-rich carbi des "appear dark gray an

11002C nE3AB vePpaci s 62 Sorsigetl, daelianmentst has etched
nore deeply than the carbides. These figures show the

final product having the cernmet surface, which is the

[001dFiuc Figire Shéepicto sesming eldeeronnicaddraphy Sivwiass. (a) surface
[0015] Figure 6 depicts optical mcrographs show ng

mul(nmadmdaﬂaetabyem@ésﬁua@umn@lw staindess steeluGulie2 1dh:25Cr
35 | ONi 0 (b 45Fe;: 45Cr | : 1
m&f%k ?fg erme%%\aq lpfat tr%ﬁgng@)?t 34 ﬂ@gé 5”@ 3 %ms lef?ﬂ fv(v '
I t t at 00C,
CRuRY P b s RS Ren T b B e ¥ s M rrgcirefating
thEICWiéh arBRR [gcﬁo g 5-@2‘?4] dﬁdqtpaégg&a ST 6 96 B Ke S Clify

and IrC3 (M= car bi de cernet structure

witdh) &Oﬁ@dﬁm chOigiosBd cerainticwhéfal teblphyseadtwotures dat thise
heat treatnent at 1100C for 24 hours in 10 vol % CH4: 90
scoping e ciiop misEagsaph theCratdy awhizies apprarderb gaayass dr

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,4:90 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% CH,:90

vol% H, environment.



-5 DETAI LED DESCRI PTI ON OF THE | NVENTI ON [ 0017] The
first step of the process for preparing a conposition
wQ@readitenss cernet material conprises heating aP@EUS1004/015552
all oy containing at |east one of chrom um and
titaniumat a tenperature in the range of about 600C
to about 1150C to form a hegted netal alloy. The
nmetal alloy containing at | east one of chronm um and
titani um conprises fromabout 12 to 60 wt % chrom um
DETATLED DESTRWIFON OITHA INWVENTION 30 to 88 wt % of
nmetal s selected fromthe group consisting of iron,
ni ckel, cobalt, silicon, alum num nanganese,
[001T L onTThsfirstwémofithe pravessi fomprepaciigungorhpodi Ao gradient
nmol ybdenum tungsten, and m xtures thereof. In a
cepmet metasihl spppdisas heatinga mygtdralleysconianing atlesst oge afhe

chgomain 34 g e BRI anss pkabaH G0 LB abou
iron-ni.ckel b I h I 800H
1 {5 PR RETR el Rp T aSFial ASY oGt 2 ggtuane of
. ..St: i i t
cHIE B SAELESE, SnbE ORI TR SIS e
tof1100k % R a:fi e And Frsth SO 0B EHsBUfimetals selecté®foim U group
carbon, reactive nitrogen, reactive boron, reactive ‘
congigtieg of mbnpiickel, esbalt eiliewd, alwmirhen rmaggansse adjpenium,
600C to about 1150C for f‘ time period suffici ena fo
hagnigh. d@nadiven Y Rfugs. (@Ralymanely DaRB W, RSk, @R dnixtures
th&RSE APBRfel2d B RAFHENEEIABP nBRY LOARIIELA: of the alloy is

Tzation reactions are eved T0 occur.
irdiRt THSS RiaiglesOstbsls Ras ds tpe 30U 984188] 37 S8, 310BS and the
reactive heat treatnment process applicants believe
likeheaid irdwe-nicket baseidzdiays suph as discoloy §08H ave pasitdydiutlpsiisable
of chromumrich and titanium carbide phases for
fop fhenipiantproesss. cr 23C6, (Cro. 6Feo. 4) 7C3,
(Cr0.6Fe0.4)23C6 and TiC on the alloy surface and
Lthin the alloy marix resulting.in a cerne nd
(BT} Cuhesespnd San bt MORCT ComIgines c3PBBE the Prgied gl
all%?f%/a]rgg'gtf&e SVl RE 4 REBPRom 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.

[0019] 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, Cr23Cs, (Cro6Fe0.4)7Cs, (CrogFep4)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] A reactive carbon environnent is defined as
an environnent in which the thernodynamc activity of
w@aram24ac) in the environnent is greater thaPCT/H81004/015552
of the alloy. (ac)environnent > (ac)netal The reactive
carbon environment suitable for the instant invention
conprises at |east one of C®- CH4, C2H6 or C3H8. The
reactive carbon environment nmay optionally include
H2. The reactive carbon environnment may further
[0026Dr i Pereadfiye CaxdonansirbEMent veddflddmsi angemersmiman sn which

[éémr{qﬂy and [3] shown below are sone of the
the Saphe AChEyEy obrarbordad &n Hrecenvirmaeentih grepsertthan that
fl‘l‘ﬁea ment conditions to provide the reactive carbon.
OlFHB a8 bon reacts with the nmetal surface to form
chrom umrich and( i)t ani umrich G2 bi de phases. CO +
H ----- > C + H20 %‘C fnY“O%‘éém—---P-m%tag + 002 [2] CH4
------- > C+ 2 H2 [3] [0021] Wien heat treatnent
THeotcaotge cabohicnnirbdinent idtabd¢ banthadhstamttiivé@ion compiibes at

environnment is ac = e GQ/RT (PAi H2) where Gis the
least oae i dr@yChl. Gt 0aCildn, The ireactive cgepcedramment may
he’ - i n Kel vi its. and P i h i al.
orRBab TR e ol gl b P e
h 0 : r LMt .es:: f '
O ¥4 PRSI, T8 LRVt seioidi ), 1] SR 331 Plown below are
sonfilbCikadadtivhs phaf#e beHeva@rodr Baddd thehat aeatiht

process of the instant invention. [0022] Wen a
comdidtansdo girovide libareagtive hydhong erheagarbom eghctowpthdhe deetal

the reactive carban, enyironnment, . the .ngethane content
SUF%CF m?%e@@gnwwh and ditangamagigh caﬁagﬁyg%%ﬁen can
range fromabout 1 vol%to about 99 vol % prefer- ably

about 2 vol % t@Oabpyt--45 @ol ,OThi s is depif¢jed in
Figure 2, where the
2CO ------- >C+CO, [2]

(ol & Jp— >C+2H, [3]

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

the environment is

a. =€ """ (Popa/P)

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 (Pcya/P2ys) 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



WD 2004/ 104245 PCT/ US2004/ 015552 -7 nmass gain due to
carbon ingression (a neasure of cernet |ayer

wo ororao42eh) of 304 stainless steel (74Fe: 18Cr P@MUS1004/015552
wt% at 1100C exposed for 3 hours is plotted as a
function of CH4 content in H2. The preferred nethane
content in the gaseous m xtyre of nethane and
hydrogen corresponds to the pl ateau region of the
curve. In this range, the reaction tinmes are shorter

mhbss ©dih aius ta capeniihptessioni (a ket arobf egnteelayeSdsrmation) of 304
m xtures in which the nethane content in the gaseous

staiintetss steeb (74 HOeSNnth i) agéh00% gxpesedrfotr Bdoudbis plotted
vol % can al so be used. . However, in these ranges,

asgofungtion o $ruepsent indd. ohhe pecfemeé peadhgnesententinghae
o SRR R e GBSl R 88 ot
thBXHFRIER tﬁ{sera%‘igg,qg%‘?e&'ﬁbw tfified A2 HBRE by Bbtafifth RPELific

envi ronnent, content In the gaseous m xture of

thidRnaswofhoetinege Gas erikturas §e whickmhalaethafle tontehtar the gaseous
about 5 vol % preferably about 0.1 vol%to about 2
mizsiugs off methane whé hytdragendagreaer barddormiEnean alse be used.

reactive_nitrogen envjropnment, .nitridatign regctions
HOVEvege [ BiFsttecoctalid capih acpesition Shithe alley pettaes th be
enuhibfed SERARMATLE Ind ABid BRELAUDCIRRS P PR 2.

process |leads to precipitation of chromumrich and

ni : . .
RSP WAL BRERT kSRR u SN N eactiv
caflssiiédvirghmeéntatheeCOjonddid inalid fasebas nixture 0GB ahd BYydrogen

gradient nitride cernet. [0025] A reactive nitrogen
cagrgngofreahabaug Odevple do aborls walfer prehesablyi aboulth L Hokvhéo
t hernodynam ¢ activity of nitrogen (aN) in the
ab@HQérVB nt is greater than that of the all oy.
(aN) envi ronnent > (aN)netal Since nolecular nitrogen

[Ogﬁ]{);l %ﬁa‘ﬁ%& riaa{]c 1rvte én%irto%g:nr{a%t ?sf a ?ei:atcgiivg %‘itirg genog:nv"%?onment,
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 titanium 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



amoni a- beari ng at nospheres are preferred. Amonia is
nmet ast abl e and WO 2004/ 104245 PCT/ US2004/ 015552 -8
waele@gaei2at es i nto nol ecul ar N2 and nol ecul ar HCTHIB2004/015552
heated to el evated tenperatures. The preferred
conposition of the reactive nitrogen environnment
conprises at | east one of aiB, ammoni a and nitrogen.
The conposition can further conprise H2, He, and Ar.
In such a reactive nitr ogen environnment at
digseoiessainty emléanldrN¥, ardgmleful GOHCwhen hes @A taldleyated
containing elenents such as C _and Tj which have,
ePEISIHEFES: h&hﬁ @aq:feaﬁfimmp%gl%@f e TPRGIF IHASPR 6NV pRRent
nitridatjon reacti.ons. In.order.to ingktease nitro
coRysleh o IHPAAG tebit Foponia 1 Cogrh b SR PP ED
fugﬁeldécﬁﬁgl%%‘flg 198, AR IPYuGHH fAEve ?1\/ fitSoedl ddWMbdifnent at

I SSOCI it oni ¢ nltrogen to dissolveat the surface

texﬁPéra@h%ﬁ s thei rahge bREOOT ko 1150°€r altvysafontdiginpedlaments such as
loy. Simlar to carburization process, nitridation

Croand Tiewtlichthmvetserongrobamical afiniios ffexpitreigeniwdsrgo rapid
internal njtri n the matri.x and

i aRaRATAiOHE Al DU 4D RFog Hiliogen pBtes Yoty alloy
m(gTﬁxﬁllﬁf ﬁl—g 1s$ ﬂjeﬁ 13k QYA OgE ﬂl@él?o}“%?r@acreo tfﬂfsoéﬂdii)ﬁng

nrtrogen environmnment

di k0Bt atothit RerERNAUEsIBIVS b the @firfasemnd dﬁ’f@d&ﬂnto the bulk
hydrogen can range from about 1 vol%to about 99 vol %

interief ef #id metballoy 2 Sumiles toocaburizatith prsicess, [ImleM}lofr len lead
preferred tenperature range fgr acco I|sh|n

to e kasmstion ob sugaceaitHdes 1ptsynal gRtrigdes i a at grain
titani um thereof toanltrlde cernet is

bou Hd%la%svefﬁglﬂe%’l‘&’%‘ %00C t o about 1150C. [0028] When
the reactive environnment conprises a nmxture of

[Oﬁf@gt ' Wilenc gréagf Ililﬁ‘?(ﬁh% ¥fd %Hfo%%ﬁ%@ugé%ﬁggrowde the

osit10n gradi ent cerne

reéfﬁtiv%' o g@rﬁélﬁquﬂrﬁélﬂeﬂf@rﬁinﬁidﬁwé@ﬁeﬁﬂlﬁrth@fganﬁﬁisH rhixture of
When the reactive environment is a reactive carbon

anmandniai anddgelnoganv¢anoramga from abbainl vel%ae abaut 9235et%ons
are beljeved t%/ occgr. %&pi I ¢7 not w shing to be bound
1% out 70 vol%.

prelgrably about 2 vol% to a
[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



mechani sm of the reactive heat treatnent process
applicants believe that the carbonitridation process
WO e@daos2as preci pitation of chromumrich and tPCHEHOB2003/015552
carbonitride phases for exanple Cr2CN and Ti CN on the
all oy surface and WD 2004/ 104245 PCT/ US2004/ 015552 -9
within the alloy matrix resupting in a cernet and
particularly a conmposition gradient carbonitride
cernet. [0029] A reactive carbon and nitrogen
widiu ithoaliey inatisx desultieg ima carmetrandrparticuterly a compaosition
t he thernmodynam c activity of carbon (ac) and nitrogen
gradisyt gapbembidesgRimesnnent is greater than that of the
alloy. The preferred conposition of the reactive

carbon and nitrogen environnent ,conprises at | east one
[0%9]am1ﬁﬁp%ptlwgw ABg aHTegR vijosnauant dhdefapedoes arcepyiron-
H6 qr. H8, The.composit.ion can, further . .c ri s .
g R pfictE e Urp R v B et s R AR B e
g ’ [
enfYRROA s B oheDineh RO TRy SHedef AR Phpoditn bF the
readfive Rattrearsl fioges kewroameat Eomptisesatilodst oaedrnandnia

nitrogen wundergo rapid carbonitridation reactions.
anginifrogen ansl afdeans ongaxfi, GHanColls datsde Thesemppsition can
carbonitridation can, lead to the formation aof .surface .
BT e 16 A A DL oeart e CR o0 R R PESS SRtiTon
m% aplf rRQYOAA he ?algg‘ea{)f 6P %Ogérdclﬁﬁ/@ 'cogia(?l%’ﬁg]elements
en the reactive environnment” i's a reactrve boron
su€i¥d CPBNE M whilP hhv@tirone tRaaidabaimties Rl dagd@fladi®nitrogen
occur. Wile not wishing to be bound to the nechanism
undérgotrepidecachonitridadom tenetome ntinptasde serapizationmr siitridation
that the b atio 0Cess ds to

bel i ' I i
Proficab AT IOR i tigh cande mﬁhp&eﬁ%aw f £ %Qﬁﬁarla%mtla%e,
PSRl AP m PP, BB PRI e

particularly a conposition gradient boride cernet.
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the alloy. The preferred conposition of the reactive
meagbanismerfithe geantive 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 (ag) 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), BCls, and BF;. The
composition can further comprise Hy, 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



conprises for exanple at |east one of diborane (B2H6),
BC13, and BF3. The conposition can further conprise
woi2004He4248nd Ar. I n such a reactive boron envPCDORENL/015552
at tenperatures in the range of 600C to 1150C al |l oys
containing elenments such as & and Ti which have
strong chem cal affinities -l boron undergo rapid
boridation reactions. Simlar to carburization or
nitridation WO 2004/ 104245 PCT/ US2004/ 015552 -10
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oxygen envi ronnent conprises at | east one of air,
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trix and at grain boundaries near the alloy surface.
en{q@@lﬁﬁ]:ntTdteemberaﬂums dp thof ramfge of GOOKS s0 i1450Dhiloys adnthinéng

reacted all gy.
elements such as Cr and T1 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



cooling step can include a variety of cooling rates
and/or an internedi ate tenperature hold before
w@oakiimg4s o bel ow about 40C. I n one enbodi nent PC€TYES2004/015552

cooling step conprises cooling the reacted alloy at a
rate in the range of 0.5C per second to 25C per

second. I n another enbodi neny the cooling step com
prises cooling said reacted alloy to a tenperature in

the range of 500C to 100C, * holding the tenperature at
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cofisi Hmk<Eh PO BorbSa SRE el B B P averses
thd BYEeShic®AeReor@R Rt hRGy by the conposition of the

reactive environnent, the tenperature and the exposure
time. Exposure tinmes can be determ ned experinentally

[0036]9ePTRE BfckibsElofbanéd 1hérs 2ak deldoférolled 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 about 300 hours. Thus, the exposure time and tempera-



cernmet. For thinner |ayers, the exposure tinme will be

| ess, and for thicker layers the exposure tine wll
wheognegs®er. Typical exposure tinmes for a car bPdBUS2004/015552

cernet can range from about 1 hour to about 500

hours, preferably from about 5 hours to about 300

hours, and nore preferably-fleem about 10 hours to

about 200 hours. Thus, the exposure tinme and

tenperature are two variables that can provide a
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gradient cernet. For a_  nitride cernmet, typical
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800 hours, preferably from about 5 hours to about 500

hours, and nore preferably from about 10 hours to
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conbi nation with a chrom um and titani um contai ni ng

[o08%al Ald RYctivé A0EXHeali@nt SdebisVsr theahsthh€idvBBAGN results in a

process of the instant invention results in a
cospopitiontgradiegt eshvenhavrpnadsibavesigtaace sipsriordsithataricbe

superior to that of the wuntreated al]oy containin .
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anount of reactive carbon, reactive nitrogen, reactive
amAhost rdaetivé caboaxy@etive 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



diffusing into the netal alloy containing chrom um
titaniumand m xtures thereof fromthe respective
WO e@atid4zes envi ronnent is utilized to produce tPET/US2004/015552
conposition gradient cernmet. The portion of the alloy
contai ning chromum titaniumand m xtures thereof
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t he physical properties it possessed prior to
treatnment in accordance wth the instant invention.
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[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



bl ades from bot h oxidation and erosion. [0041] Anot her
enbodi nent of the invention is directed to a
w@eopasi2ss on gradi ent cernet product prepar edP@lUS1064/015552
process conprising: - heating a netal alloy containing
at |least one of chromumand titaniumat a
tenperature in the range of 14bout 600C to about 1150C
to forma heated netal alloy; - exposing said heated
netal alloy to a reactive environnent conprl sing at
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reactive carbon, reactive nitrogen, reactive boron,
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[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, titanium 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.



Cracking Unit in oil refining. [0043] As another
exanpl e, the surface of any object, for exanple the
whb@adasi24df a turbine, can be made of a netal BEl/E81084015552
fromthe group consisting essentially of chrom um
titaniumand m xtures thereof at a tenperature, heated
to a tenperature in the range.-of about 600C to about
1150C and then exposed to a reactive environment
selected fromthe group consisting essentially of
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Fracture toughness is defined as
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.



the critical stress intensity factor at which a crack
propagates in an unstable manner in the material.
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crack in the tension side of the bend sanple is
preferably used to neasure the fracture toughness
with fracture nechanics theorg-. The cernets of the
instant invention can be affixed to netal surfaces by
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further illustrate the invention. WO 2004/ 104245
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thernogravinetric unit. The investigations were

carried out L .
[0048] The samples had rectangular geometry with dimensions of about 1.25

cm x 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,-H,), 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 quartz reactor
tube and held at that temperature for approximately 5 minutes. Thereupon, the
environment was changed to 37.3 vol% CHy4-62.7 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.



in the tenperature range, 800C to about 1160C. A

coupon was heated to a tenperature of 1100Cin a
why@aogess envi ronnent in a vertical quartz reakCDUS2004/015552

tube and held at that tenperature for approximtely 5

m nutes. Thereupon, the environnent was changed to

37.3 vol % CH4-62. 7 vol % H2.- i1Af-ter 3 hours of

exposure, lowering the furnace surrounding the quartz

reactor cools the netal sanple. After the sanple has
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EXAMPLE 2: Reactive Heat Treatnent of Commrerci al
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above were reactively heat treated in a tube furnace

for 24 hours at 1100C in 10 vol % CH4: 90 vol % H2
[0050] The chromium containing alloys listed above were reactively heat

treated in a tube furnace for 24 hours at 1100°C in 10 vol% CH4:90 vol% H,
environment. Samples were heéted 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 M;Cs
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



envi ronnment. Sanples were heated to a tenperature of
1100C in a hydrogen environnent and held at that
wo esrproRiure for approximately 5 m nutes. AftePCRUS2004/015552
hours of exposure, the alloy sanples were cool ed down.
After the sanples reached roomtenperature (25C), the
surface mcrostructure and-tge thi ckness of cernet
| ayer fornmed on various alloy surfaces were
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cont ai ning different concentrations of Fe, Ni, C and
Ti were

EXAMPLE 3: Réactive Heat Treatment of Custom-Made Alloys

[0051] Alloys containing different concentrations of Fe, Ni, Cr and Ti were
prepéred 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% CH4:90 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.



prepared by are nelting. The arc-nelted alloy buttons
were anneal ed at 1100C overnight in inert argon
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Cubi cal sanples of about 1.25 cmx 1.25 cmx 0.75 cm
were cut fromthe buttons. The sanple faces were
polished to 600-grit finishijand cleaned in acetone.
The speci mens were exposed to a 10 vol % CH4: 90 vol % H2
gaseous environnent at 1100C for 24 hours. [0052]
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after reactive heat treatnent
TABLE 3

The Thickness, Cr and Fe Contents in M;C; Carbide Phase
and Composition of Cr-depleted Metal Matrix Phase within
Cermet Layers 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 (wt%)
55Fe:35Cr:10N1 3.17 48.0Cr:52.0Fe 65.3Fe:7.9Cr:26.8Ni
45Fe:45Cr:10Ni1 3.35 77.1Cr:22.9Fe 67.6Fe:13.8Cr:18.6Ni
35Fe:55Cr:10N1 1.00 79.0Cr:21.0Fe 52.1Fe:7.0Cr:40.9N1
60Fe:25Cr:10N1:5Ti 2.50 66.3Cr:33.7Fe 74.5Fe:9.1Cr:16.4Ni




at 1100C for 24 hours in 10 vol % CH4: 90 vol % H2. TABLE
3 The Thickness, C and Fe Contents in M/C3 Carbide
w@b@gao42ahd Conposition of C-depleted Metal MCT/UK2004/015552
Phase within Cernet Layers after Reactive Heat
Treatment of Fe-Ni-Cr-Ti s stem Thickness O and Fe
Contents Conposition of of-20ernet in M/C3 Car bi de
Cr-depleted netal Alloys (ww% |ayer (m) Phase (WM %
matri x phase (wt% 55Fe:35C: 1 ONi 3.17 48. OCr: 52. OFe
E>68MVBHEE 4: 9Eros2én Tdtingt5Fe: 45Cr 1 | ONi 3. 35 77.1Cr: 22. 9Fe
67.6Fe: 13.8Cr: 18.6N 35Fe:55Cr: I ONi 1. 00
79.0Cr:21.OFe 52. | Fe:7.0Cr:40.9Ni  60Fe: 25Cr: 1 ONi : 5Ti
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renoved per unit mass of erodant particles of a
ntrai
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tions are ero
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] Frosion 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 (C310SS1100 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 um 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



material and size distribution, velocity, mass fl ux,
angl e of inpact of the erodant as well as erosion
w0 e@i/102aper at ure and chem cal environnent. [ OPSBS2004/015552
Er osi on Loss of Cernmet was neasured by the Hot Erosion
and Attrition Test (HEAT). The carrier gas and
at nosphere, sinulating the imtended use, but
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cc/gram Inprovenent in Table 4 is the reduction of
wei ght | oss due to erosion conpared to a value of 1.0
for the standard RESCOBONDTM AA-22S (Resco Products,
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m croscopi cally taken to determ ne danmage nechani sns.
Table 4 summari zes the erosion | oss of selected

W@ ermaoe4ns measured by the HEAT WO 2004/ 10424BCT/US2004/015552
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test measures very aggressive erodant particles. Mire
typical particles are softer and cause | ower erosion
rates. For -exanpl e FCCU

Improvement
[(Normalized
erosion)]
1.4

1.2

Erosion
(ccl/g)
8.6076E-7
7.4678E-7

Erodant

€9)

5.04E+5
5.04E+5

Density
(g/ce)
7.30

Bulk
7.37

Weight

Loss
(€9)
3.1669
2.7739

SUMMARY OF HEAT RESULTS

Finish
Weight
243.4477
244.7651

&)

Starting
Weight
246.6146
247.5390

(®

Sample
C310SS1100
C3108S1150




catal ysts are based on alumna silicates which are
typically softer than alum nas which are typically
worn@h/1sii er than Si C. EXAMPLE 5: Corrosi on TeBCT/N§2004/015552
[0058] Each of the cernets of Exanples 4 was subjected
to an oxidation test. The procedure enployed was as
follows: 1) A specinen cernet3 of about 10 nm square
and about 1 mmthick was polished to 600 grit dianond
finish and cleaned in acetone. 2) The speci nen was
[003HN eXheFHUA TaeskQfcatdsiveraiapgissi®0@€bdant particles. More
t hernogravi netric analyzer (TGA). 3) Step (2) was
tymioalcpestields fase s@ferrang caus@ T erpsiantraies 6 Fop ekamplendCCU

speci men wag al l.owed t.o cool .tq anbi ent . tenperature. .
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..onal ] :Aation of the corrosion

W@%%GC@HT%@SI&? 8@%{5&%%%%@%25 of oxide scal e was
rangi ng about 0.5 mto about 1.5 m The cernet
R9Sk t5l. 0 hJ ;}T corrosion rate |less than
EXR ) O-E%P%gg cgr:lﬁ{s?lggr an average oxi de scal e of
| ess than 30 mthickness when subject to 100 cc/mn

[0@53 at p3QPG6F ﬁx‘%rce?ﬁle{se(ﬁsﬁxaslg%lgg W\% s}g)gé&e(ﬁ EPhE SR Mation test.

uperior corrosion resis 4/104245
THRGELLGARE SO GELwas adfol@w:MS: 1. A process for
preparing a conposition gradient cernet nateri al
COMRYyi S Hgb bopt 163 Gt 1O thick
comtigi ?13? cgll?Engg?&oﬁfeabSP t ?ﬁ%%%éﬁﬁ? anilum at 1%1 was

poliSHEEIA600 Srit diabilvhd faunigk andl cémet! iH@0&ohe. about 1150C
to forma heated netal all oy;

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
um. The cermet compositions exhibited a corrosion rate less than about 1x10™"
g2/0m4's or an average oxide scale of less than 30 um thickness when subject to
100 cc/min air at 300°C for at least 65 hours. These represent superior corrosion

resistance.



- exposing said heated netal alloy to a reactive
envi ronnent conprising at |east one nenber sel ected
WO p@ai1042¢5 gr oup consi sting of reactive carbon, PCT/US2004/015552
reactive nitrogen, reactive boron, reactive oxygen and
m xtures thereof in the range of about 600C to about
1150C for a tinme sufficient24c provide a reacted
alloy; and - cooling said reacted alloy to a
tenperature bel ow about 40C to provide a conposition
ClgsBdSent cernmet material. 2. The process of claiml
wherein said netal alloy conprises from12 to 60 wt%
chrgm f : % 1] j 88
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4methpglipyocess of claim| wherein said reactive
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C risi | east, .0 aof CO G21-16 or C31-.18.
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car biﬁgeﬁl\’p titani um carbi des and m xtures of
dRATRT @RV and titanium carbides. 7. The process
of claim6 wherein said chromumrich carbides

- cootingseid @aced,alloya8 @Gaemperaus: Helowdboss 40°C to provide a
(Cro. 6Feo. 4) 23C6 and mi xtur ?s t her eof .

composition gradient cermet materia
2. The process of claim 1 wherein said metal alloy comprises from 12 to
60 wt% chromium, from O to 10 wt% titanium, and from 30 to 88 wt% of metals
selected from the group consisting of iron, nickel, cobalt, silicon, aluminum,
manganese, zirconium, hafnium, vanadium, niobium, tantalum, molybdenum,

tungsten, and mixtures thereof.

3. The process of claim 1 wherein said metal alloy comprises from 12 to
60 wt% chromium, from O to 10 wt% titanium, and from 30 to 88 wt% of

stainless steel.

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

‘carbon environment comprising at least one of CO, CHy, C,Hg or C5Hs.

5. The process of claim 1 wherein said exposing step is for a time period

of about 1 hour to 800 hours.



8. The process of claim6 wherein said titanium

carbides conprise TiC. 9. The process of claim1l
wob@raa24sai d exposing step is for a tinme periPdI/US2004/015552

sufficient to forma reacted alloy |ayer of thickness

of about 100 microns to about 30 nmon the surface or

in the bulk matrix of the negal alloy. 10. The process

of claim1l wherein said exposing step is for a tine

period wherein the reacted alloy is of thickness

enconpassing the entire depth of said netal alloy.

11. Th [ i ' | ]
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_in the range -of 500C to 100C, holding the tenperature
tﬁ%ﬂuﬁhvﬂb@ﬁ@erature in the range of 500C to 100C for a

time period between 5 mnutes to 10 hours and
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to provide a reac
wherein said reacted all oy conprises precipitated
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process of claim 1l wherein said reactive carbon and

nitrogen i ) . . . .

10. 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.

11. The process of claim 1 wherein said cooling step comprises cooling

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

12. Thé process of claim 1 wherein said cooling step further comprises
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

range of 0.5°C per second to 25°C per second to below about 40°C.

13. The process of claim 1 wherein said reactive nitrogen environment

comprises at least one of air, ammonia and nitrogen.



envi ronment conprises at | east one of anmoni a and
nitrogen and at |east one of CO CH4, C2H6 or C3HS.
wao4/The4pr ocess of claim 1l wherein said react POBURIOONSSS2

envi ronment conprises at |east one of B2H6, BCl3, and
BF3. 19. The process of claim1 wherein said reactive
oxygen environnment conprise¥-at |east one of air,
CX2, oxygen. 20. A conposition gradient cernet product
prepared by the process conprising: - heating a netal
al | dyt. cGhe pirotengoficlaimakd whareimsaidlexpasingstep sdor afime

m xt.yres thereﬂf at. a ,terrp(grature in the range of
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600C to about 1150C for a tine period sufficient to

coptpoisedér,N. reacted all oy; and - cooling said reacted
alloy to a tenperature bel ow about 40C. 21. A
conposition gradient cernmet product prepared by the
pr odés sThé pradeas of clhimhdl hwheregn saifl tdanivmenitddeheemprise
greater than about 3 MPa nill2. 22. A conposition
Tlglradi ent cernet product prepared by the process of
claims 1-19 having an erosion rate |l ess than about 1.0
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18. The process of claim 1 wherein said reactive boron environment

comprises at least one of B,Hg, BCl3, and BFs.

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

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

20. A composition gradient cermet product prepared by the process
comprising:
- heating a metal alloy containing at least one of chromium, titanium and
mixtures thereof 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 essentially of reactive

carbon, reactive nitrogen, reactive boron, reactive oxygen and mixtures



800C for at |east 65 hours. 24. A nethod for

protecting a netal surface exposed to an erosive
woraioenpehs at tenperatures in the range of up tBCBESIBI4/015552

the met hod conprising providing the netal surface

with a cernmet conposition according to clains 20-23.

25. A method for protecting g Jretal surface exposed to

an erosive nmaterial at tenperatures in the range of

300C to 850C, the nethod conprising providing the
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ms  20- met hod of cl aim 24 where sai d

ssirffiefemt coRoVRIeS: tehetetinier; apdr face of a fluid-solids
separation cycl one.

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

21. A composition gradient cermet product prepared by the process of

claims 1-19 having a fracture toughness greater than about 3 MPa m',

22. A composition gradient cermet product prepared by the process of
claims 1-19 having an erosion rate less than about 1.0 x10°° cc/gram of SiC

erodant.

23. A composition gradient cermet product prepared by the process of
claims 1-22 having corrosion rate less than about 1x10'° g¥cm®s or an average

oxide scale of less than 150 um thickness when subject to 100 cc/min air at

800°C for at least 65 hours.

24. A method for protecting a metal surface exposed to an erosive
material at temperatures in the range of up to 850°C, the method comprising
providing the metal surface with a cermet composition according to claims

20-23.

25. 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 metal surface with a cermet composition according to claims

20-23.

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

surface of a fluid-solids separation cyclone.



