WD 2004/ 104251 17 APR 2006 PCT/ US2004/ 015559 -1- ADVANCED EROCSI ON RESI STANT
OXI DE CERMETS FI ELD OF | NVENTI ON [0001] The present inventilghAPR206§ oadl y
concerned with cernmets, particularly cernmet conposition | 3100 a nmet al
oxi de. ThW€e2W@&ihBik are suitable for high tenperature %Sﬁ&gg fﬁ% % wher ei n
materials with superior erosion and corrosion resistance are required.
BACKGROUND OF | NVENTI ON [ 0002] Erosion resistant materials find use in many
applications wherein surfaces are suhject to eroding forces. For exanple,
refinery process vessel walls and internals exposed to aggressive fluids
contai ning hard, solid partlcles such as catalyst particles in various

chem cal and petr b I on and
corrosion. The pré&iiggﬂiié“ e BS5e FHE Egﬁg33|nst er osi on
and corrosion induced materi al degradatlon espeC|aIIy at high tenperatures
is a technol ogical challenge. Refractory liners are used currently for
conponent RIFERBUOF IROVENAERy | on agai nst the nost severe erosion and
corrosiomsuch as the tnstde walls of internal cyclones used to separate
solid partlcles fromfluid streams, for instance, the internal cyclones in

fluid cat ﬂtfﬁl% qg;#:]é A+ ¢l es
fromthe roc ’?IF@?%?SE e Igﬁoxﬂ:s 0 _dﬁ%e&x},{%ﬂfe{]@%@t@gﬁeﬁ%ﬁarﬁé ﬁh{ ant )}mat erials
are chem gglet cbmgm@hmm nsﬁa%t:ﬁbdaﬂ%ower TheeicesmetbiRe Quthbleifoa cast abl e
refractories are applied to ®surfaces in need of protection and upon
heat cur i]nighhamjmn&uw\dpplm wher¢inenateniaisawith\superiot etostorcémd s or

net al -rei nforcenents. The alum na castable refractory readily bonds to

ot her ref $IE@HPY IeTIFiRAEE 3T IAQEITES: i cal cheni cal

BACKGROUND OF INVENTION

[0002] Erosion resistant materials find use in many applications wherein
surfaces are subject to eroding forces. For example, refinery process vessel
walls and 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 vessels and
internals against erosion and corrosion induced material degradation especially
at high temperatures is a technological challenge. Refractory liners are used
currently for components requiring protection against the most severe erosion
and corrosion such aé the inside walls of internal cyclonés used to separate solid
particles from fluid streams, for instance, the internal cyclones in fluid catalytic
cracking units (FCCU) for separating catalyst particles from the process fluid.
The state-of-the-art in erosion resistant materials are chemically bonded alumina
castable refractories. These alumina castable refractories are applied to the
surfaces in need of protection and upon heat curing hardens and adheres to the
surface via metal-anchors or metal-reinforcements. The alumina castable
refractory readily bonds to other refractory surfaces. The typical chemical
composition of one commercially available chemically bonded alumina castable
refractory is 80.0% Al;Os, 7.2% Si0,, 1.0% Fe, 05, 4.8% MgO/Ca0, 4.5% P,0s
in wt%. The life span of the state-of-the-art refractory liners is significantly



conposition of one commercially available chem cally bonded al um na castabl e
refractory is 80.0% A1203 7.2% Si @2, 1.0% Fe2C3, 4.8% Myd Caq7zAp§%ﬂg>205

in % The life span of the state-of-the-art refractory liners is -

si gni fi cawol 2004/1®28PR 2006 WO 2004/ 104251 PCT/ US2004/ 015863/ US20M{03556%d by
excessi ve nmechanical attrition of the liner fromthe high velocity solid
particle inpingenent, nechanical cracking and spallation. Therefore there is
a need for materials with superior ergsion and corrosion resistance
properties for high tenperature appliCations. The cernmet conpositions of
the instant invention satisfy this need. [0003] Ceram c-netal conposites
are called cermets. Cernets of adequate chenmical stability suitably

desi gned lipitedh byreXeesdne mechanicn} attiter of hghnersisonnthe lghwelnsityrsodidder  of
magni t ude hi.gher erosion resistance over refracior terpals known in the
art. Cer mgﬁém%ﬁ?%%%}’éﬂl%%@cﬁm%ﬁ?g%- anﬁﬂﬁrﬁ pthefgdS8 and are
commonl y _pr ] : . doyr i | .and
coran o PREHE St AR e MR FRE o B e g RoES” (o
form dengge [ i i & ' HA02S 120 Lnpr oved
e et o e O ol et
conposi t isatisfystiid addck for use at high tenperatures. [0006] Additionally,
the present invention includes an inproved nethod for protecting netal
surfaces agai nst erosion and corrosion under high tenperature conditions.
[0007] THeee3pndCerheic-akitficicinpbdiles hes cattecpppaicent Cedetd dladbguaiel ed

description which follows.
chemica) stability suitably designed for high hardness and fracture tonghness can

provide an order of magnitude higher erosion resistance over refractory materials
known in the art. Cermets generally comprise a ceramic phase and a binder
phase and are commonly produced using powder metallurgy techniques where
metal and ceramic powders are mixed, pressed and sintered at high temperatures

to form dense compacts.

{0004] The present invention includes new and improved cermet composi-

tions.

[0005]  The present invention also includes cermet compositions suitable for

use at high temperatures.

[0006] Additionally, the present invention includes an improved method for
protecting metal surfaces against erosion and corrosion under high temperature

conditions.

[0007] These and other objects will become apparent from the detatled

description which follows.
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[ 0008] One enbodi nent of~the invention includes a cernet conpositi 7
represented by the fornula (PQ (RS) conprising: a ceram c phase ?F@%Q guﬁd a
bi nder pha&“’é’%’h&” erein, Pis a netal selected from t hePQr/USOCOIISWSE i Ng
of A, Si, Mj, Ca, Y, Fe, Mh, Goup IV, Goup V, Goup VI elenents, and

m xtures thereof, Qis oxide, Ris a base netal selected fromthe group
consisting of Fe, Ni Co, M and mxtur,es t hereof, S consists essentially of
at |east one elenent selected fromCr; A and Si and at |east one reactive
wetting el enent selected fromthe group consisting of Ti, Zr, H, Ta, Sc,
Y, La, and Ce. BRI EF DESCRI PTI ON OF THE FI GURES [ 0009] Fi gure 1 |s a graph
showi ng t BMMAR OHFAYNVENGIOMt a for various concentration of Zr/Hf
contai ning nodified 304 stainl ess steel (M304SS) on a sapphire C (0001)

pl ane substrate. [0010] Figure 2a and 2b are illustration of the wetting
step in al¥8fiandnamhodimenti afutbainvantiondoghiiesaparmeeompasitionbi ned X-ray

i mage obtained in sc m croscop f al na and M04SS
i nt er f aceTRIeEAt f%emf &?gtj %@r&?@%)[‘@mﬂﬁ g%?éraﬁnFQ%és ) ABge of 70
vol % Alzoﬁinﬁ@fﬁfése%v&ﬁ re%,30 vol % M304SS bi nder. 17 APR 2006

P is a metal selected from the group consisting of Al, Si, Mg, Ca, Y, Fe, Mn,

Group IV, Group V, Group VI elements, and mixtures thereof,
Q is oxide,

R is a base metal selected from the group consisting of Fe, Ni Co, Mn and

mixtures thereof,

S consists essentially of at least one element selected from Cr, Al and Si and at
least one reactive wetting element selected from the group consisting of Ti, Zr,

Hf, Ta, Sc, Y, La, and Ce.

BRIEF DESCRIPTION OF THE FIGURES

[0009] | Figure 1 is a graph showing the contact angle (6) data for various
concentration of Zr/Hf containing modified 304 stainless steel (M304SS)ona .
sapphire C (0001) plane substrate.

[0010]) Figure 2a and 2b are illustration of the wetting step in accordance with

the invention.

[0011] Figure 3 is a combined X-ray image obtained in scanning electron

microscopy (SEM) of alumina and M304SS interface after wetting experiment.

[0012] Figure 4 is a SEM image of 70 vol% Al,O; cermet made using 30
vol% M304SS binder.



WO 2004/ 104251 PCT/ US2004/ 015559 [0013] Figure 5 is a transm ssion el ectron
m croscopy (TEM inage of the sane cernet shown in Figure 4. [qq%ﬂ; @gbgure
6 is a SEMimge of 70 vol % tabul ar A1203 cernet nade using 30 vol % M304SS
bi nder . DEWMQ%WE)E%CH PTION OF THE | NVENTI ON [ 0015] OnePCHRBWHEASYE t he
cernmet conposition represented by the formula (PQ (RS) is the ceram c phase
denoted as (PQ. In the ceram c phase (PQ, Pis a netal selected fromthe
group consisting of Al, Si, M), Ca, Y, 4/e, Mh, Goup IV, Goup V, Goup Vi
el ements of the Long Form of The Periodic Table of Elenents and m xtures
thereof. Qis oxide. Thus the ceram c phase (PQ in the oxide cernet

conpositi .S a . getal_oxide. Alumn oxi de, A1203 i .preferred ceramc
phase. Th@mﬁar égeggeos b 2 Papgmgssion ¢ OE&WC%FPQPVI{JTP%—I@ %rgﬁ@“emtgﬁ 0.5:1to

1:2.5. As =Lt i | i ve exanples, when P = Si, (PQ can be Si02
wher ein PS%B?s?La tugth?’%”z‘.“%@%@% = Al, then (PQ can be A1203 wherein P:Q

Is 1:1.5. The ceram c phase inparts hardness to the oxide cernet and

erosi on rgsi{«ShHan e yres u 5 [00161 The ceram c
phase (Pqﬁﬁﬁ]t hﬁg@{e@ﬂogﬁﬁﬁé@gﬁj@@%@%&ﬁ@g&gm&e HEBB&?H% (RS).
It is presgrbeh NRalsE hendirze of the dispersed the ceramic particles is in
the range 0.5 to 7000 mcrons in dianmeter. Mre preferably in the range 0.5

to 3000 microns in dianmeter. The dispersed ceram c particles can be any

shape. Sopmrion-kHBESCRIPIAON OF THE HegERpfienical . el lipsoi dal,

pol yhedrdl, dfstorted sphnericar, drstorted ertrpsoidal and distorted
pol yhedral shaped. By particle size dianeter is neant the neasure of

| ongest ' f.t = | ] : %Ssth opti cal
m cr oscog@ozlg/y , (b]g%g%lﬁ %E%I ec ?%ﬁh%ﬁtf%rg %3)%3{/1 81? g%és%ﬁt an?r%ﬁg:g?%n
el ectron (POY®ES)APYhe debiaMic phisedernsied at QP! B Mderhfific phhid (P@), P %eS.

a metal selected from the group consisting of Al, Si, Mg, Ca, Y, Fe, Mn, Group

IV, Group V, Group VI elements of the Long Form of The Periodic Table of

Elements and mixtures thereof. O is oxide. Thus the ceramic phase (PQ) in the

oxide cermet composition is a metal oxide. Aluminum oxide, Al,O5is a
preferred ceramic phase. The molar ratio of P to Q in (PQ) can vary in the range
of 0.5:1 t0 1:2.5. As non-limiting illustrative examples, when P = Si, (PQ) can
be S10, wherein P:Q is about 1:2. When P = Al, then (PQ) can be Al,O;
wherein P:Q is 1:1.5. The ceramic phase imparts hardness to the oxide cermet

and erosion resistance at temperatures up to about 1150°C.

[0016] The ceramic phase (PQ) of the cermet is preferably dispersed in the
binder phase (RS). It is preferred that the size of the dispersed the ceramic
particles is in the range 0.5 to 7000 microns in diameter. More preferably in the
range 0.5 to 3000 microns in diameter. The dispersed ceramic particles can be - |
any shape. Some non-limiting examples include spherical, ellipsoidal,
polyhedral, distorted spherical, distorted ellipsoidal and distorted polyhedral
shaped. By particle size diameter is meant the measure of longest axis of the 3-
D shaped particle. Microscopy methods such as optical microscopy (OM),
scanning electron microscopy (SEM) and transmission electron microscopy

(TEM) can be used to determine the particle sizes.



17 APR 2006 WO 2004/ 104251 PCT/ US2003/ 015559 -5 [0017] In another enbodi nment
of this invention, the (PQ phase is tabular alum ma. Tabul an 7apARRI0R is a
dense refractory aggregate, a well-sintered, coarse crystalline a-Al2083.
The t abul WORRE0EAes formits hexagonal tablet-shaped PREITYER2804/015559
conposition. It is popular as an aggregate for alum na-based refractory
castabl es. The cernet nade using tabular alumna inparts superior mechani cal
properties through efficient transfer of load fromthe binder phase (RS) to
the ceram c phase (PQ during erosion”processes. [0018] Another conponent
of the oxide cernet conposition represented by the formula (PQ (RS) is the
bi nder phase denoted as (RS). In the binder phase (RS), R is the base netal
selected fromthe group consisting of Fe, Ni, Co, Mh and m xtures thereof.
S is an aJ00d¥i]ng Inenether ensbolimegt of tesinvehtipnptheaiPQ)eplsatsedn tabudbrenent
selected fromCr, Al _and Si and at |east one reactive wetting el enent

sel ect ed #uBrNend ahikan gluemei is gidegse relmactony aggrpgattaa vadl-sintered, copee Ce. The
combi ned wei ght of ~A_ Si_ and mxtures thereof are o | east _.about 12
W % baseméﬁﬁh%%\g@it The tahulapnamercommes) formids @&%&qﬂﬁit&éﬂﬁ ed| enent is
about 0.01 %10 ahout 2. WM % .preferably abqgut 0.0l % t,0 _about 1 wt % of
based or S GeieRItER. JRis homBr & & Bekabel3 iy ohipina"kete e AR ke
conprise ' [ el , si sting
of Al - oSk b R R e e A e o RO o
provi de fgropsttierthfdughcefficitgit Gians R los teRt fromthe Hifaed phvBeWRS)itoghe! enent s
provi de enhanced wetting by reducing the contact angle between the ceramc

phase (PQ@eramic pbaseelPQodurteg eposaeprioRSysekn t he tenperature range of 1500C
to 1750C. One method to add the reactive wetting el enent such as Ce and La

is to add suitable amounts of M sch rrptal. M sch rre_t_al is mxed rare earth
el ement s [@018he LAmothenecompdnent of the oxide cermet composition represented by

the formula (PQ)RS) is the binder phase denoted as (RS). In the binder phase
(RS), R is the base metal selected from the group consisting of Fe, Ni, Co, Mn

and mixtures thereof. S is an alloying metal consisting essentially of at least one
element selected from Cr, Al and Si and at least one reactive wetting element
selected from the group consistiﬁg of Ti, Zr, Hf, Ta, Sc, Y, La, and Ce. The
combined weight of Cr, Al, Si and mixtures thereof are of at least about 12 wt%
based on the weight of the binder (RS). The reactive wetting element is about
0.01 wt% to about 2 wt%, preferably about 0.01 wt% to about 1 wt% of based
on the weight of the binder. The alloying metal S can further comprise a
corrosion resistant element selected from the group consisting of Al, Si, Nb, Mo
and mixtures thereof. The corrosion resistance elements provide for superior
corrosion resistance. The reactive wetting elements provide enhanced wetting
by reducing the contact angle between the ceramic phase (PQ) and molten
binder phase (RS) in the temperature range of 1500°C to 1750°C. One method
to add the reactive wetting element such as Ce and La is to add suitable amounts
of Misch metal. Misch metal is mixed rare earth elements of the Long Form of
the Periodic Table of Elements and is known to one of ordinary skill in the art.

These elements can be added as a pure element during mixing of the oxide and



the Periodic Table of Elenents and is known to one of ordinary skill in the
art. These elenments can be added as a pure el ement during m>[ nﬂJROﬁ] t he
oxi de and %g04/ 104251 -6 17 APR 2006 PCT/ US2004/ 015559 matg er in
processi ng" OrFEEHE part of the metal powder prior to miB&HYS2044/ ’r"m?mde
powder. [0019] In the oxide cernet conposition the binder phase (RS) is in
the range of 5 to 70 vol% preferably 5 to 45 vol% and nore preferably 10
to 30 vol % based on the volune of thegcernmet. The nmass ratio of Rto S can
vary in the range from50/50 to 90/10. In one preferred enbodi nent the
chromiumcontent in the binder phase (RS) is at |east 12 wt % based on the

wei ght of r g?%| .ﬁ%rrbi ned
zi rconi um a{%p %?llij COﬂ%m%%r%Qﬂ:bﬁgfagpéﬁél% ﬁlﬁ%&? %Eéﬁg@g‘ .01l % to
about 2. OW%@)@%?QW@@L the total weight of the bi nder phase (RS). [0020]
The cernmet conposition can further conprise secondary oxides (PPQ wherein

P is selected fromthe group conS|st| ng of Al, | My, Ca, Y, Fe, WMh, N,
Co, O, Tip018]. Mththd Bxideerdt REFH in the?
di fferent[: Y, !he secondary oxi d%@ﬁ o g?ﬁ%e fr %b rTZt al elenments from’

P, R S cfitecddivol?t praferabhes wﬂsmol%andeﬁmtp&mbm 10 e 30RQIERS) . The
ratio of P to Qin (PQ can vary in the range of 0.5:1 to 1:2.5. The total

ceram c prased onvbe vedurng of ke exmedt Thie mm ratiotefrR to Sveam vary inile udes both
(PO T argBge o a0en st 0580 pBb peetoetedombe st CHECHGRING 6TERE. cor ot
or of or ai tF PREIBtse SRS Pt 15 BRE Brtt b S S b Ml ™ M1

(RS). In another preferred embodiment the combined zirconium and hafnium

content in the binder phase (RS) is about 0.01 wt% to about 2.0 wt% based on

the total weight of the binder phase (RS).

{0020] The cermet composition can further comprise secondary oxides (P’Q)
wherein P’ is selected from the group consisting of Al, Si, Mg, Ca, Y, Fe, Mn,
Ni, Co, Cr, Ti, Zr, Hf, Ta, Sc, La, and Ce and mixtures thereof. Stated
differently, the secondary oxides are derived from the metal elements from PR,
S and combinations thereof of the cermet composition (PQ)(RS). The ratio of P’
to Q in (P’Q) can vary in the range of 0.5:1 to 1:2.5. The total ceramic phase
volume in the cermet of the instant invention _includes both (PQ) and the
secondary oxide (P’Q). In the oxide cermet composition (PQ) + (P’Q) ranges
from of about 30 to 95 vol% based on the volume of the cermet. Preferably
from about 55 to 95 vol% based on the volume of the cermet. More preferably

from 70 to 90 vol% based on the volume of the cermet.

[0021]  The volume percent of cermet phase (and cermet components)
excludes pore volume due to porosity. The cermet can be characterized by a
porosity in the range of 0.1 to 15 vol%. Preferably, the volume of porosity is 0.1
to less than 10% of the volume of the cermet. The pores comprising the porosity

is preferably not connected but distributed in the cermet body as discrete pores.



[ 0021] The vol ume percent of cernet phase (and cernmet conponents) excludes
pore volunme due to porosity. The cermet can be characterlzed byyaWRﬁmm03|ty
in the range of 0.1 to 15 vol% Preferably, the volune of rosity is 0.1

to | ess t NeM2000994861t he vol ume of the cermet. The pores 86 P SEhe
porosity is preferably not connected but distributed in the cernet body as
discrete pores. 17 APR 1006 WO 2004/104251 PCT/ US2004/015559 -7 The nean
pore size is preferably the same or legs than the nean particle size of the
ceram ¢ phase (PQ . [0022] One aspect of the invention is the

m cronor phol ogy of the cernet. The ceram c phase can be dispersed as

spherical,, ellipsoidal, pol yhedral di st Oij’— ted spherical, djst orteg
el I'i psoi d&pe awancnog S14edd PEeiETaRlY e saipapeipsh han Biedpeanpagiicls gre 0

Pr ef er abl c?t %C&# f the dispersed particles is such that the
particle- r @ﬁ @bet ween the individual oxide ceramc particles is
at least 1 nm The particle- particl e spacing nay be determ ned for exanple
by mcro hods s and TEM. [ 0023 he cer,net conpositions
of the m@t%?rﬁi nﬁé’é%ﬁp(?ﬁyﬁg@fe@ lﬁctgﬁmlé{:%? Oﬂ%weﬁfhﬁ !Ergr operties.
The erosi ﬁraﬁg i tion Test
(BEAT) as” descri | B%)%%gﬁeeg)égtggﬁeon o?ﬁ?gaf ?hésb%-%% The erosion
rate of taigm@teucb@h@ﬁwleusst@fted eRipsHidapand HivYerméd 961}‘11%&&%53;7%‘?&111131&@ x10-6
cc/gram of SiC erodant. The corrosion rates were déterm ned by

t her nogr aur pleteléts. Preieyatdpadtyesst 58% deterdibpersed patiiclesdarspchehatghei on of the
di scl osure. The corrosion rate of the oxjide cernets of the instant invention

is |ess mmﬁlemajr@cmsmmﬁwh@wepa@lmnwuab@ﬁé@ cerptspartisles ipakisasis
fracture ingf;%%gssargf gr eat ;séagﬁl%mg}p létde%emneg%r éxa%uelf %rabl y gr eat er

t han abou
microscopy methods such as SEM and TEM.

[0023] The cermet compositions of the instant invention possess enhanced
erosion and corrosion properties. The erosion rates were determined by the Hot
Erosion and Attrition Test (HEAT) as described in the examples section of the
disclosure. The erosion rate of the oxide cermets of the instant invention is less
than 1.0 x10°® cc/gram of SiC erodant. The corrosion rates were determined by
thermogravimetric (TGA) analyses as described in the examples section of the
disclosure. The corrosion rate of the oxide cermets of the instant invention is less

than 1x10"! g¥cm*ss.

[0024] The cermet compositions possess fracture toughness of greater than
about 1.0 MPa-m'?, preferably greater than about 3 MPa-m'?, and more
preferably greater than about 5 MPa-m'2. 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. Yoading in three-point
bend geometry with the pre-crack in the tension side of the bend sample is
preferably used to measufe the fracture toughness with fracture mechanics
theory. (RS) phase of the cermet of the instant invention as described in the

earlier paragraphs is primarily responsible for imparting this atiribute.



preferably greater than about 5 MPaml2. Fracture toughness is the ability to
resi st crack propagation ™ a nmaterial under nonotonit" | oadi ng'l&o&?ﬂizﬂﬂﬁons.
Fracture toughness is defined as the critical stress intensity factor at
which a ®@2004i948phgat es in an unstabl e manner in the rrd’FJﬂ?%P‘?*’“ll%‘éﬂli ng in
t hree-point bend geonetry with the pre-crack in the tension side of the
bend sanple is preferably used to neasure the fracture toughness with
fracture nmechanics theory. (RS) phasegof the cermet of the instant

i nvention as described in the wearlier paragraphs is prinmarily responsible
for inparting this attribute. 17 APR 2006 WO 2004/ 104251 PCT/ US2004/ 015559
-8 [0025] The cernet conpositions are made by general powder netall urgical
techni que such as mxing, mlling, pressing, sintering and cooling,

enpl oyi nd0835] st Apeicagmpbeempasitions ate mage gy@m&rﬁl@mﬂme@ﬂmgcbli nder
powder in the required .volung ratio. These powders are mlled in a ball
mll in ttﬁ@maﬂ%&rébawmgﬁg, BRYHS, PresSig gmtrne and conling) employing ase

Su | erow aitifle HHIRHAR SltablELaREE Boblier AR PoSBER PR eauilBE (1 94! ¢
into a grv%%@g o. ThEsd foWHEIS e PiTRA iRAMAIl il HE the Ble¥eRESHS h

t enper at ures above about™ 1200C up to about 1750C tfor tinmes ranging from

about 10 organit gguidsudios ethaholfics a e saffidient togsudpemiallyrdispersotif er abl y
performed 1n an inert at rmsghere or under vacuum For exanple, the inert

at nosphepewsiens inceanhgethennihe hgurdisuemoyedtandshie enidledapowdehig dirimglen.
Thereaftﬁpi t he sicgter d body .is allowed to cool, typically t(ﬁé_anbi ent
condi t i ofdaced @ AgaRdiPrpsssddata @At - n‘ghQB‘-‘  EBEasodesdheBed herein

lo026] aiten edBefaptds ReSF dBbus B B SRR I amed (11 ng

Inter-  ranging from about 10 minutes to about 4 hours. The sintering operation is

preferably performed in an inert atrnosphere or under vacuum. For example, the
inert atmosphere can be argon and the reducing atrnosphere can be hydrogen.
Thereafter the sintered body is allowed to cool, typically to ambient conditions.
The cermet production according to the process described herein allows

fabrication of bulk cermet bodies exceeding 7 mm in thickness.

{0026] Another aspect of the invention is the avoidance of embrittling inter-
metallic precipitates such as sigma phase known to one of ordinary skill in the
art of metallurgy. The oxide cermet of the instant invention has preferably less
than about 5 vol% of such embrittling phases. The cermet of the instant
invention with (PQ) and (RS) phases as described in the earlier paragraphs is
responsible for imparting this attribute.

[0027] One feature of the cermets of the invention is their microstructural
stability, even at elevated temperatures, making them particularly suitable for
use in protecting metal surfaces against erosion at temperatures up to about
1150°C. It is believed this stability permits their use for time periods greater
than 2 years, for example for about 2 years to about 10 years. In contrast many

known cermets undergo transformations at elevated temperatures which results



metallic precipitates such as sigma phase known to one of ordinary skill in
the art of netallurgy. The oxide cernet of the instant inventiph ARRI006
preferably | ess than about 5 vol % of such enbrittling phases. The cernet of
the instanVO30hy¥ilon with (PQ and (RS) phases as descrPGEUSIOMANSear| i er
paragraphs is responsible for inparting this attribute. [0027] One feature
of the cernets of the invention is their mcrostructural stability, even at
el evated tenperatures, making thempargicularly suitable for wuse in
protecting nmetal surfaces against erosion at tenperatures up to about

1150C. It is believed this stability permts their use for tinme periods

greater than 2 years, for exanple for about 2 years tqQ about 10 years. In
contrast HH foﬂ%%ﬁ"t] ekphases whighhgue o dgfieRewnell setomthepropstties of

t enper at uﬁ’re‘?z whi{:h results 17 APR 2006 WD 2004/ 104251 -9 PCT/ US2004/ 015559
in the folffefroR" of phases which have a deleterious effect on the properties
of the cernet. [0028] The high tenperature stability of the cernets of the

cur rant | LGRS, R HTER B Yo RRLOF B el FlB LR S Mher s for
L . f L uig- 0l i
D epar ari omeatfitable AT SpBlicatiOn whofd/ P Rtjes B8 RNV EmBIILE, 20 1 0%, | e

in refini peh-likdtisg li¥t oDsdithblO a6éd Mmchidedin®®s I prdcessvdskelshadhser lifdd, de val ve
gates and gui des, catal yst regenerators, and the like. Thus, metal surfaces
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Thus, metal surfaces exposed to erosive or corrosive environments, especially at

about 300°C to about 1150°C are protected by providing the surface with a layer

of the cermet compositions of the invention. The cermets of the instant

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

EXAMPLES

Determination of Volume Percent:

[0029] The volume percent of each phase, component and the pore volume
(or porosity) were determined from the 2-dimensional area fractions by the
Scanning Electron Microscopy method. Scanning Electron Microscopy (SEM)
was conducted on the sintered cermet samples to obtain a secondary electron
image preferably at 1000x magnification. For the area scanned by SEM, X-ray
dot image was obtained using Energy Dispersive X-ray Spectroscopy (EDXS).
The SEM and EDXS analyses were conducted on five adjacent areas of the
sample. The 2-dimensional area fractions of each phase was then determined
using the image analysis software: EDX Imaging/Mapping Version 3.2 (EDAX
Inc, Mahwah, New Jersey 07430, USA) for each area. The arithmetic average of
the area fraction was determined from the five measurements. The volume

percent (vol%) is then determined by multiplying the average area fraction by



EXAMPLES Det erm nati on of Volume Percent: [0029] The vol une percent of each
phase, conponent and the pore volune (or porosity) were deteyfippR@IErom t he
2-di mensi onal area fractions by the Scanning Electron M crosco nmet hod.
Scanni ng WGWO#dH2M croscopy (SEM) was conducted on thepgir’r'r{séﬁ“ﬁé‘%“é? met
sanples to obtain a secondary electron imge preferably at 1000x
magni fi cation. For the area scanned by SEM X-ray dot inmage was obtai ned
usi ng Energy Dispersive X-ray Spectrosgppy (EDXS). The SEM and EDXS

anal yses were conducted on five adjacent areas of the sanple. The

2-di nensional area fractions of each phase was then determ ned wusing the

' ' f . EDX, | i ng/ ' Ver si 3..2 | nc, Mahwah,
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2004/ 104 23Hase hthohnts MeRs#@dGo RieT? WQ&/ 38§09 100. The vol % expressed in

t he exanpl es have an accuracy of 50%T or phase anobunts neasured to be
| ess than 2 vol % and have an accuracy of +/-20% for phase anmounts neasured

to be 2 \@é%ﬂnﬁwqjmeigﬁgggﬁ@n&ation of wei ght percent: [0030] The wei ght
percent of elenents in the Cernmet phases was determ ned by standard EDXS

anal yses. 1] . Jhe following non-limtjng exanples are in¢luded to further
et r ail0030RC! ThedheiEbhporeRi AL ementiiacie FEret Bhags was determnined
by standard EDXS analyses.

[0031] The following non-limiting examples are included to further illustrate

the invention.

EXAMPLE 1: Reactive Wetting

[0032] The usefulness of the addition of reactive wetting elements in the
binders 1s to promote wetting of molten binder on ceramics by reducing contact
angle; Contact angle measurement was made to quantify the wetting
phenomenon. The alloy binder containing various amount of reactive wetting
element (i.e., 0.9 wt% Zr and 0.4 wt% HIf) based on the weight of the binder was
placed on top of a polished substrate of the single crystal (i.e., C (0001) plane
sapphire) and heated to 1700°C for 10 minutes in high vacuum furnace (1x10°
torr). After cooling the sample to ambient temperature, the contact angle was
then measured by cross sectional electron microscopy. As an example, contact
angle data for 304SS is presented in Figure 1, which shows change of contact
angle as a function of various concentration of Zr/Hf. This figure illustrates
0.1 wt% of Zr/Hf reduces contact angle from 160° to 33°, Figure 2a and 2b
illustrates the wetting steps in accordance with the invention. Figure 3is a
combined X-ray image obtained using SEM at the alumina-M304SS
(Fe(balance):18.2Cr:8.7Ni:1.3Mn:0.9Zr:0.425i:0.4Hf) binder interface after

wetting experiment at 1700°C for 10 minutes in high vacuum furnace (10°® torr),

wherein the bar represents 20 uin. In this image both binder and alumina phases



[ 0032] The useful ness of the addition of reactive wetting elenents in the
bi nders is to pronote wetting of nolten binder on ceram cs by reb&(ﬁpﬂdﬂﬂﬁ
contact angle. Contact angle neasurenment was made to quantify the wetting
phenonenonORMHHEYy bi nder contai ni ng vari ous anpunt of PEBEHS200YeI588t t i ng
element (i.e., 0.9 wt% Zr and 0.4 wt % Hf) based on the wei ght of the binder
was placed on top of a polished substrate of the single crystal (i.e., C
(0001) plane sapphire) and heated to L700C for 10 minutes in high vacuum
furnace (1x10-6 torr). After cooling tthe sanple to anbient tenperature, the
contact angle was then neasured by cross sectional electron mcroscopy. As
an exanple, contact_ angle data for 304SS i s presented in Figure 1, which
shows cha#Rpgabfageni B FeaCHAB PEoductvhigh ds m;ﬁedF;Zr P6de phese apReass i on of
Zr/Hf . This figure illustrates 0.1 w% of Zr/Hf reduces contact angle from
160 to 3318 fgure 2a and 2b illustrates the wetting steps in accordance
with the invention. Figure 3 is a conbined X-ray inage obtained using SEM
at the aluginags S Re(bal ance); 18. 2Cr - 8. 7N | ..3Vnh: 0. 9Zr: 0. 42Si : 0: 4Hf)
bi nder i rmgﬁﬁt i““@\k@%{éﬂ@%&‘@&ﬁ %o%ﬁé@gor 10 ninutes in high
vacuum furnace (10-6 ton), wherein the bar represents 20 m In this inmge
bot h bi ndey, d um.na_phases 1 APR, 2006 WD 2004/ 1042 =11..
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l'ists aladess. powder used for high tenperature erosion/corrosion resistant
oxi de cernets.

TABLE 1

Company Grade Purity Size

Alfa Aesar | a-Al, 04 99.99% 1 um
Alcoa Tabular Alumina T-64 99.4% -8 mesh
Alcoa Tabular Alumina T-64 99.4% 3-6 mesh
Alcoa Tabular Alumina T-64 99.4% 6-14 mesh
Alcoa Tabular Alumina T-64 9%.4% 8-14 mesh
Alcoa Tabular Alumina T-64 99.4% 14-28 mesh
Alcoa Tabular Alumina T-64 - 99.4% 28-48 mesh

[0034] Metal alloy powders that were prepared via Ar gas atomization
method were obtained from Osprey Metals (Neath, UK). Metal alloy powders

that were reduced in size, by conventional size reduction methods to a particle
size, desirably less than 20 pm, preferably less than 5 um, where more than 95%
alloy binder powder were screened below 16 um. As an example, M3048S

powder used in the experiment were more than 96.2% alloy binder powder

screened below 16 pum.

[0035] 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 streamn, and had units of cc/gram (e.g.,



TABLE | ConpanyG adePuritySize Al fa Aesara-A120399.99% Vin Al coaTabul ar
Al uni na T-6499. 4% 8 nesh Al coaTabul ar Al unmina T-6499. 493-6 mesh Al EABRAWEI ar
Al um na T-6499. 4%6- 14 nesh Al coaTabul ar Al um na T-6499. 498- 14 nesh
Al coaTabul %P 28419354 T- 6499. 494.4- 28 nesh Al coaTabul ar Al RETHHS2M-BWGH94928- 48
mesh [0034] Metal alloy powders that were prepared via Ar gas atom zation
nmet hod were obtained from Gsprey Metals (Neath, UK). Metal alloy powders
that were reduced in size, by conventigpal size reduction nmethods to a
particle size, desirably less than 20°pm preferably less than 5 m where
nore than 95% alloy binder powder were screened below 16 pm As an exanple,
MB04SS powder used in the experinent were nore_ than_ 96.2% all oy binder
powder  s%Od¥Hezr/ baPQ &rams of SiC).oEzsdatmeriptal #ad sizagistibutionevelasity.ne vol ume
| renoved per unjt rraas of

er odant P RPLAY bf BBpaciay BeFLpdee 28 Al S EFCSRpE b RERBITABMe PRda gas
Is : : 17 APR 2006 WD 2004/ 104251
E&?%@ZO%@EW@@é%ﬁgﬁgé@%éll%’&%mgram of SiC). Erodant material and
Si Izle gisstri but inon, v.el ocitey, mass flux, angle of inpact of the erodant as
orosi on. WSHE] EFSteIOREALe bt B IR G Bl o P B ORRY ABARPEER o ana

ALTT I t1 onTest eHE A TEATErm&pRBImSP BIAKR B AbBEKS ifdh Skt addidbot 63uare and

about 0.5
inch thickness were weighed to an accuracy of £0.01 mg. The center of one side

of the block was subjected to 1200 g/min of SiC pz&ticles 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 pm angular SiC particles nsed 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 stream on the
target was 45°35°, preferably 45°+2° between the main axis of the riser tube and
the surface of the specimen disk. The carrier gas was heated air for all tests.

The erosion tests in the HEAT unit were performed at 732°C (1350°F) for 7
hours. After completion of exposure to the erodant and cooling to ambient
temperature the cermet specimens were again weighed to an accuracy of +0.01
mg to determine the weight loss. The erosion rate was equal to the volume of
matenal removed per unit mass of erodant particles entrained in the gas stream,
and has units of cc/gram. Improvement in Table 2 is the reduction of weight loss
due to erosion compared to a value of 1.0 for the standard RESCOBOND™
AA-22S (Resco Products, Inc., Pittsburgh, PA). AA-228S typically comprises at
least 80.0% Al,Os, 7.2% Si10;, 1.0% Fe,0s, 4.8% MgO/Ca0, 4.5% P,0s in wt%.
Micrographs of the eroded surface were electron microscopically taken to
determine damage mechanisms. The HEAT test measures very aggressive
erodant particles. More typical particles are softer and cause lower erosion rates.
For example FCCU catalysts are based on alumina silicates which are softer than

aluminas which are much softer than SiC.



I nch thickness were weighed to an accuracy of 0.01 ng. The cent ?2 (?_,I(,mqe
side of the block was subjected to 1200 g/mn of SIiC particles rﬁ z; ed in
an air jet exiting froma riser tube with a 0.5 inch dianeter where the end
of the ris¥P20UBWH2Mas 1 inch fromthe target disk. The FETSAGNIAFSSI C

particles used as the erodant were 220 grit #1 Gade Black Silicon Carbide
(UK Abrasives, Inc., Northbrook, IL). The erodant velocity inpinging on

cernet targets was 45.7 nisec (150 f;%ec) and the inpingenment angle of the

gas- erodant streamon the target was 455, preferably 452 between the main

axis of the riser tube and the surface of the specinen disk. The carrier
gas was heated air for all tests. The erosion tests in the HEAT unit were

perfornmed at 732C (1350F) for 7 hours. After conpletion of exposure to the
er odant aEM@LjEJé: t SluminaeModified 364 38 Geerehe cer net speci mens were again

wei ghed to an accuracy of 0.01 ng to determ ne the weight |oss. The erosion
rate was equal to the volune of nmaterial renoved per unit mass of erodant
parti cl es[08871 ai T@dvalfo bhépgaaveragediametancf tiasl,Migesvddr (0899 % purity,

| provenent in Table 2 is the reduction of weight oss due to erosion
conpar ed fromeAlfal Aesaf arid B0 fvol %t ¢fe6.3 uam dsiem gRESGABENETGdifieAMA08SEResco
Products, Inc., Pittsburgh, PA). AA-22S typically conprises at |east 80.0%
A1203, 7.powd&ro@spreddatalz096. 24 soserpel Below 4l.epamyxesreidisparsed withcr ogr aphs

T T N
2 St PO L O A PR L
than a fg%gg%hf&%ﬁl §illui N 093D .fﬁ@@ma%&f%ge@ﬁ%%%ﬁg AfiPad 104251
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powders by heating at 130°C for 24 hours in a vacuum oven. The dried powder

was cornpacted in a 40 mm diameter die in a hydraulic uniaxial press (SPEX
3630 Automated X-press) at 5,000 psi. The resulting green disc pellet was
ramped up to 400°C at 25°C/min in argon and held at 400°C for 30 min for
residual solvent removal. The disc was then heated to 1700°C in high vacuum
(10°® torr) and held at 1700°C for 1 hour. The temperature was then reduced to
below 100°C at -15°C/min.

[0038] The resultant cermet comprised:
1) 70 vol% Al,O; with average grain size of about 4 um
ii} 1 vol% secondary Z1/Hf oxide with average grain size of about 0.7 pm

iiiy 29 vol% Zr/Hf-depleted alloy binder.

[0039] Table 2 summarizes the erosion loss of the cermet as measured by the
HEAT. The cermet compositions exhibited an erosion rate less than about
1x10°¢ cc/gram Joss when subject to 1200 g/min of 10 pm to 100 um SiC
particles in air with an impact velocity of at least about 45.7 m/sec (150 ft/sec) ‘
and at an impact angle of about 45 degrees and a temperature of at least about

732°C (1350°F) for at least 7 hours.



[0037] 70 vol % of 1m average di aneter of a-A1203 powder (99.99% purity,
fromAl fa Aesar) and 30 vot % of 6.7 m average di aneter~nodifi ed 4?@
powder (Osprey Metals, 96.2% screened below -16 m were di spers b

et hanol | WORIE/1A425Ei ng jar. The powders in ethanol were REHERHINSTEY hour s
with Yttria Toughened Zirconia (YTZ) balls (10 nm di aneter, from Tosoh
Ceramics) in a ball mll at 100 rpm The ethanol was renoved fromthe m xed
powders by heating at 130C for 24 hodés-in a vacuum oven. The dri ed powder
was conpacted in a 40 mmdi aneter die in a hydraulic uniaxial press (SPEX
3630 Automated X-press) at 5,000 psi. The resulting green disc pellet was
ranped up to 400C at 25C/ mn in argon and held at 400C for 30 mn for

resi dual solvent renoval. The disc was then heated to 1700C in hi gh vacuum
(10" ton) and held a 1700 for lghour. The tenperature was then reduced to

bel ow 100C at -15C/ mifrg g 0038] The resultant cernmet conprised: i) 70 vol %
A1203 with average ¢ gs-l-. e of pbout 4 Ismii) | vol % secondary Zr/Hf
oxi de with average g ES‘-:I\ e of pbout 0.7 m iii) 29 vol % Zr/ Hf - depl et ed
al I oy binder. [0039] 62 summpri zes the erosion |oss of the cernet as
nmeasured by the HEA mﬂm‘@ ergret| conpositions exhibited an erosion rate
| ess than about 1x1 EB&(E ram | pss when subject to 1200 g/mn of 10 mto
100 pm SiC particleg in aif withl an inpact velocity of at |east about 45.7
m sec (150 ft/sec) nd at n i npact angl e of about 45 degrees and a
tenperature of at |east about~73RC (1350F) for at |least 7 hours. WO
2004/ 104251 - 14 s~|{b G N m
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[0040] Fiqure 4 is a SEMinage of A1203 cermet processed according to this

exanpl e,

Qr284410¢33¢ bar represents 10 m In this i nage tRCI/ERIBHIFHASe

appears dark and the bi nder phase appears light. The new secondary Zr/ Hf

oxi de phase is also shown at the binder/alumna interface.
TEM i mage of selected area in Figure & wherein the bar represents 1 pm

this image the new secondary Zr/H oxi'de phase appears dark at the
bi nder/alum na interface. The

(0040} Figure 4 is a SEM image of Al,O; cermet pfocessed according to this
example, wherein the bar represents 10 um. In this image the Al,O; phase
appears dark and the binder phase appears light. The new secondary Zr/Hf oxide
phase is also shown at the binder/alumina interface. Figure 5 is 2 TEM image of
selected area in Figure 4, wherein the bar represents 1 pum. In this image the new
secondary Zr/Hf oxide phase appears dark at the binder/alumina interface. The
metal element (M) of the secondary metal oxide phase comprises of about
70Zr:30Hf in wt%. The binder phase is depleted in Zr/Hf due to the precipita-
tion of secondary Zr/Hf oxide phase.

EXAMPLE 4: Alumina-Modified 304SS Cermet

[0041] 70 vol% of tabular alumina (99.4% purity, from Alcoa, 90% screened
below 8 mesh) and 30 vol% of 6.7 um average diameter M304SS powder
(Osprey Metals, 96.2% screened below -16 pum) were placed in HDPE milling
jar. The powders were mixed for 24 hours in a ball mill at 100 rpm without
l_iquid medium. The mixed powder was compacted in a 40 mm diameter
alumina crucible at I,OOb psi. The compacted pellet was then heated to 1700°C
in high vacnum (10° torr) and held at 1700°C for 1 bour. The temperature was

then reduced to below 100°C at -15°C/min.

{0042]  The resultant cermet comprised:
i) 70 vol% Al,0Os with various grit size (-8 mesh)
if} 1 vol% secondary Zr/Hf oxide with average grain size of about 1 um

iii) 29 vol% Zr/Hf-depleted alloy binder.

[0043] Figure 6 is a combined X-ray image obtained using a SEM, wherein

the bar represents 20 um. In this image, Al,O; phase appears dark and the

Figure 5is a

In



netal elenent (M of the secondary netal oxide phase conprises of abou%

70Zr: 30Hf in wt% The binder phase is depleted in Zr/H due to t el APR 2006
precipita- bi on of secondary Zr/Hf oxide phase. EXAVPLE 4: Al um na-Mdified
304SS Cer nBP PBYWIM70 vol % of tabul ar al umina (99. 4% purkGT/USIPHRASCoa,
90% screened below 8 nmesh) and 30 vol % of 6.7 m average di aneter M304SS
powder (Gsprey Metals, 96.2% screened below -16 pm were placed i n HDPE
mlling jar. The powders were mxed f@¢_24 hours in a ball mll at 100 rpm
wi thout liquid nmedium The m xed powder was conpacted in a 40 nm di aneter

al um na crucible at 1,000 psi. The conpacted pellet was then heated to 1700C

in high vacuum (10. 6 ton).and held at 170 or .1 hour. The t rature was
t hen _redug’é'gleftP B@W%@aﬁﬁﬂ%@%ﬁﬂﬁ g_k{f]o’f_r%%lﬁhm&%ﬁs & f(raret
oyl S Sh BT s Splb BRI 1) T 1 e
Zr -depleted alloy binder. [0043] Figure 6 is a conbined X-ray i nage

| Hf - depl d all bi nd [ ] Fi [ nmbi ned [
obtained using a SEM wherein the bar represents 20 m In this inage, Al12Q3

phase appEXIAMIRIR SanClédeePackeAPBuAAHS MEUZFF B EEnRE/ US2004/ 015559 - 16
bi nder phase appears light. The secondary Zr/H oxide phase as a result of

reactive wetting is also shown white at the binder/alum na interface.

EXAVPLE 5[00340se e kadmAt paitiiedreid diseld 8048@i0el0 pabRRgMs shepten.am c
particles were sized to obtain close packing as an option. In this case
mesh si zeli thisisast meskasize as useshasna measyremeadnt lof peirtiele size. i 1§ ivbbtainstbpy
S VI NG Vg vanions sised particles thiough A screen (mesh). A mésh mumber !
indicates the number of openings in a screen per square inch. In other words, a
mesh size of 100 would use a screen that has 10 wires per linear inch in both a
horizontal and vertical orientation yielding 100 openings per square inch. A "+"
before the mesh size indicates that particles are retained on and are larger than
the sieve. A "-" before the mesh size indicates the particles pass through and are
smaller than the sieve. For example, -48 mesh indicates the particles pass
through and are smaller than the openings of a 48 mesh (388 pm) sieve.
Typically 90% or more of the particles will fall within the specified mesh. Often
times, mesh size is expressed by two numbers (i.e., 28/48). This translates to a
range in particle sizes that will fit between two screens. The top screen will have
28 openings per square inch and the bottom screen will have 48 openings per
square inch. For examplé, one could narrow down the range of particle sizes in
a batch of packing material to contain particles from 388 um to 707 pum. First,
sieve it through a screen with a mesh size of 28 (28 openings per square inch)
which particles smaller than 707 um to pass through. Then, use a second screen
with a mesh size of 48 (48 openings per séume inch), after the first mesh, and
particles smaller than 388 yum will pass through. Between the two screens you

would have a range in particles from 388 um to 707 pm. This batch of ceramic
could then be expressed as having a mesh size of 28/48. Table 3 shows a

preferred formulation for closely packed ceramic in this invention.



i ndi cates the nunber of openings in a screen per square inch. In other
words, a nesh size of T00 would use a screen that fras 10 wires AdrARRi dear
inch in both a horizontal and vertical orientation yi el di ng 100 openi ngs
per squar ¥PREHIORS 1»  pefore the nmesh size indicates tREIERPIHUFSE are
retained on and are larger than the sieve. A "-" before the nmesh size

i ndicates the particles pass through and are smaller than the sieve. For
exanpl e, -48 nmesh indicates the partighes pass through and are smaller than
t he openings of a 48 nesh (388 m sieve. Typically 90% or nore of the
particles will fall within the specified nmesh. Oten tinmes, nmesh size is
expressed by two nunbers (i.e., 28/ This translates to a range in
particle sizes that will fit betwe creens. The top screen will have
28 openi ngs per_square inch and the bottom screen witl have 48 openi ngs per
square inch. | FoCeexmipl e{ one coupbrowibizeey down tHe ravighumé pariticle sizes

in a batch of .MMS% mat er i alMﬁ&oﬁ@Lﬁeaﬂu?n)oa”' cl esf;z[ggmp?,@g) mito 707 pm

First, Sl eve—tt L—ITI_UUuII a—Stfee & 1EeST—St+Z Ot——=o—<(=z=00P8NnlI Nngs per
square inch){ whi8ff part|cles smaV0¥#~3888n 707 pmjto pas20t hrough. Then, use
a second scr =en h a hesh size 48 openi ngs per,square |inch), after
the f| rst nes mh nﬁr |r\|ac S Oﬁ%fgban QQQ hl"'\l\l || 2SS fhrough

Bet ween t he WO sB)’ﬂéens you mul%ﬁm@g@ range |H partlmes frgm388 ,umto
707 pm This baﬁgg%r“ Fam C l.i &T be “expr éssed a,:‘( having a mesh si ze
of 28/ 48. TaﬁLn wWs . H nrpf eré lation flor clo<el \L_narked ceranic
in this inventiong/g APR 2006 VO "A9Q4K8804251 PCT/] U8200415)15559 -17 TABLE 3
Cer am ¢ Appr meaE4e8

-388 10

-100 -149 10
-325 -44 6
-633 -20 5

Total 100

[0045] 70 vol% of tabular alumina (99.4% purity, from Alcoa) formulation
based on table 3 and 30 vol% of 6.7 pm average diameter M304SS powder
(Osprey Metals, 96.2% screened below -16 ym) were placed in HDPE milling
jar. The powders were mixed for 24 hours in a ball mill at 100 rpm without
liguid medium. The mixed powder was compacted in a 40 mm diameter
alumina crucible at 1,000 psi. The compacted pellet was then heated to 1700°C
in high vacuum ( 10°® torr) and held at 1700°C for 1 hour. The temperature was
then reduced to below 100°C at -15°C/min.

{0046] The resultant cermet comprised:
i) 70 vol% Al,O; with various grit size
i) 1 vol% secondary Zi/Hf oxide with average grain size of about 1 yum

iii) 29 vol% Zr/Hf-depleted alloy binder.



Vol une Mesh SizeM cron size (pnm)Fraction (%9 3/67097-335020 6/143350168015
8/ 142380- 168012 14/281680-7077 28/ 48707-38815 -48-38810 -100-1491G APR06446
635- 205 Total 100 [0045] 70 vol % of tabular alumna (99.4% purity, from

Al coa) foMRIF%H18H5 based on table 3 and 30 vol % of 6.7 r"f‘FE\aé‘;rz D18 net er
MB04SS powder (Osprey Metals, 96.2% screened below -16 m were placed in
HDPE mlling jar. The powders were mxed for 24 hours in a ball mll at 100
rpmw thout Iiquid medium The m xed ;gowder was conpacted in a 40 nm
dianeter alumna crucible at 1,000 psi. The conpacted pellet was then
heated to 1700C in high vacuum (10-6 torr) and held at 1700C for 1 hour.

The temm hen .reduced to bel ow 100C at -15C/ m n. [00461 Theé
resul t an nﬂ?‘?@%‘ﬂ‘?ﬂ ieSUB® vol % A1203 with various grit size ii) 1
vol % secondary Zr/ Hf oxide with average grain size of about I gm iii) 29
vol % Zr | Hf - | et ed, al.l oy binder,_ 17 APR 2006 2004/ 10425

PCTI (;JSZOE&)%E 5 5§acli f the cermets of Examples f £ and 5 was su%;ectedl 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 cohducted for 65 hours 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.

[0048] The thickness of oxide scale formed preferentially on binder phase
was ranging about 0.5 pm to about 1.5 ym. The cermet compositions exhibited
a corrosion rate less than about 1x10™! gzicm“-s with an average oxide scale of
less than 30 pm thickness when subject to 100 cc/min air at 800°C for at least 65

hours.



EXAMPLE 6: Corrosion Testing [0047] Each of the cernets of Exanples 3, 4,

and 5 was subjected to an oxidation test. The procedure enpl oyerdln:{]vxﬁﬁl @@
follows: 1) A specinen cernet of about 10 mm square and about | was
polished to 600 grit dianmond finish and cl eaned in acetone. 2) The speci nen
was then exposed to 100 cc/mn air at 800C in thernogravinetric analyzer
(TGA). 3) Step (2) was conducted for 6pphours at 800C. 4) After 65 hours the
speci nen was allowed to cool to ambient tenperature. 5) Thickness of oxide
scal e was determ ned by cross sectional m croscopy exam nation of the
corrosion surface. [0048] The thickness of oxide scale forned preferentially
on bi nder phase was ranging about 0.5 pmto about 1.5 m The cernet
conpositions exhibited a corrosion rate |ess than about 1x10-11 g2/ cn¥ds

wi th an average oxide scale of less than 30 mthickness when subject to 100
cc/mn ai rceAIME0C for at least 65 hours. 1 7 APR 2006 -19 CLAIMS. 1. A

ceri net corrp05|t|on represented by the formyla (P conprising;, a
ceram ¢ phase ¢P@ ?&‘“ER‘W&B?WM %@F’éﬂ&d)&}? LOUPHEPEE sel ect ed
fromthe Qapic ﬁ&%l g,mgmé} phask Mgwcgm Y, M, Goup 1|V, Goup V,
G oup VI elenents, m xt ures thereof wher ei n sal d ceram c phase (PQ is

di spersed pﬁé:ﬁ&%ﬁéﬂﬂ%ﬁ@@ﬁkm&uﬂabtusﬁm Tal WER M Gragoe of 10 to
7006 mcron nedi an di aneter, I s oxide
, Group V, Group V] elemenm and mixtures thereof, wherein said ceramic phase
(PQ) is dispersed in the binder phase (RS) as particles in the size range of 10 1o 7000
micron median diameter,
Q is oxide,

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

S is at least oge tlement selected from the group consisting of Cr, Al and Si and at
least onc reactive wetting clement selected from the group consisting of Tt, Zx, Bf, Ta,
Sc, Y, La, and Ce.

2. The cermet composition of claim 1 wherein the ceramic phase (PQ) ranges
from of about 30 to 95 vol% based on the volume of the cermet,

3. The cermet composition of claim 2 wherein the molar ratio of P:Q in the
ceramic phase (PQ) can vary in the range of 0.5:1 10 1:2.5.

4. The éermet composition of claim 1 wherein (PQ) ranges from of about 53
10 95 vol% based on the volume of the cermet.

5. The cermet composition of claim 1 wherein the binder phase (RS) is in the
range of 5 to 70 vol% based on the volume of the cermet and the mass ratio of Rto S
ranges from 50/50 o 90/10.



Ris a base netal selected fromthe group consisting of Fe, NN Co, M and

m xtures thereof, and Sis at |east one el enent selected fromthe
consisting of Cr, Al and Si and at |east one reactive wetting eﬂérﬁ’rﬂtm
selected fromthe group consisting of Ti, Zr, Hf, Ta, Sc, Y, La, and Co. 2.
The cemmet conposition of claiml wherein the ceram c phase (PQ ranges
fromof about 30 to 95 vol % based on t{e-volunme of the cernet. 3. The cet net
conposition of claim?2 wherein the nolar ratio of P.Qin the ceram c phase
(PQ can vary in the range of 0.5:1 to 1:2.5. 4. The conet conposition of
claiml wherein (PQ ranges fromof about 55 to 95 vol % based on the vol une
of the cetnmeL 5. The cermet conposition of claiml| wherein the binder phase
(RS) is in the. Thuguefcdnyositipn of clhim émrbwepmbmeﬂwwh'epf%% comet and

cor ot ol ped St IPRET L ke (Yot had M e wilpfstngbitec 0 0 1

and Si anghafexksy.es thereof is at |east 12 wt%based on the wei ght of the
bi nder phase (RS). 7. The cernmet conposition of claim1l wherein said
reactive wetting el enment sel ected fromthe group consisting of Ti, Zr, Hf,
Ta. Se, Y, La ANGh&serintt tdinposition afi¢isim DivhErelisaldaeddtivg Seiting eldment t he t ot al

fur Cher _congRIeiTg ek “as%ﬁg’&mé@ 2 B h P IR R {1 om ¢ he
group Con%ramwzeﬁ%ﬂmﬁnmé\&m%gwofﬁemw,pwmspo G, Ti. zZr. I-1f,
Ta, Sc, La, and Cc and m xtures thereof. 9, The cernet corrp05|t|on of clal m

1 having an erosion rate |ess than about 1x104 ec/granof SiC c rodent.
8. The cenmet composition of claim 1 further comprising secondary oxides

(P’0Q) wherein P’ is selected from the group consisting of Al, Si, Mg, Ca, Y, Fe, Mn,
Ni, Co, Cr, Ti, Zr, Hf, T3, Sc, La, and Ce and mixtures thereof.

9, The cermet composition of cJaim 1 having an erosion rate less then about

1x10°® ec/gram of SiC erodant, ' '
10. The cermet composition of claim 1 having corrosion rate less than about

1x10" g3/cm®-5 or an average oxide scale of less than 30 um thickness when subject

10 100 cc/min air at 800°C for at least 65 hours.

11. The cermet composition of claim 1 having an erosion rate less than sbout
1x10” cc/gram of SiC erodant and a corrosion rate less than about 1x10™" g?/cm* s or
an avezage oxide scale of Jess than 30 um thickness when subject to 100 co/min air at
800°C for at least 65 hours.

12. The cermet composition of claim 1 having embrittling phases less than
about 5 vol% based on the volume of the cermet,

13. The cermet composition of claim 1 having a fracture toughness greater
than about 1.0 MPa m'?,



to. The cermet conposition of claim1l having corrosion rate |ess than about
1x10' 11 g2/cm s or an average oxide scale of |less than 30 pmthi ckness when
subject to 100 cclmn air at 800C for at |east 65 hours. it. Th¢q 7chPRif0b
conposition of claim1l having an erosion rate |less than about 1x104 cc/gram
of SiC erodant and a corrosion rate | ess than about 1 x10r ge/crows or an
aver age oxide scale of less than 30 pmthi ckness when subject to 100 cchnin
air at 800C for at |east 65 hours. 12. The cernet conposition of claiml
having enbrittling phases | ess than about 5 vol % based on the volune of the
cernet 13. The cernmet conposition of claim1l having a fracture toughness
greater thamhbﬁmmod)fok/ﬁmmhngaﬂn%taWaaﬂﬁﬁjecthcmkionmmnmnr protecting

a metal surf oSUpj ect, t.o erosion at. t erat ur 50C, the nethod
conpri si Hﬁt‘bmié’i"ﬁg %PEF’W‘P?S'@SS‘%D ’Eme‘fe ConposIti on according to
clai s 1leddpositon Actfdingad claifis PIRt ecting a metal surface exposed to an

erosive material at tenperatures in the range of a00C to 1150C, the method

conprising providing the netal surface with a Bennet conposition according

to claims 1-1f;, AGnetfiRPr ngiﬁMMﬁawemﬁd%anmﬂew&ﬁm conpri ses
the inner surface of a fluid-solids separatlon cycL‘g 17. A bul k cet net
nat eri al RRSFENShinse AREe %390817%“é 071G the(peth Pgeviding they ani ¢ phase

(PQ andmfﬁ#&e ﬁﬁ.s& Ei%bmmf;ﬁﬁmwﬁmgsoam:ahssel ected fromthe group

consisting o Ca, 'Y, Fe, M, Group IV, Goup V, Goup VI
el ements, and mxtures thereof le OX|de Ris a base.nmetal selected from

the group congy, Sihdebd GRetadl 168mendld s 28 Surfick Chprises the inner surface
of a fluid-solids separation cyclons.

17. A bulk cermet material represcnted by the formula (PQ)RS) comprising:
a ceramic phase (PQ) and a binder phase (RS) wherein,

P is a metal selected from the group consisting of Al, Si, Mg, Ca, Y, Fe, Mn, Group
IV, Group V, Group VI elements, and mixtures thereof,

@ ig oxide,
R iz a base metal sclccted from the group consisting of Fe, Ni Co, Mn and mixtores
thereof, and

S is at Jeast one element selected from the groop consisting of Cr, Al and Si and-at
least one reactive wetting clement selected from the group consisting of Ti, Zr, Hf, Ta,
Sc, Y, La, and Ce, ' |

and wherein the overall thickness of the bulk cermet material is greater than 7
18. The bulk cermet material of claim 17 wherein the ceramic phase (PQ)
ranges from of about 30 to 95 vol% based on the volnme of the cermet.



thereof, and S is at |east one elenent selected fromthe group consisting of
Cr, Al and Si and at |east one reactive wetting clenent selectg Apnezqnplt he
group consisting of Ti, Zr, EIf, Ta. Sc, Y, La, and Co. and wherein

overal |l thickness of the bulk cernmet material is greater than 7

mllimeters. 18. The bulk cernmet material of claim 17 wherein the ceramc
phase (PQ ranges front of about 30 .tx@ .95 vol % based on the volune of the c
rmat. 17 APR 2006 -22 19. The bulk cernmet material of claimIlS wherein the
nolar ratio of P Qin the ceramc phase (PQ can vary in the range of 0.5:1
to 1:2.5. 20 The bul k cernmet material of claim17 wherein (PQ ranges from

of about 55 133 ImRdeeOase %Flgﬁalto?glnwgé'%a@fnﬂapﬁw%imtufﬁmﬁ be bul k

cer net rraterl erein salrd ceram c phase (PQ di spersed in
t he bi ndegcrpiaitsshaédRPP)@sn spipén the mugpef 0.54Ited: 2R the size range of 0.5
mcrons to 7000 m crons dianeter. 22. The bulk cernmet material of claim17
wherein the binder phase (RS) is in the range of 5 to 70 vol % based on the

vol ume of the Zer THE bk derieembRAA of Al 1D whBRein(PQ) rampegfromiof abouwb0150 t 0
90110. 23. The_ bul k cernet rfmrcl I of claim 22 wherein the conbined wei ghts
W

of said &S yelf basedonthy; is at |east 12 wt % based on the
wei ght of the binder phase (RS). 24 The bul k ‘cornet material of claim17

wherein said rﬁacﬂyﬁlm %Mh%iﬁﬁ%ﬁﬁﬂd%lggh gpg)igonsi sting of

Ti, Zr, H, Ta isint ran%“f % based on
the total dmugmm@emmmwmmm%m élzst!?%"'@SPﬁet material of

claim 17 {4LbReh 7080 Riidahd Bamieondary oxi des

22. The bulk cermet matcrial of clairn 17 wherein the binder phase (£S) is in
the range of S 10 70 vol% based on the volume of the cermet and the mass ratio of K 1o
S ranges from 50/50 to 90/10.

23. The bulk cermet material of claim 22 wherein the combined weights of ‘
said Cr Al and Si and mixtores thereof is at least 12 wt9% based on the weight of the
binder phase (RS).

24. The bulk ccrmet material of claim 17 wherein said reactive wetting
element selected from the group consisting of Ti, Zr, Hf, Ta, S¢, Y, La and Ce is in the
range of 0.01 to 2 wi% based on the total weight of the binder phase (RS). '

25. The bulk cermet material of claim 17 further comprizing secondary oxides
(P’Q) wherein P’ is selected from the group consisting of Al, Si, Mg, Ca, Y, Fe, Mn,
Ni, Co, Cr. T, Zs, Hi, Ta, Sc, La, and Ce and mixmres thercof.
1
26. The bulk cermet material of claim 17 having an erosiop rate less than
about 1x10° ce/gram of SiC erodant.



(PPQ wherein P is selected fromthe group consisting of Al, Si, M, Ca, Y,
Fe, Mh, N. Co. C. Ti. Zr, H, Ta, Se, La, and Ce and m xtures ther { '
26. The bul k comet material of claim 17 having an erosion rate led 00
about 1x10 cc/gram of sic erodant. 17 APR 2006 -23 27. The bul k cernet
material of claim 17 having corrosion rate |less than about 1x107'' g%i 4-s
or an average oxide scale of |less thanp330 /tmthickness when subject to 100
cc/mn air at 800C for at |east 65 hours, 28. The bul k carnet material of
claim 17 having an erosion rate |ess than about 1x10 cc/gram of Sl Cerodant
and a corrosion rate | ess than about 1xiO'" g2/cns or an average oxide
scale of less than 30 mthickness when subject to 100 edmn air at 800C for

at |east 65 hoyl sy A E@Eﬁa%c% 4 QF Blair® ﬁwiﬁﬁ cofosioh #dtéNeds/ thBmitiond

enbrittling phases |'ess than out 5 vol % based on the vol une of the
cermet. 3Dxi0the fbn?:kor@mmgm@wakoﬁicstmmﬁm thigknesy which sublectir e t oughness

greater aut. 1 3 A nmethod for protecting a netal surface
subj ect t[?h@&‘%) tg%%gf’m'&? té’ b‘m{’o 1150C, the method conpri sing

provi di ng the rretal surface with a bulk cernet material with a thickness
greater than hsm'Hdﬁﬁﬁiﬁeﬁﬁﬂ&ﬁ:ﬂbﬂﬁlaﬁ@l?hﬁhﬁ?uﬂ&o%m&ﬂuz&mt hod for

protecting a net surface _exposed to an erosiyve teria fiu tenperatures
in the ra%'{j%‘té* (ﬁ?@%° WW@M&%%%’S‘S&'@%&& i“ng the nmetal
surface Wen®y GUhnlavass é%mmrdnﬂsswaﬁbn thickieR e Whedsudficto T00an 7

mllinmeters accordln to clainms 17-30 The nethod of claim 31 wherein
sai d sur f esfmircena§09% fwn@%ﬁéb"%rface of a fl uid- soI i ds separation
cycl one.

29, The bulk cermet material of claim 17 having embrittling phases less than
about 5 vol% based on the volums of the cermet.

30. The bulk cermet material of claim 17 havmg a fracture toughness greater
than 2bout 1,0 MPa m'? '

31. A mcthod for protecting a metal surface subject to crosion at temperatures
up to 1150°C, the method comprising providing the metal surface with a bulk cermet
material with a thickness greater thag 7 millimeters according to claims 17-30.

32. A method for protecting a metal surface exposed to an erosive material at
tempezatures in the range of 300°C to 1150°C, the method comprising providing the
metal surface with a bulk cermet material with a thickness greater than 7 mil)imeters
according to claims 17-30.

33. The method of claim 31 wherein gaid surface comprises the inner surface
of a fluid-solids separation cyclone.





