WD 2004/ 104247 PCT/ US2004/ 015556 -1 EROSI ON- CORROSI ON RESI STANT NI TRI DE
~CERMETS FIELD OF | NVENTI ON [0001] The present invention is broadly

concer ned ts, particularly cernet conp03|t|ons co r|S|n a net a
nitride. %%géguégéths are suitable for high tenperatur% EH ahSp
- wherein materials with superior erosion and corrosion re5|stance are

requi red. BACKGROUND OF | NVENTI ON [0002] Erosion resistant materials find
use in many applications wherein surfaces are subject to eroding forces.
For exanple, refinery process vessel walls and internals exposed to
aggressive fluids containing hard, SO|Id oartlcles such as cat al yst
particles in var ERGSKMNGORRG ' » NG SRMIETS subj ect to
both erosion and corrosion. The protectlon of these vessels and internals
agai nst erosion and corrosion induced naterial degradation especially at
hi gh tenp ol ogi cal challenge: Refractory liners are used
currently Sorpotefits—tegqui ri ng protection agai nst the nost severe
erosion and corrosion such as the inside walls of internal cyclones used to

cyerones TP, G35k ekesfhr itvedlon st bl aermet R ROER ARG afyot
particl es defpy E}]Ee‘ﬁnl:ﬁgi??ﬁ(%ﬁ%g%%gi-bﬂxgtﬂgﬁﬂﬁ 8- Oftich el aft SHRRIOR esi st ant

materials 1Is aumnareractorles ese
castabl e ahgmmpmﬁiracappncmn@r\eh@em matrials Wit supefibRe®sidnanteed of
protection and upon heat curing hardens and adheres to the surface via
met al - anc eoreosoon resistdnceerefaqueredent s. It al so readily bonds to ot her
refractory surfaces. The typical chem cal conposition of one commercially
avai llabl e refractory is 80.0% A1203, 7.2% Si 2, 1.0% Fe2G3, MQ CaO,

{ BACKGRO 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 as the inside walls of internal cyclones 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 is chemically bonded castable
alumina refractories. These castable alumina 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. It also readily bonds to other
refractory surfaces. The typical chemical composition of one.commercially
available refractory is 80.0% Al;Os, 7.2% Si0O,, 1.0% Fe,0s, 4.8% MgO/Ca0, |
4.5% P,0s in wt%. The life span of the state-of-the-art refractory liners is
significantly limited by excessive mechanical attrition of the liner from the high
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4.5% P205 in wt% The life span of the state-of-the-art refractory liners is
significantly limted by -excessive nechanical attritiaon of the liner from
t he high WD 2004/ 104247 PCT/ US2004/ 015556 -2 velocity solid particle .
I mpi ngenewq 20000324 cal cracking and spal |l ation. There- gEresiobgdiessscs a need
for mterials with superior erosion and corrosion resistance properties for
hi gh tenperature applications. The cernet conpositions of the instant
i nvention satisfy this need. [0003] Cepamic-netal conposites are called
cernets. Cernets of adequate chemical stability suitably designed for high
hardness and fracture toughness can provide an order of magnitude higher

Conor ol |y VEloRig 366d PAFCIE SnbAiiteichr MeBidital criIHE ahd shalfrfln, THGET™ S
produced ¢sjetHefR¥eeicclEbAidattriis W%H&W&HS? ereoPandBSRbsi8A Fed 1 ¢ powders

are m xed, pressed and sintered at tenperatures to form dense

conpact s. préjstod¢s forchigh erepdratury epplicationsc Midaermencangositipho v ehecer net
conposi - tions. [0005] The present invention also includes cernet

conposi t i oxarginversion gasisfy hdenead. hi gh tenperatures. [0006] Furthernore, the
present invention includes an inproved nethod for protecting netal surfaces
agai nst erosion and corrosion under high tenperature conditions. [0007]
These and [0803r Jb¢ramic-méthl crapositesawe aalded cénmats.t Germets aifladdquatescri pti on
whi ch foll ows, SUMVARY OF | NVENTI O\Itlog,O%] The invention includes a cernet
CONMposi t | ghmmg@f ﬂ;tg@ugg,blm@emgned or high hardness and fracture toughness 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

vse at high temperatures.

[0006] Furthermore, 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 detailed

description which follows.

SUMMARY OF INVENTION

[0008] The invention includes a cermet composition represented by the
formula (PQ)(RS) comprising: a ceramic phase (PQ) and a binder phase (RS)

wherein,
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formul a TPQ(RS) conprising: a ceramc phase (PQ and a binder phase (RS)
wherei n, WD 20041104237 PCT/ US2004/ 015556 -3 P is a netal selected fromthe

+ group consisting of Si,” M, Fe, Ti, Zr, H, V, No, " Ta, C, M, Wand

m xt ures is nitride, Ris a netal selected fromithe qgrou
consi sti ny}gﬂ%@é{fﬂﬁ , Co, M and mixtures thereof, S cc}’r{“ré?i"%%zgo §5§‘Et ially

-. of at | east one elenent selected fromCr, A, Si, and Y, and at |east one

reactive wetting aliovalent el enent sel.ected fromthe group consist- ing of
Ti, Zr, H, V, Nb, Ta, C, M, Wand ni'Xxtures thereof. BRI EF DESCRI PTI ON OF
THE FI GURES [0009) Figure 1 is a scanning electron mcroscope (SEM inage of

TiN cer . mde ysi.n 0. vol % 304 stainl ess st.ee S).binder_illustrating
the TiN eﬁmtagﬁ%gtegérqm@%@wgwmgﬁ Sﬂmiib&’sea & £gHe¥. Nh.at i on of
new phase e i.s..mainly Cr. Fe, and Ti. [0010] Figure 2 is a SEM

i mage of wEmﬁﬁgﬁéﬁWﬁé%ﬁe%l % 304SS binder illustrating CrN
ceram c phase particles dispersed in binder and the reprecipitation of new

phase MeNGMfeti#id@.is mainly O and Fe. DETAI LED DESCRI PTI ON OF THE | NVENTI ON
[ 0011] One conponent of the cernet conposition represented by the formula

(PQ (RS) imistdmersd seleteditomahd eroiecordssting@f. Fd, Ni{ o, 344 and eniphigee (PQ, P
Is a netal selected fromthe group consisting of Si, Wh, Fe, Ti, Zr, Hf, V,
No, Ta, @here¢fh, Wand ni xtures thereof. Thus the ceranic phase (PQ in the
nitride cernmet conposition is a netal nitride. The nolar ratio of Pto Qin

(PQ can § consists essentially of at least one element selected from Cr, Al, Si, and Y, and
at least one reactive wetting aliovalent element selected from the group consist-
ing of Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W and mixtures thereof.

.

BRIEF DESCRIPTION OF THE FIGURES

[0009] TFigure 1 is a scanning electron microscope (SEM) image of TiN
cermet made using 30 vol% 304 stainless steel (SS) binder illustrating the TiN
ceramic phase particles dispersed in binder and reprecipitation of new phase
M,N where M is mainly Cr, Fe, and Ti.

[0010] Figure 2 is a SEM image of CrN cermet made using 30 vol% 304SS
binder illustrating CrN ceramic phase particles dispersed in binder and the
reprecipitation of new phase M,N where M is mainly Cr and Fe.

DETAILED DESCRIPTION OF THE INVENTION

[0011] One component of the cermet composition represented by the formula
(PQ)RS) is the ceramic phase denoted as (PQ). In the ceramic phase (PQ), P is
a metal selected from the group consisting of Si, Mn, Fe, Ti, Zr, Hf, V, Nb, Ta,
Cr, Mo, W and mixtures thereof. Thus the ceramic phase (PQ) in the nitride
cermet composition is a metal nitride. The molar ratio of P to  in (PQ) can
vary in the range of 1:3 to 3:1. Preferably in the range of 1:2 to 2:1. As non
limiting illustrative examples, when P = Ti, (PQ) can be TiN wherein P:Q is
about 1:1. When P = Cr then (PQ) can be Cr;N wherein P:(Q is 2:1. The



vary in the range of 1:3 to 3:1. Preferably in the range of 1:2 to 2:1. As
non limting illustrative exanples, when P = Ti, (PQ can be Ti N wherein
P-Qis about 1:1. Wien P = Cr then (PQ can be Cr2N wherein P:Qis 2:1. The -
WD 2004/ 1e42084/RET47US2004/ 015556 -4 ceram ¢ phase i nparkcabsaoainasset o t he
nitride cernet and erosion resistance at tenperatures up to about 1000C.
[0012] The ceram c phase (PQ of the cernet is preferably dispersed in the

bi nder phase (RS). It is preferred thaty_the size of the dispersed ceramc
particles is in the range 0.5 to 3000 microns in dianeter. Mre preferably
in the range 0.5 to 100 microns in dianmeter. The dispersed ceramc

particles 51, heri cal ,
el I'i psoi de‘# poI %g%@?ﬂ%?gdoﬁrggﬁg% nFuerl camegwg}rosgﬁi 1[e}!‘:ai[ p50| gal and
di storted t@&b&ﬁ@ﬁ'&@hﬁ&&%é& idypoparti cI e size dianeter is neant the nmeasure

of longest axis of t D shaped particle. M croscopy nethods such as
optical mcroscopy (OM, scanning electron mcroscopy (SEM and

transnmi ssijgp18 eCThOBerinGt PRARPYPOY 5MhelRRmiRe isisre kbl ﬂ@@&géa fiftmehe

particle sizes. In another “embodiient of this i nventl ceram c phase

(PQ is ditinderphdsatR¥). alted piefemed tha tigg sice ofitlpedispestd ceramie partidles ratio
of length to thickness of t he platelet. The ratio of | engt h: thi ckness can

vary in tihin thengage 5303000 mecrons i diemesar. Morapraferably i thayanges0.Super i or
gﬁﬁggn'(%%')totlﬁbtq%g‘&'@iﬁ Sishad be iy 9raeR B spﬁa@ézes' Ackes¥uth tatégo%]; aer
Al .of...

f(r;(r)nufa; ?&@?ﬁ@éﬁ"ﬂ@%ﬁg%%@s %ﬁ@?’&@éﬁ*ﬁ?@p pspRl PRERRE Bisiatlsd pnase
(RS), R sohBfcdiafigomidinehan'af dis @%Hgﬁ%giéqf éaSB Llefsgze NI, Co,
Mh con

and ni xt ures’ ereof I's an oyin I sti essentral | y of
at | east ali@meteris 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. In another embodiment of this invention, the
ceramic phase (PQ) is dispersed as platelets with a given aspect ratio, i.e., the
ratio of length to thickness of the platelet. The ratio of length:thickness can vary
in the range of 5:1 to 20:1. Platelet microstructure imparts superior mechanical
properties through efficient transfer of load from the binder phase (RS) to the

ceramic phase (PQ) during erosion processes.

e

[0013]  Another component of the nitride cermet composition represented by L)
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. § is an alloying metal consisting essentially of at least one
element selected from Cr, Al, Si, and Y, and, at least one reactive wetting
aliovalent element selected form the group consisting of Ti, Zr, Hf, V, Nb, Ta,
Cr, Mo, W and mixtures thereof. The combined weight of Cr, Al,Si, Y and
mixtures thereof are at least about 12 wt% based on the weight of the binder
(RS). The reactive wetting aliovalent element is about 0.01 wt% to about 5
wt%, preferably about 0.01 wit% to about 2 wt% of based on the weight of the
binder. The elements Ti, Zr, Hf, Ta provide enhanced wetting by reducing the



el ement selected fromCr, A, Si, and Y, and, at |east one reactive wetting
aI i oval ent el ement selected formthe group consisting of Ti, Zr, Hf, V, Nb,
I\/,B, z\f}v_ﬁgqgixtures t hereof. The conbi ned weight of C, A ,Si, Y
and mxtu 2PHEREY are at |east about 12 wt % based onPtQTéUSR&'H@M*“éf t he
~binder (RS). The reactive wetting aliovalent elenment is about 0.01 wt%to
about 5 w% preferably about 0.01 wt%to about 2 w % of based on the
wei ght of the binder. The elenents Tiz2Zr, H, Ta provide enhanced wetting
by reducing the WO 2004/104247 PCT/ U82004/015556 -5 contact angl e between
the ceramic (PQ and binder phases (RS) in the tenpera- ture range of 1300C
to 1750C. dumiass apglmbetiweenahe berandd €803 end binder phhssse(RS) iduhé tegnperai ng of
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oxi de = sCapy HBPYéH:h.ﬁﬂl ith o3 pﬁ?&&‘c%%s%ere‘f&hé{nﬁ"ﬁ% [FgP3AL I n the

nitride cerrret corrp0|t|on Is in the'tarige’ df 5 to 70
vol % pr ef KbaPh YCE M6, Woatnd1¥6vadiifl elemiénty tRiratrbilz¥d Dylrulivalept %atesbas ed on
the vol ume of the cermet. The mass ratio of Rto S can vary in the range

f r om 50/ 50when QﬂanOmdlzecbstetqor'HmereMnmddmm defeet wimsportimthookiet i n
the binder phase (RS) is at |east 12 w % based on the weight of the binder
(RS). In asfltiberghyproviding SRBaRACAOIas Esi#ANSEd zi r coni um and haf ni um
content in the bi nder phase (RS) is about 0.01 wt%to about 2.0 wt % based on

the t ot al aht of the binder phase (RS). [0015) The cernet conposition can
Lt her cow&l te dnthmapirige ﬁﬁmﬂd‘@@gqslt@n thﬁma@rrplwse (BSy 18 iadhegangeom t he
gr

up cons of5 It 90 vol‘?'S prel}mfabi:y 5to 45 voi%, and mdre préferably 5 to 30 vol%,

based on the volume of the cermet. The mass ratio of R to S can vary in the

range from 50/50 to 90/10. In one preferred embodiment the chromium content
in the binder phase (RS) is at least 12 wt% based on the weight of the binder
(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).

[0015] The cermet composition can further comprise secondary nitrides (P°Q)
wherein P’ is selected from the group consisting of Si, Mn, Fe, Ti, Zr, Hf, V, Nb,
( Ta, Cr, Mo, W, Ni, Co, Al, Y, and mixtures thereof. Stated differently, the

secondary nitrides are derived from the metal elements from P, R, S and
combinations thereof of the cenmet composition (PQ)(RS). The ratio of P’to @

| in (P’Q) can vary in the range of 1:3 to 3:1. The total ceramic phase volume in
the cermet of the instant invention includes both (PQ) and the secondary nitrides
(P’Q). In the nitride 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.
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Ta, C, Mo, W N, Co, A, Y, and m xtures thereof. Stated differently, the
secondary nitrides are derived fromthe netal elenents fromP, R S and
corrbl nat i of the cernet conposition (PQ(RS). The ratio of P to
in (P %?385‘9?‘\9?# in the range of 1:3 to 3:1. The tot BETHS2MMILSfhase
voI ume in the cernmet of the instant invention includes both (PQ and the
secondary nitrides (P Q. In the nitride cernmet conposition (PQ + (P Q
ranges from of about 30 to 95 vol % baged on the volune of the cernet.
Preferably from about 55 to 95 vol % based on the volunme of the cernet. Mre
preferably from70 to 90 vol % based on the volune of the cernmet. WO
2004/ 1042p0016TT/ THROGhETréent of cEfifidiGihabb §and et pongonlens)) cer met phase
(and cernet conponents) excludes pore volume due to porosity. The cernet

canf be g Paxcdud@rpczrledrdh}m? dup ¢e porasstyi nCheneermet gan be cgamqemedfhbot% | f

P , 0%

L he gé?m%oro%ﬂﬁl%&%&?@%ﬁs%ﬁ; b Volde prefsrat)y. e vohune hmopc?s.m%lsibiﬁeﬁ?‘éd"
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phase (PQg p&%&ﬂﬂg 1l RoRTREEd bRl dlh!fﬁau'té(}i’ﬁﬁ&ie% et B@{%H& &fseTéié’ngl%' ogy Of

t he cernet eram c phase can | Sperse erica | psoi dal ,
pol yhedr afThe nftas c}wre eiredp praferdly thdi ﬁh&rélelés@tﬁdnlitﬁ@mb’ahl prlci si206f ed

pol yhedral shaped particles or platelets. Preferably, at |east 50% of the
di sper sedtheareramiasphdse (B@h that the particle-particle spacing between the
I ndividual nitride ceramc particles is at |east about 1 nm The
particle-particle spacing may be deternmined for exanple by m croscopy

met hods s[M73s <he¢ aspectrafiiheigodionTis ¢he pyior-moophalegy iof the cérmdie |nstant

t h d
| nventi OnTBg %gl(?a%slc %r}]lagen ga% be dispersed as spherical, ellipsoidal, polyhedral,

distorted spherical, distorted ellipsoidal and distorted polyhedral shaped particles
or platelets. Preferably, at least 50% of the dispersed particles is such that the
particle-particle spacing between the individual nitride ceramic particles is at
least about 1 nm. The particle-particle spacing may be determined for example
by microscopy methods such as SEM and TEM

[0018] 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 descﬁbed in the examples section of the

disclosure. The erosion rate of the nitride cermets of the instant invention is less ()
than 1.0x 10 %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 nitride cermets of the instant invention is

less than 1x10™%gm?*/em*sec.

[0019] The cermets of the instant invention possess fracture toughness of
greater than about 3 MPa-m'?, preferably greater than about 5 MPa-m'?, and
more preferably greater than about 10 MPa-m*?. Fracture toughness is the
ability to resist crack propagation in a material under monotonic loading condi-

tions, Fracture toughness is defined as the critical stress intensity factor at which



erosion and corrosion properties. The erosion rates were determ ned by the
Hot FErosion and Attrition Test (HEAT) as described in the exanples section
of the disclosure. The erosion rate of the nitride cernets of the instant
I nventi onyi han 1. Ox | 0-6c¢cc/gram of Si C erodant. a‘i‘Qﬁ j on rates
wer e deteﬁrﬁﬁdgﬁﬁﬁ?dthermgravi metric (TGA) anal yses as R %ﬁ%@%‘ t he
- exanpl es section of the disclosure. The corrosion rate of the nitride

cernets of the instant invention is |?$S t han 1x10' 10gnR2/ cndsec. [0019] The
cernets of the instant invention possess fracture toughness of greater than
about 3 MPam n, preferably greater than about 5 MPamrz, and nore

ter than.about 10 MPam n.., Fracture .tqughness i.s the, ability
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tions. Fr r | 8..def i S kL Leal [ hntensity factor
at which 3?%@&%2#‘%%@3%%5853%?&?&%@%& %’:fr:%g @%F‘?ﬁ%ﬁ%&% In an

unst abl e FREASILIY Mséd B ARhAITE Fhe frabRFe &ﬁ;gg?newﬁvﬁﬁ"fpﬁtﬁhte mBEHMhiGEOTEL 1y Wi th
the pre-crack in"the tension side of the end sanple I1s preferably used to
measur e t hedryaqRS) phhsaigithe sermet of thedastaneinvestiemas desciibedriy thé RS) phase

of the cernet of the instant invention as described in the earlier

par agr aphsarkernparagraphs/isipsapamkyi iespodsable ifapimpantiggithissataitmte.out e.  (0020]

Anot her aspect of the invention is the avoi dance of enbrittling

internetal lic precipitates such as sigma phase known to one of ordinary
skill in [ﬂﬂ%ﬂﬁrtAmﬁthﬁEtaap&Qupﬁyhe mniveniion i the avoidasce of emtwittling ant i nventi on

has preferably |ess than about 5 vol % of such enbrittling phases. The
cernmet of pKEmetiGRIECIRIAlCS TUCh 2\ ETHa pPajge kpevn fespne pf sedinary Qs}iéﬁéﬂi bed in
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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.

[0021] The cermet compositions are made by general powder metallurgical
technique such as mixing, milling, pressing, sintering and cooling, employing as
starting materials a suitable ceramic powder and a binder powder in the required
volume ratio. These powders are milled in a ball mill in the presence of an
organic liquid such as ethanol for‘a time sufficient to substantially disperse the
powders in each other. The liquid is removed and the milled powder is dried,

{ | placed in a die and pressed into a green body. The resulting green body is then
sintered at temperatures above about 1200°C up to abount 1750°C for times
ranging from about 10 minutes to about 4 hours. The sintering operation is
preferably performed in an inert atmosphere or a reducing atmosphere or under
vacuum. For example, the inert atmosphere can be argon and the reducing
atmosphere can be hydrogen. Thereafter the sintered body is allowed to cool,
typically to ambient conditions. The cermet prepared according to the process of

the invention allows fabrication of the cermet exceeding 5 mm in thickness.

[0022] One feature of the cermets of the invention is their microstructural
stability, even at elevated temperatures, making them particularly suitable for
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techni que such as mxing, mlling, pressing, sintering and cooling,
enploying as starting naterials a suitable ceram c pewder and a bi nder
powder in the required volunme ratio. These powders are mlled in a bal
mll in tWO904te2¢% of an organic |iquid such as et hanetT/isaoos01s550e
sufficient to substantially disperse the powders in each other. The |iquid
I's renoved and the mlled powler is dried, placed in a die and pressed into
a green body. The resulting green bodygi.s then sintered at tenperatures
above about 1200C up to about 1750C for times ranging fromabout 10 m nutes
to about 4 hours. The sintering operation is preferably perfornmed in an
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i nert at nosphere can~be argon an e reduci ng dtnosphere can ydr ogen.
Ther eaf t eppttabout1GOCC. Hodybéltevaldl thivadatility petmits thei wsalfoy tile perivdant
conditions. The cernet prepared according to the process of the invention
al | ows f algréatertthem 2ogfears) foxexampledor ebolitidy&arsto abouthl & kewrs.sIn cofibR2] One
feature of the cernets of the invention js their mcrostructural _stability,

even at eMAPYEYWIaeIEReLS undergortranstoymations sk elavatadtempesaturesvhichor WO
2004/ 104247 PCT/ US2004/ 15556, -8 [ ' f I nst
M R s icp B delenits HisBtet te < el s eved

erosi on af®#

this stabilift.y.: } ir use for tine periods greater than 2 years, for
exanpl e fg%dﬁa&g%%f&;%%zae%@gt'o about 10 years. In contrast many known cernets

undergo transformations at el evated tenperatures which results in the
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currently enployed. A non- limting list of suitable Uses include Iiners:for
process véssthg list obhsufabie hsesdaclude liners for process vessels, transfer lines,

cyclones, for example, fluid-solids separation cyclones as in the cyclone of Fluid
Catalytic Cracking Unit used in refining industry, grid inserts, thermo wells,
valve bodies, slide valve gates and guides, catalyst regenerators, and the like.
Thus, metal surfaces exposed to erosive or corrosive environments, especially at
about 300°C to about 1000°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:

[0024]  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



cyclones, for exanple, fluid-solids separation cyclones as in the cyclone of
Fluid Catalytic Cracking Unit used in refining industry, grid inserts,
t herno wel § X@l Vﬁ bodi es, slide val ve gates and gui des, catal yst
regener at of 9. 2%8*% e Iike. Thus, netal surfaces expose8CTHSHOSBISES or
~corrosive environnents, especially at about 300C to about 1000C are
protected by providing the surface with a layer of the cennet conpositions
of the invention. The cernmets of the iTfstant invention can be affixed to
metal surfaces by nechani cal neans or by wel ding. EXAMPLES Determ nation of
Vol ume Percent: [0024] The vol une F{gcent of each phase, conponent and the
t

]E)ore vol uniac, K’Jﬁh\’l@bs WWSWFBE% '\jﬁfm‘cﬁaﬁh@m&-hh ezdaraﬂmm @Ym‘hlgaﬂ’éa

i S i E ) i E
M 2?2582&3%3%@?&%@1“%% e@r@eprte@Orﬁg9méﬁ§3ﬁt%§5é%ﬁnﬂ§%m§P*ét T hiathe oe§L{ ain a
Seannaq’ b Felt (o] {EEn BERLRLA Ny BdpB AR Mhoublint 1° S T2
Spect r oscomy, (RRX % eﬁi@ssglg%%#%@ﬂﬁz e@ﬁﬁbé’ﬁﬁ%lcr‘fﬁﬁ@y eg aesee %P@?Js'bve

adj acent areas of the “sanple. -di nensi onal area fractions each

phase was drheunts eieaisuteded belssdah Revilnged havd s asciaaty v re-2080For
| magi ng/ Mappi ng Version 3.2 (EDAX WO 2004/ 104247 PCT/ US2004/ 015556 -9 Inc,

Mahwah, Nephaseamwpngragasureby) be drvod%edr gnceter. The arithnetic average of the
area fraction was determ ned fromthe five neasurenents. The volune percent
(vol% is then determ ned by nultiplying the average area fraction by 100.
The vol % eRpeomiadionroftweighkpensers have an accuracy of +1-50% for phase
anounts neasured to be |l ess than 2 vol % and have an accuracy of +1-20% for

phase amou@pasTeaThesteipht frcént 't eltiREn@iff W& Eermet phases was determined
by standard EDXS analyses.

[0026] The following non-limiting examples are included to further illustrate

the invention.

EXAMPLE 1

[0027] 70 vol% of 2-5 um average diameter of TiN powder (99.8% purity,
from Alfa Aesar) and 30 vol% of 6.7 um average diameter 304SS powder
(Osprey Metals, 95.9% screened below -16 pm) were dispersed with ethanol in
( HDPE milling jar. The powders in ethano! were mixed for 24 hours with Yttria
Toughened Zirconia (YTZ) balls (10 mm diameter, from Tosoh Ceramics) in a
ball mill at 100 rpm. The ethanol was removed from the mixed powders by
heating at 130°C for 24 hours in a vacuum oven. The dried powder was '
compacted 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 1500°C and held at 1500°C for 2 hours at
15°C/min in argon. The temperature was then reduced to below 100°C at

-15°C/min.



Det erm nati on of weight percent: ( [0025] The wei ght percent of elenents in
the cernmet phases was determ ned by standard EDXS anal yses. [0026] The

f ol I ow ngwpsimlkdieis Ng exanples are included to further J trate__the
i nvention. EXAMPLE 1 [0027] 70 vol % of 2-5 pm aver age di%M%ﬂo%ls"ﬂﬁN powder

(99.8% purity, fromAfa Aesar) and 30 vol % of 6.7 m average di aneter 304SS -
powder (Gsprey Metals, 95.9% screened below -16 pm were dispersed with
ethanol in HDPE nmlling jar. The powd¥rs in ethanol were mxed for 24 hours
with Yttria Toughened Zirconia (YTZ) balls (10 nun dianeter, from Tosoh
Ceramics) ina ball mll at 100 rpm The ethanol was renoved fromthe m xed
powders by heating at 130C for 24 hours in a vacuum oven. The dried powder

was  conppeg2sd imﬁullﬁﬁﬂt@'bﬁﬂgﬁﬁmﬁﬁ@d:n a hydraulic uniaxial press (SPEX
3630 Automated X-press) at 5,000 psi. The resulting green disc pellet was

ranped up., t 9,40 25¢/ mn in argon and, hel d at 400C for 30 mn for

resi dual Qol 3@9(9%@#&%‘%“?%%&@89%% Ofﬁgﬂuﬁw‘g%d. to 1500C and hel d at
1500C for 2 hours at 15C/ mn in argon. The tenperature was then reduced to
bel ow 1001) af vol&secondary WirizieQvl, NOwitl avexape\gsamosdzeoabatudt 1- i, W8] The
resultant cernet conprised: i) 70 vol % TiN with average grain size of about
4 mii) 2 voMweRenBsl2hiinwde MeN with average grain size of about 1 m
where M=68Cr:20Fe: 12Ti in % iii) 28 vol % Cr-depl eted al |l oy binder

(71 Fe: 11 Niii)1 38voB%i Ci-depletefi.alloy binder (71Fe:11Ni:15Cr:3Ti in wt%).

[0029] Figure 1is a SEM image of TiN cermet processed according to this
example, wherein the bar represents 5 um. In this image the TilN phase appears
dark and the binder phase appears light. The Cr-rich secondary M,N phase is
also shown in the binder phase. By Cr-rich is meant that the metal Cr is of

higher proportion than the other constituent metals (M) of the secondary nitride
M,N.

EXAMPLE 2

[0030] 70 vol% of CrN powder (99.8% purity, from Alfa Aesar, 99%

. screened below 325 mésh) and 30 vol% of 6.7 um average diameter 304SS
powder (Osprey Metals, 95.9% screened below -16 um) were used to process the .
cermet disc as described in Example 1. The cermet disc was then heated to
1450°C and held at 1450°C for 1 hour at 15°C/min in argon. The temperature

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

[0031] The resultant cermet comprised:
i) 20 vol% CiN with average grain size of about 25 um

i1} 50 vol% secondary nitride M,N with average grain size of about 1 pm,
where M = Cr, Fe, Ni

1i1) 30 vol% Cr-depleted alloy binder.



[0029] Figure 1 1s a SEMinmage of TiN cernmet processed according to this
exanpl e, wherein the bar represents 5 m In this inmage the Ti N phase appears
~dark and the binder phase appears light. The Cr-ri ch secondary M2N phase is
al so showsy Booly i nder phase. By Cr-rich is neant that le< i s of
hi gher prop%rti}gﬁu?}han t he ot her constituent netals (M %‘#ﬂﬁ%@é@ézg%ary
"nitride MN EXAMPLE 2 [0030) 70 vol % of CrN powder (99.8% purity, from

Al fa Aesar, 99% screened bel ow 325 meig) and 30 vol % of 6.7 pm average

di anmet er 304SS powder (Gsprey Metals,” *95. 9% screened below -16 m were used
to process the cernet disc as described in Exanple 1. The cernet disc was

t hen heat e[g gﬁa 1450C and E&Lﬁ,at 1450C for 1 hour at 15C/ nin in_argon. The
t enper at url®034hs Fifawe 2dga lgnage G (-mMh BerTRgt ProeRssed AcCQramELp tnse
resultant cernet conprised: i) 20 vol.% Cr N.w,t.h.average.grain size of about
5 i1 SR AR D bR et SR W LS P REE DN Bes 8hveabout 3
pm where; M. = RPN % Gh-qdepl. i .

2004/ 1042%%%2?%@%‘{36’2?@8??%3 %‘*@?ﬁh?@%@éﬂ%@%@? Eﬁ&&e‘y\gf crN

cermet prog&esfRf®eHingeri $hdsBi S exanple, wherein the bar represents 50
m In this Image the C N phase appears dark and the binder phase appears

light. The Cr-rich secondary M2N phase is also shown in the binder phase.
EXAVMPLE 3 §R@38P Each of the cernmets of Exanples 1 and 2 was subjected to a
hot -

[0033] Each of the cermets of Examples 1 and 2 was subjected to a hot
erosion and attrition test (HEAT). The procedure employed was as follows:

1) A specimen cermet disk of about 35 mm diameter and about 5 mm

thick was weighed.

2) The center of one side of the disk was then subjected to 1200g/min of
SiC particles (220 grit, #1 Grade Black Silicon Carbide, UK abrasives,
Northbrook, IL) entrained in heated air exiting from a tube with a 0.5 inch
diameter ending at 1 inch from the target at an angle of 45°. The velocity of the
SiC was 45.7 m/sec.

3) Step (2) was conducted for 7 hours at 732°C.

4) After 7 hours the specimen was allowed to cool to ambient

( temperature and weighed to determine the weight loss.

5) The erosion of a specimen of a commercially available castable
refractory was determined and used as a Reference Standard. The Reference
Standard erosion was given a value of 1 and the results for the cermet specimens
are compared in Table 1 to the Reference Standard. In Table 1 any value greater

than 1 represents an improvement over the Reference Standard.
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erosion and attrition test (HEAT). The procedure enployed was as foll ows:
1) A specinmen cernet di sk-of about 35 mm di aneter and about 5 mm thick was
wei ghed. 2) The center of one side of the disk was then subjected to
1200g/ mi nwid 20081@2pmrticl es (220 grit, #1 G ade Bl ack Sipdmoseobaslisde, UK
abrasives, Northbrook, IL) entrained in heated air exiting froma tube with
a 0.5 inch diameter ending at 1 inch frpgmthe target at an angle of 45. The
velocity of the SiC was 45.7 nisec. 3) Step (2) was conducted for 7 hours
at 732C. 4) After 7 hours the specinmen was allowed to cool to ambient ~.
tenperature and wei ghed to determ ne the weight loss. 5) The erosion of a
speci nen of a commerci ally javail apl e cast abl refractory was determ ned and
used as a Reference St andartﬁ'ﬁ'he Ref erence t andard erosion was given a
value of 1 and the results|f r-.f_.-ﬂl":h cernmet specinens are conpared in Table 1
to the Reference Standard. |l gg e} any~valfjue greater than 1 represents

vg

an i nmprovenent over the Refle standar §? 2004/ 104247 PCT/ US2003/ 015556
- 12 NLG"+ [V OOOlO@% U "6 d wWwW "G ®”"O0C

Erosion
(ccl/g)
6.6100E-7
4.9576E-7

FErodant
5.04E+5
5.04E+5

(g)

Density

(g/cc)
6.200
6.520

TABLE 1
Bulk

Weight

Loss
(g)
2.0655
2.1604

Finish
Weight
15.8724
17.7033

(8)

Starting

Weight
17.9379
19.8637

(8)

CiN/304SS

{2)

TiN/304SS

{1}

Cermet
{Example}
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- -13- EXAMPLE 4 [0034] Each of the.cermets of Exanples 1 and 2 was subjected

to an 0Xygabd st. The procedure enployed was as fo . A. speci nmen
cernet of abo?}?mi%errm square and about 1 mmthick was i’b? sﬁoé%i/}’{ﬁﬁ(ssoo grit
di anond finish and cl eaned in acetone. 2) The specinen was then exposed to
100 cc/mn air at 800C in 13

EXAMPLE 4

[0034] Each of the cermets of Examples 1 and 2 was subjected to an

oxidation test. The procedure employed was as follows:

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

polished to 600 grit diamond finish and cleaned in acetone.

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

thermogravimetric analyzer (TGA).
3) Step (2) was conducted for 65 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.

6) In Table 2 any value less than 150 pm represents acceptable corrosion

resistance.

TABLE2

Cermet {Example} Thickness of Oxide Scale (1m)

TiN-30 304SS {1} 110.0
CrN-25 304SS {2} 1.5




thernogravinetric analyzer (TGY). 3) Step (2) was conducted for 65 hours at
800C. 4) After 65 hours the specinen was allowed to cool to anbient
tenperature. 5) Thickness of oxide scale was determ ned by cross sectional

m croscopy exam nation of the corrosion surface. 6) In Table 2 any val ue

| ess than 150 mrepresents acceptable corrosion resistance. TABLE 2 Cernet
{ Exanpl e} Thickness of Oxide Scale (m TiN 30 304SS {l} 110.0 C N 25 304SS
{2} 1.5 -14- CLAIMS 1. A cernet con‘ﬂosition represented by the fornul a

(PQ (RS) conprising: a ceram c phase (PQ and a binder phase (RS) wherein, P
Is a netal selected fromthe group consisting of Si, M, Fe, Ti, Zr, Hf, V,
Nb, Ta, G, M, Wand mxtures idieApg§. Qis nitride, Ris a netal selected
fromthe group consisting of Fe, NI, Co, Mh and m xtures thereof, S consists
essentially of at |east one elenment selected fromCr, Si, Y and m xtures
thereof, and at |east one reactive wetting alioval ent el enment selected from

t he group copnsi st} A g?(% m.xtures

t her eof , vvhe?'ei n éﬁgm%f(t)ﬁ%ﬂ;{é?esgﬁﬁer?%%egt gfbwl%eaf?t;gmgﬁ@ i %%Jﬂ@%é )ém' xtures

t her eof céramiztphheeaP) 42d abbidbgsask @F) wherengi ght of the binder phase (RS) and
wherein the ceram c phase (PQ ranges fromabout 30 to 95 vol % based on the

vol unme Pfis a metal selected from the group consisting of Si, Mn, Fe, Ti, Zr, Hf, V, Nb, Ta, Cr,

Mo, W and mixtures thereof,
Q is nitride,
R is a 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, Si, Y and mixtures thereof,
and at least one reactive wetting aliovalent element selected from the group consisting of
Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W and mixtures thereof, wherein the combined weights of
said Cr, Si, and Y and mixtures thereof is at least 12 wt% based on the weight of the
binder phase (RS) and

wherein the ceramic phase (PQ) ranges from about 30 to 95 vol% based on the volume of

the cermet.

2. The cermet composition of claim 1 wherein the molar ratio of P:Q in the

ceramic phase (PQ) can vary in the range of 1:3 to 3:1.

3. The cermet composition of claim 1 wherein (PQ) ranges from of about 55

to 95 vol% based on the volume of the cermet.

4. The cermet composition of claim I wherein said ceramic phase (PQ) is
dispersed in the binder phase (RS) as spherical particles in the size range of 0.5 microns

to 3000 microns diameter.

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 R to §
ranges from 50/50 to 90/10,



am——

the cernet. 2. The cernet conposition of claim1l wherein the nolar ratio of
P-Qin the ceramc phase (PQ can vary in the range of 1:3 to 3:1. 3. The
cernet conposition of claiml1 wherein (PQ ranges fromof about 55 to 95
vol % based on the volune of the cernmet. 4. The cernet conposition of claiml
wherein said ceram c phase (PQ is dispersed in the binder phase (RS) as
spherical particles in the size rang§ of 0.5 mcrons to 3000 m crons

di aneter. 5. The cernet conposition of claim!| wherein the binder phase (RS)
isinthe range of 5 to 70 vol % based on the volune of the cernet and the
mass ratio of Rto S ranges from50/50 to 90/10. - 15 6. The cernet

conposi tion 6f cl @hewermethmiiositioAbficlain | ehefeimdaél atdeast oncaeactiwe t | Ng

alioval ent, el ement sel ected fro e grou nsi Hf, V, Nb,
T, O Sekigs olipvai e Sectsidram b opHE At ge S 76 Y% a5 e b6 based
on the Ceimb, WedngmlxtuPJs thé¥6ofRt HARE rdABESED.0RR) 5 wits bﬁé@ on@héRtal GRMEAESI tion of
claim1 further conprising a secondafy nitride (P wherein P is selected
from t hef e bindecphese R¥ng of Si, M, Fe, Ti, Zr, Hf V, Nb, Ta, C, M, W
Ni, Co, A, Y, and m xtures thereof. 8. The cerrret corrposition of claiml
havi ng a fracture toughness of greater than about 3 MPa m n. 9. The cernet
conposi tion of cl 'ﬂheﬂ&drmhtaadm}@smﬁn efdsrhohfuralwcdmmgmmhmgt nltriktelo- 6

cc/ gramloss when subj ect %o 1 g/ m n_ of 18$lmto 100 m S C particles in

air  wi ﬂ'Qér‘thie‘FFHh&IS\?%lP%fi Tom esrpur gepsisting g3, i, be, rﬁ!s%@f*(fl\éd\‘ t/sec) and

at an i Fpaet Nﬁpg;yqqloto AP d6Ys fikRopNd a tenperature of at |east about
732C (1350F) for 'at [east 7 hours. 10. The cermet conposition of claim!l

havi ng corrosion rate | ess than about

8. The cermet composition of claim 1 having a fracture toughness of greater

than about 3 MPa m'?

9, The cermet composition of claim 1 having an erosion rate less than about
1x10°® cc/gram loss when subject to 1200 g/min of 10 um 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.

10.  The cermet composition of claim 1 having corrosion rate less than about
1x10'° g¥/cm*'s or an average oxide scale of less than 150 pm thickness when subject to

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 about
1x10° cc/gram when subject to 1200 g/min of 10 pm to 100 pm 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
and a corrosion rate less than about 1x10™"° g%/cm®*'s or an average oxide scale of less

than 150 pm thickness when subject to 100 cc/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.



1x10- 10 g2/ cnmds or an average oxide scale of less than 150 gmthi ckness when
subject to 100 cc/mn air at 800C for at |east 65 hours. 11. The cernet
conposition of claiml| having an erosion rate |less than about 1x 10-6

cc/ gram when subject to 1200 g/mn of 10 gmto 100 mSi C particles in air
with an inpact velocity of at |east about 45.7 nmisec (150 ft/sec) and at an
i npact angle of about 45 degrees aq% a tenperature of at |east about 732C
(1350F) for at least 7 hours and & corrosion rate |ess than about |x10-10
g2/ cmis or an average oxide scale of less than 150 pmthickness when
subject to 100 cc/mn air at 800C for at |east 65 hours. 12. The cernet

conposi tion of. C|AIHHIRcd‘iﬁl\étlﬁﬁteﬁﬂlt}éprkidnteﬂ@yﬂﬁ‘@ﬁﬂﬁulaess than about 5 vol %
based on the vol unme of the cernet., -16- A bul k cernmet nateri al

r epr eseP@WES) compsising; ?rﬁ?@“'(q:ldbaéfi@@@é%rbi@fﬁ@hasﬁ (BOrhereinphase (PQ and a
bi nder phase (RS) wherein, Pis a netal selected fromthe groug consi sting
of Si, ﬁhs a F@tal welectex fromythe groupponsisting of Si, MupFe, K ofrd Hii Yt . d@, €hereof , Qi s

nitride cted fromthe group consisting of Fe, Ni, Co, M
and nix fes ?ﬁmredgéﬂéﬁ%gn5|sts essentially of at |east one elenent

selecteg‘ild Cr Si, Y and m xtures thereof, and at |east one reactive
wetti ng ?ent el enent selected fromthe group consisting of Ti, Zr,

nd m xt ur erejn.the ned wei ghts

oni &l ttgt St ot 1A ol ol 19&8?‘3%?‘9 o R B Bt fBfiBhnced "on t he
WEI ght of the binder se RS wher.ei n era phase ( anges from
about 33%8@56%?8}@@535@ 'th g dlectad o rfﬁr é’erq}naé‘fl MAREGEY o e
over al | a4 hiQkRESR Rictvd %eamgkaheearlémfelemh@gen&{edIfﬁmgﬂfeagw doR@Sing ot | | 1 meters.
14. The bul k cernmet material” of claim13 wherein the  nolar ratio of P:Qin
t he Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W and mixtures thereof, wherein the combined weights of

said Cr, Si, and Y and mixtures thereof is at least 12 wt% based on the weight of the

binder phase (RS),

wherein the ceramic phase (PQ) ranges from about 30 to 95 vol% based on the volume of

the cermet, and

wherein the overall thickness of the bulk cermet material is greater than 5 millimeters.

14.  The bulk cermet material of claim 13 wherein the molar ratio of P:Q in the

ceramic phase (PQ) can vary in the range of 1:3 to 3:1.

15.  The bulk cermet material of claim 13 wherein (PQ) ranges from of about

55 to 95 vol% based on the volume of the cermet.

16.  The bulk cermet material of claim 13 wherein said ceramic phase (PQ) is
dispersed in the binder phase (RS) as spherical particles in the size range of 0.5 microns

to 3000 microns diameter.

17.  The bulk cermet material of claim 13 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 R to §
ranges from 50/50 to 90/10.



ceram ¢ phase (PQ can vary in the range of 1:3 to 3:1. 15. The bul k cernet
material of claim 13 wherein (PQ ranges fromof about 55 to 95 vol % based
on the volune of the cernmet. 16. The bulk cernmet material of claim 13
wherein said ceram ¢ phase (PQ is dispersed in the binder phase (RS) as
spherical particles in the size range of 0.5 mcrons to 3000 m crons
dianeter. 17. The bul k cernet materiﬁl of claim 13 wherein the binder phase
(RS) isin the range of 5 to 70 vol%'based on the volunme of the cernmet and
the mass ratio of Rto S ranges from50/50 to 90/10. 17- 18. The bul k
cermet material of claim13 wherein said at | east one reactive wetting

al i oval ent el&nenTheiplllecéradt maerink dfelaimh 40 wheesis kdd arlgasdbnelteactée, Hf, V, Nb,
Ta, Cr, Mb, Wand nixtures thereof is in the,rang]_e of 0.01 to 5 wt % based
on the Wettiag aligyalgnt elegient selectsd ftast the igeaip copasstingod T gfeHb YN dRnet materi al

of clai fr, ixPRIREdrSd739i { $fo) R i P is

sel ect eg} ’?N;i %’n‘y t g%gl)r(%up Cégﬁiﬁginﬁggﬁgg@%@.dmﬁ I‘ga% @%e,ﬁ 0%96 W?%gﬂt Nb, Ta,
Cr, Mo, ofthe MindetQehaseNRS)Y, and mi xtures thereof. 20. The bulk cernmet materi al
of claim 13 having a fracture toughness of greater than about 3 MPa m n.
21. The bulk cernet material of claim 13 having an erosion rate | ess than

about 1x10" 61%;c/ JTRIBILEEMNRBtRNIY kim0 R crhBHsin@h sdlndary 0_100 pm Si C
particles in air with an inpact velocity of at |east about 45.7 m sec (150

f t/ sec) nigide @' Qhwherpipalt tis seastpddron theigsenp wesistingradd S, MncdFea Ti. it at ure of at
L](caazlt a?ﬁf’)%’ —Ea?»%ﬁ; I(J%S‘F‘p@i, é@rAlag( An i&tur{sﬁh&% 5. 22. The bul k cernet materi al

dvihg torrosign tate 1ess an about 1x10"10 g2/cmd s or an
average oxi de scale of |ess than 150 pmthi ckness when subject to

20.  The bulk cermet material of claim 13 having a fracture toughness of

greater than about 3 MPa m'”.

21.  The bulk cermet material of claim 13 having an erosion rate less than
about 1x10° cc/gram loss 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.

22.  The bulk cermet material of claim 13 having corrosion rate less than about
1x10'° g/cm*s or an average oxide scale of less than 150 pm thickness when subject to

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

23.  The bulk cermet material of claim 13 having an erosion rate less than
about 1x10® cc/gram when subject to 1200 g/min of 10 pm to 100 pm 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
and a 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.



100 cc/mn air at 800C for at least 65 hours. 23. The bulk cernmet nateri al
of claim 13 having an erosion rate | ess than about 1x10 cc/gram when
subject to 1200 g/mn of 10mto 100 mSiC particles in air wth an inpact
velocity of at |east about 45.7 misec (150 ft/sec) and at an inpact angle of
about 45 degrees and a tenperature of at |east about 732C (1350F) for at

| east 7 hours and a corrosion rate | ess than about 1x10-10 g2/cmd s or an
average oxide scale of less than 1'5](§'pmthi ckness when subject to 100
cc/mn air at 800C for at |east 65 hours. -18- 24. The bul k cermet materi al
of claim 13 having enbrittling phases | ess than about 5 vol % based on the
vol ume of t hg4.ceri@tbulk cermet material of claim 13 having embrittling phases less than

about 5 voi% based on the volume of the cermet.



