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PRIORI TY CLAIM This application clainms priority to

pending United States Patent Application Serial No.
11/593, 437, filed Novenber 6, 2006. TECHN CAL FI ELD
The present invention generall { relates to
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relates to earth-bori ngoRMENG SUCGHBIFSt s t hat i ncl ude
a bit body having at |east a portion thereof

substantially fornmed of a particle-matrix conposite
material, and to nethods ring such
earth-boring rotary dri Iﬁ’lg{é?l{@g(ué%OJND Rot ary
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I NSkl NG, WO/5P8 4B R iled Dok ergbiérad, 2006. One configuration

is the roller cone bit, which conventionally includes
three roller cones nounted on support |egs that extend

froma bit body. Each r e onfigured to

spin or rotate on a supgyr(ﬁhﬂlggﬁ‘llim are provided on

the out ghe ?fé‘éérﬂ(i&%n%n Bafeal [yl a®Ss t6 @Aeh-b&Hingdtdr BEII bits, and to
rock and other earth fornmati'ons. The teeth often are

c oatewdsiof maanfaaturiagisuey ednthelobr{rigiratadyf doil bgs.) Mom¢ earntiatlarly, the
Such materials often include ngsten carpjde . i
paPieset dLV R Qheme Yfﬂ?tsﬂ@r%{}ﬁ-%anﬁ%fw gnﬁbl}s thatinglyde a bit body
B er . i i d .
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metraterial) 28d tematheds efmamsfadtorif@®suth temeh-dortihg fogary drill bits.

el enents. In sonme instances, these inserts conprise a
superabrasive material fornmed on and bonded to a

metallic substrate. The ﬁﬁk#g_ [prill bit may be

pl aced in a bore hole suc e roller cones abut

agai nst Rotuey @@l bifs 4ro tevainbAN uséd foe dANinkber:hofss of Well bores in earth
drill bit is rotated under applied weight on bit, the

r ofdrmatiers dotary diill bits vhude heo primageeniiguratienst Enemonfiguration is
an ﬂletrcr}l?ertcgr?é 1?1t, (\:zs;hlilcsnhcotnt]/gntllfl)rr]lgﬁ)E anfuggs three roller cones mounted on support
legs that extend from a bit body. Each roller cone is configured to spin or rotate on a
support leg. Teeth are provided on the outer surfaces of each roller cone for cutting
rock and other earth formations. The teeth often are coated with an abrasive, hard
(“hardfacing”) material. Such materials often include tungsten carbide particles
dispersed throughout a metal alloy matrix material. Alternatively, receptacles are
provided on the outer surfaces of each roller cone into which hard metal inserts are
secured to form the cutting elements. In some instances, these inserts comprise a
superébrasive material formed on and bonded to a metallic substrate. The roller cone
drill bit may be placed in a bore hole such that the roller cones abut against the earth
formation to be drilled. As the drill bit is rotated under applied weight on bit, the roller

cones roll across the surface of the formation, and the teeth crush the underlying

formation.



formati on. A second primary configuration of a rotary

drill bit is the fixed-cutter bit (often referred to
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plurality of cutting elenments secured to a face region

of a bit body. Generally, the gutting elements of a
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drill bit of either primary configuration nmay

s etheraattingsdementsiorthebit bodyal Thet fixed-duttenidriibbit siag éb pkledhin a bore
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ot hﬁderkjrmgﬂonnguﬁqw pment at the surface. Equi pnent

such as_a rotary le or top drive may be used for
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drill bit. The bit body of a rotary drill bit ma
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mashank ofgheadrilbbit (naf be nowéddiretly tothasiriae Sirfhofer down-hole motor,
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body may be formed from a particle-matrix composite material. Such particle-matrix

25  composite materials conventionally include hard tungsten carbide particles randomly
dispersed throughout a copper or copper-based alloy matrix material (often referred to
as a “binder” material). Such bit bodies conventionally are formed by embedding a
steel blank in tungsten carbide particulate material within a mold, and infiltrating the
particulate tungsten carbide material with molten copper or copper-based alloy material.

30  Drill bits that have bit bodies formed from such particle-matrix composite materials



particul ate tungsten carbide nmaterial with nolten
copper or copper-based alloy material. Drill bits that

w2008/087489 bodi es formed from such parti cl e- mat PERUS2007/023275
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conposite material smay exhi bit increased erosion and

wear resistance, but |ower stregngth and toughness,

relative to drill bits having Steel bit bodies. As
subterranean drilling conditions and requirenents
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surface of the bit body. hi yet another enbodinent,
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eart h-boring rotary drill bit. The nmethod ingclude

pr swm%t&%%@f@gﬁdée _éffll%%#aaqqmwle%?wglgméswseﬁ throughout a

Pl WAl ¥r @thnidA-ShsBRAidyThfix 2ferfal RinH ¥ debdhdthat

particles conprising tirtaniumor a titani um bas

al hmy compesd titaniamcr atitdngas-bagdrallbpidagerial. rRuethemgort lagplurality of

green powder component tqQ forma bit body conprising a
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an earth-boring rotary drill bit. The method includes providing a green powder
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ed omp

component comprising a plurality of hard particles and a plurality of particles
comprising titanium or a titanium-based alloy material, and at least partially sintering
the green powder component to form a bit body comprising a particle-matrix composite
material. A shank configured for attachment to a drill string may be attached directly to
the bit body.



the bit body. The features, advantages, and additi onal
aspects of the present invention will be apparent to

wo bmwsesaRi | led in the art from a consi der at i onP©¥/USI@7/023275

foll ow ng detail ed description considered in
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FIG. 6 is a cross-sectional view of the shank shown in FIG. 5 taken along
section line 8-8 shown therein;

FIG. 7 is a cross-sectional side view of yet another bit body that includes a
particle-matrix composite material and that embodies teachings of the present invention;

FIG. 8 is a cross-sectional view of the bit body shown in FIG. 7 taken along
section line 10-10 shown therein; and

FIG. 9 is a cross-sectional side view of still another bit body that includes a

particle-matrix composite material and that embodies teachings of the present invention.



particul ar material, apparatus, or nethod, but are

nerely idealized representations which are enployed to
waele®snsagd t he present invention. Additionally,Pel/esmnt/e23275

common between figures may retain the sane nuneri cal

designation. The term"green" as used herein neans

unsintered. The term"green bit body" as used herein

nmeans an unsintered structure conpri Si n%Na lurality
of discrete MPPE)FOMEARROBE: QAT BHEANY ENEON

1 ow nghe HERBHGE PESIER, 5 30 el TR viges of any
| Npaficas iR hpparatlisl dmdhdd, bitare hielysddatsddiEseMtations which

subsequent manufacturing processes including, but not
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shegmapasing ai Mralityeok diseratei pastiddes helditogatlad\bysa bindpt material, the
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10 | Ngh WatkGorid triN Wit frbM the dirhGurd BF mﬁéﬁ%nﬁﬂﬁnﬁfdétﬁhﬁé processes

densification. Brown bit bodies nay be fornmed by, for
ex meplding, parndt dimitedgo,mashimygg andydepeifichtiian. body. As used
herein, the term"nateri conposi tion' means the
chem caFL%Eﬁ?ﬁ‘oi’FQW%rPSéﬁ reindagans prriially spteedegt er i al .

I n ot hefy, Ssord (Rl Si? P@Jiyc” RN Eerb N SRS gﬁlglr%g} Gitlered structure

conposition but a different mcrostructur

cooshpiadingla plardiayef partidlel snéast@ingy dfathichdape partialdyigrown together

The term"sintering” as used herein nmeans _ )
15 detpsirpyidaglest Bffrtlalgq@aﬂmigbetIWQ adiaenpopastieles, thestrugtuig having a size

re | . rtd Qn ,of, th of es betwee he .
o1 TR thap® wihine PR Srara BR os SO B R ol & hipe arin
Wi bif frofthe SERIMGE b BishsBQRAL AenITRIUE _r@@és@é_é%@ludin% but not limited
particles. An earth-boring rotary drill bit 10 that

entsodnashiniegand figthep densilicatipas dirownrbtebediemmiay betfommned by, for
in FIG, 1. The drill bit ..in¢cludes a bit body 12
co%ﬁ’?‘g?’ﬁﬁﬂgﬁhﬁfﬁm@rﬂ%@Wﬁ?‘}l%(t’%@rrposi te material 15
20that i nakugRd BellnUr @k fe¥mOfmARHA RHBPSIRGH T fchfS tRE chemical
composition and microstructure of a material. In other words, materials having the
same chemical composition but a different microstructure are considered to have
different material compositions.
The term “sintering” as used herein means densification of a particulate
25  component involving removal of at least a portion of the pores between the starting
particles (accompanied by shrinkage) combined with coalescence and bonding between
adjacent particles.
An earth-boring rotary drill bit 10 that embodies teachings of the present
invention is shown in FIG. 1. The drill bit 10 includes a bit body 12 comprising a

30 particle-matrix composite material 15 that includes a plurality of hard phase particles or

regions dispersed throughout a titanium or a titanium-based alloy matrix material. The



regi ons di spersed throughout a titaniumor a

titanium based alloy matrix material. Thehard phase
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about 60% by vol une of the particle-matrix con‘posn
mabuettiesdes 38, whinkl malyde mtegrabty fomned wath thtablt bodyptl.se
bet ween_about %O% and about 40% b i/g
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plurality of hard phase regions or particles dispersed throughout a titanium or a

e blt [)oéy 12 may include a

titanium-based alloy matrix material. By way of example and not limitation, the hard
25  phase regions may be formed from a plurality of hard particles, and may comprise
between about 20% and about 60% by volume of the particle-matrix composite
material 15, and the matrix material may comprise between about 80% and about 40%

by volume of the particle-matrix composite material 15.
In some embodimeﬁts, the particle-matrix composite material 15 of the bit
30  body 12 may comprise a ceramic-metal composite material (i.e., a “‘cermet” material).

In other words, the hard phase regions or particles may comprise a ceramic material.
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30 atomic percent) so as to render the B phase stable at room temperature. o+ alloys
include significant amounts of both the a phase and the B phase (e.g., the a phase and

the B phase comprise at least about 10% by volume of the alloy). Titanium aluminides

are based on the intermetallic compounds Ti;Al (often referred to as the o, phase) and

30 TiAl (often referred to as the y phase).
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In additional embodiments of the present invention, the titanium or
titanium-based matrix material may include a beta (B) titanium alloy or a metastable
beta (B) titanium alloy. Table 2 below sets forth various examples of compositions of
beta (B) titanium alloys that may be used as the matrix material in the particle-matrix
composite material 15 of the bit body 12 shown in FIG. 1, and Table 3 below sets forth
various compositions of metastable beta (B) titanium alloys that may be used as the

matrix material in the particle-matrix composite material 15 of the bit body 12 shown in

FIG. 1.
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physical properties (i.e., increased strength, hardness, fracture toughness, etc.) to the
matrix material (and, hence, the particle-matrix composite material 15), as necessary or
desired. By way of example and not limitation, at least a portion of the titanium or
titanium-based alloy matrix material may be in an annealed condition. By annealing the
titanilum or titanium-based alloy matrix material, the fracture toughness of the
particle-matrix composite material 15 may be increased or otherwise selectively
tailored. As another example, at least a portion of the titanium or titanium-based alloy
matrix material may be in a solution-treated (ST) condition or a solution-treated and

aged (STA) condition. By solution treating and aging the titanium or titanium-based
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particles dispersed throughout a titaniumor a

ti YRR based alloy matrix material. The drill bit 70

20 may al s, k&at Wethodim&rikihd had tphafie tegilinsemby hal@ diffGent sizes.
bit body 72. The shank 20 includes a generally

cy Funtltirmosd, inosireremviaidimérdy ithegplamalipuifdardphiaferegionsmapmclude or

at R myTsaadA bR 32 Ggthulon ok BoneLskarRgHal. et modal,
g?ﬁ%ﬂ%ﬁlgg?fé r%{‘é%g l\x{hlﬂg flﬁi tBHle& eRibbdifiints the 1826 bhRGesithd AGF have a
substantially uniform particle size. By way of example and not limitation, the plurality

25  of hard phase regions may include a plurality of -20 ASTM (American Society for
Testing and Materials) Mesh hard phase regions. As used herein, the phrase “-20
ASTM mesh particles” means particles that pass through an ASTM No. 20 U.S.A.
standard testing sieve as defined in ASTM Specification E11-04, which is entitled

Standard Specification for Wire Cloth and Sieves for Testing Purposés.



shank 20 may be configured for attachnent of the shank

20 to the bit body 72. The shank 20 al so may include a
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attaching the drill bit 70 to a drill string (not
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the outer wall of the shank 201. "These apertures are
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the bit body 72 to the shank 20. By way of exanple an

15 nothelpagticlermiagix cempasitg snatesiad 1§ thasveaylls swhjecisd to oelatively greater
in_at l.east one surface 14. of t Sego regiqn 76
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may prevent |ongitudinal séparation of the bi't body
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dr Peprigsistastmaterial  ve to the shank 20. In sone
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well bore and rotated while drilling fluid is pumped to the face 18 of the bit body 12

25  through the longitudinal bore 40 and the internal fluid passageways 42. As the PDC
cutters 34 shear or scrape away the underlying earth formation, the formation cuttings
and detritus are mixed with and suspended within the drilling fluid, which passes
through the junk slots 32 and the annular space between the well bore hole and the drill
string to the surface of the earth formation.

30 Another earth-boring rotary drill bit 70 that embodies teachings of the present

invention is shown in FIG. 2. The rotary drill bit 70 is generally similar to the



predom nantly conprised of a particle-matrix conposite
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longltudmally-upper and laterally-inward regions of the bit body 72. The longitudinal

25  bore 40 may extend at least partially through the second region 76 of the bit body 72.
The second region 76 may include at least one surface 78 that is configured for

attachment of the bit body 72 to the shank 20. By way of example and not limitation, at

least one groove 16 may be formed in at least one surface 14 of the second region 76

that is configured for attachment of the bit body 72 to the shank 20. Each groove 16

30  may correspond to and be aligned with an aperture 21 extending through the outer wall
of the shank 20. A retaining member 46 may be provided within each aperture 21 in the



different material conposition. The first region 74

may include a particle-matrix conposite materi al
weowpisE8Ng a plurality of hard phase regi ons PET/US2007/023275

particl es dispersed throughout a titani um or

titani umbased alloy matrix maferial. The second

region 76 of the bit body 72 may include a netal, a

netal alloy, or a particle-matrix conposite naterial .
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10set for ththe BmbadihRnLshoh ik FRG. e iR $6 @RI BilSE A ih@lhdes two retaining

alloys set forth in Table 3, and the 'second region 74
of meimbetsi 46. bBylyay 2f meamploapd netdimitationn eachfretaiménginpinher 46 may

cinsTidsa B et ekl ol i tondJnSigbanberysay e shank 2

ma | n . t forth in
Tan 0 Foy 26 MRt Sn il R ST MO P2 bl e 2, or
t he net The aleckartienl intérfigremdel beyseehahe flgank20i the fetaingng3member 46,
In this configuration, the material conposition of the

151 pud the by bgdy %&mﬁws%roy@e@étlbﬂam@llé ¥RitQsI cleragise pr gap between a
er Qs P i rial .
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maBgtw aylof exuiipsle hid 101 ligfitatibe, asabandiallg @hiP6rmy SapBEBetden about 50
sel ected to enhance nmachinability of the second region
76 magrany @02iinchy andabont hitpicrats (gﬁ% isich) mayle pIQVIﬂGf? bdtween the

hank. 2Q.  The I i n.whi.ch the physjcal ties.,.
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20 ' egp@turds® InmReshahk Deasd theakddvak 1y irleeendray 7of the

met hod of machining that is to be used. For exanple,

if it i bresingeehtercl Rachines, foreesepina silvgi-based 6r asiakgl-based
conventjonal turning,.mlling, .and deillin

¢ oBIFTA gi8anay hepriuded indhe pipaatiqljomiiom enR Bewerne shank 20 and
r e . .
R T b o L
s eoomadditigh embraging.si weJd Q4 hraybe pravided around the rotary drill bit 70 on an

25  exterior surface thereof along an interface between the bit body 72 and the steel
shank 20. The weld 24 and the brazing material 26 may be used to further secure the
shank 20 to the bit body 72. In this configuration, if the brazing material 26 in the
substantially uniform gap between the shank 20 and the surfaces 14 in the second
region 76 of the bit body 72 and the weld 24 should fail while the drill bit 70 is located

30  at the bottom of a wellbore during a drilling operation, the retaining members 46 may



machi ni ng techni ques, which may include the use of
ul trasoni cal |l y-i nduced vibrations delivered to a tool,
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second region 76 nmaybe sel ected to exhibit higher
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t athe bitybodie 72emayr inglude @rmpesal, aimetal dfoy; Reapagickhmiatrix composite

exhi bit,the rticular I rties.or .
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(such as hardness) may be defined ‘'using an appropriate

r ulmatof meterialipéthe pasti¢le-matmxweompoditegnatetial idithe first region 74. In
hysi.cal rties .and characteristi.c f a conposite

et iapal PP BB menBe el iorwdenLthe Bis egihB TR dniine second

of rél%(?ﬁe Y6eSt Vbt BOKS '79%a9r%ogﬁﬁsia%§algf&ﬁfégkﬁgﬁr ah®'at least

exa , erosion and “wear resistance.
I | preglbmadantle cempusedplfa pafticke-niatrixamdnigosite natekiel. used to
formthe bit body 72 shown in FIG 2. Gbnerallﬁﬁ t he

I5pit bodBymayet exdeple andwaf ligtifatipn,ghe firstregigp 74 6f thebitdgdy 72 may
by : r - f ' | ISt 1 on 7 ng the .
oo LRRRE Ebotics B Bl Meelde iy R o, ko g partices

br nge@édthﬁd he& alre@fik ReriaDeddhRisinians oHObLtAE ¥-+HA1RYset forth in
bit body, and sintering the unitary brown bit body to

a dabled ediebptadP) alerssct fortheable 2ner theometagtablg beta &) falloystset forth
oy e SR 25 AR P2 e S 9% e
20 POWEMAA (d) allobis &t 2Qth iMBAbleE | THABdiB o hdbiinYen tH2&EGnd region 74

particles and a plurality of particles conprising a
t i ohihiebmhbody 32 miay ssinprisdrmyede af the y+fralloyssetrfattkin Bble Bythe beta
WY Ao SX TR ALY, of Il ol beth &) allbsa set forth in Table 3. In
this configuration, the material composition of the first region 74 may be selected to
exhibit higher erosion and wear-resistance than the material composition of the second
25 region 76. Furthermore, the material composition of the second region 76 may be
selected to enhance machinability of the second region 76 and facilitate attachment of

the bit body 72 to the shank 20..

The manner in which the physical properties may be tailored to facilitate
machining of the second region 76 may be at least partially dependent of the method of
30  machining that is to be used. For example, if it is desired to machine the second

region 76 using conventional turning, milling, and drilling. techniques, the material



powder m xture 109 may include a plurality of titanium
carbide and/or titaniundi boride particles, as well as

w@2pBusaBy ty of particles each conprising any BET/UR®07/023275
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atb alloys set forth in Table 1, the beta (b) alloys
set forth in Table 2, or the netastable beta (b)
alloys set forth in Table 3. tionally, the powder
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powder conponent 110, shown in G . The di'e 106,

pl phypécal pOPertaomchntaetefistis hingtheghessemtiintantien isG®t limited to selecting
optionally may be heated durjing the conpaction )
pr G Edling i e icgmRPS HeAT RIS 6?%1%5&9&@@)1& the PRgisaler physical
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pl i abl e Cefteifiphisica btopesizahidichaentaistiey oftatdinposite material (such as
provided within a pressure chanber. The first green
polardpessbmgy hedefined gsigg anaAprrapIRterul g el migjureh @ iide@own in the art.
pl [ . L rticles har. .

D A AL BB RO SR ey e detemined
t ogethber relyrt ao heElRe ofmtiefuradl PidVpieRal Propbiticd Mydyeinclude, for
m xture 109 (FIG 3A), as previously described.
Cefexamplesarpsion andavedr gepisianes. nay be machined in the

) t 110 usj i onal ,
Tmon ot LT 2 RAER} o taiply vt PG has PR negsed tp gorm the bi
t eghdy MIGHwIThIHIGNE. Lokl wesSbit BEE 1Y dfl the RfBary drill bit 70 may be

techni ques. Hand held tool’s al so
formed by separately forming the first region 74 and the second region 76 as brown

structures, assembling the brown structures together to provide a unitary brown bit
body, and sintering the unitary brown bit body to a desired final density.

Referring to FIG. 3A, a first powder mixture 109 may be pressed in a mold or
die 106 using a movable piston or plunger 108. The first powder mixture 109 may
include a plurality of hard particles and a plurality of particles comprising a titanium or
a titanium-based alloy matrix material. By way of example and not limitation, the first

powder mixture 109 may include a plurality of titanium carbide and/or titanium



may be used to manually form or shape features in or

on the green powder conponent 110. By way of exanple
w@nasissd i mtation, junk slots 32 (FIG 2) naRCDES2007/023275

machi ned or otherw se forned in the green powder

conmponent 110. The first green_lggwder conmponent 110

shown in FIG 3B nay be at |east partially sintered.
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. . . : Lo tutning .
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10 t OfHa§ al¥BYhaved SuPfab& defifBurk@ tdMAHK khapk af By Eorfib 8P Ee surfaces of the
features in or on the brown structure 111. By way of

ex fingpiregiemnd4 b thd bitbodyt 72n Inseus vedisphctnaess 367 maylde positioned
machi ned or erwi se fqoroed. in the pbrqQqwn structure ..
Tving e s Dt o edbr fupRRb g BasRasto 26 Additional
3D+ : . _
oo LA ol B SO R A k86,
pi stotr320andbdthargepogtdghic fatirasarfalhelfiovagam T oftthi Bit bady 72.

may include a plurality of particles conprising a '
15 i t ani udhemlyngend Pfippabe pdxpncsyg inter thexdigat & phhighafesce using
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| Hiktaid 109, withie tHeali© 10b PAVEEh fifdt Stdeh Powds ddBpoh&R!1908hown in
ity of particles each conprising any of the

a plural
al EH& 3Ba)Thg Idi%l;ﬂ;%, Rlunger dP8.tand theTfibfi powaler mixtargd 09 ppticilally may be
ex I '”h? secon? owder m xture 119 may include a
pl ﬁ%&g?ﬁvn& %‘é‘?‘t{l}?a& 181§px§)§85r?. conprising any of the a+tb
20al 1 oys EPlddifibhdl mBthd@Plo® pressiipy tHf péW&erPRLAuEPL109, the powder

alloys set forth in Table 2, or any of the netastable
bemaxtats) 108] may be pa¢ss¢dmith substaatidlly iSostdtiv prossares inside a pliable,

S I A T O T
previ oushyfirtegeed RRedeptdfpdiehe19%h&wh i FIGSB iy include a plurality
of particles (hard particles of hard material and particles of matrix material) held
25  together by a binder material provided in the powder mixture 109 (FIG. 3A), as
previously described. Certain structural features may be machined in the green powder
component 110 using conventional machining techniques including, for example,
turning techniques, milling techniques, and drilling techniques. Hand held tools also
may be used to manually form or shape features in or on the green powder
30  component 110. By way of example and not limitation, junk slots 32 (FIG. 2) may be

machined or otherwise formed in the green powder componént 110.



with the exception of the absence of a plurality of
hard particles (e.g., titanium carbide and/or titanium
waele@ensde) in the second powder m xture 119. PCT/US2007/023275
Optionally, the powder mixture 119 may further include
addi tives comonly used when pyessing powder mxtures
such as, for exanple, binders Tor providing
| ubrication, during pressing and for providin
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may be machined in the green powder conponent 120 as
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or on the green powder conponent 120. The second green
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plurality of particles each comprising any of the a+f alloys set forth in Table 1, any of

&y, be at least

the beta (B) alloys set forth in Table 2, or any of the metastable beta (B) alloys set forth
25 inTable 3. In some embodiments, the second powder mixture 119 may be substantially
similar to the first powder mixture 109 previously described with reference to FIG. 3A,
with the exception of the absence of a plurality of hard particles (e.g., titanium carbide
and/or titanium diboride) in the second powder mixture 119. Optionally, the powder
mixture 119 may further include additives commonly used when pressing powder
30  muxtures such as, for example, binders for providing lubrication during pressing and for

providing structural strength to the pressed powder component, plasticizers for making



sintered to provide a second brown structure 121 shown
in FIG 3G which has |ess than a desired final
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f i metlingetgilomqued, {reindrilling teshorgees.t Band dwllowolsi lso may be used to
manually form or shape features in or on the green powder component 120.

The second green powder component 120 shown in FIG. 3F may be at least

partially sintered. For example, the green powder component 120 may be partially

25  sintered to provide a second brown structure 121 shown in FIG. 3G, which has less than

a desired final density. Prior to sintering, the green powder component 120 may be

subjected to moderately elevated temperatures to burn off or remove any fugitive

additives that were included in the powder mixture 119 (FIG. 3E), as previously

described.
30 Certain structural features may be machined in the second brown structure 121

as necessary using conventional machining techniques including, for example, turning
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second region 76 (and therefore, the composition of the second powder mixture 119
25  shownin FIG. 3E) may be selected to exhibit substantially similar shrinkage during the
sintering processes.

The sintering processes described herein may include conventional sintering in a
vacuum furnace, sintering in a vacuum furnace followed by a conventional hot isostatic
pressing process, and sintering immediately followed by isostatic pressing at

30 temperatures near the sintering temperature (often referred to as sinter-HIP).

Furthermore, the sintering processes described herein may include subliquidus phase
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transmission medium through which pressure is applied to the structure during

25  sintering. Subsequent to the release of pressure and cooling, the sintered structure is
then removed from the ceramic, polymer, or glass material. A more detailed
explanation of the ROC process and suitable equipment for the practice thereof is
provided by U.S. Pat. Nos. 4,094,709, 4,233,720, 4,341,557, 4,526,748, 4,547,337,
4,562,990, 4,596,694, 4,597,730, 4,656,002 4,744,943 and 5,232,522.

30 The Ceracon™ process, which is similar to the aforementioned ROC process,

may also be adapted for use in the present invention to fully sinter brown structures to a



portion of the second region 76 of the bit body 72, as
illustrated in FIG 3J. In this configuration, the
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the bit body 72 within each groove 16 may have a shape that substantially forms a
partial cylinder. The two grooves 16 may be located on substantially opposite sides of
the second region 76 of the bit body 72, as shown in FIG. 3J.

As described herein, the first region 74 and the second region 76 of the bit
body 72 may be separately formed in the brown state and assembled together to form a
unitary brown structure, which can then be sintered to a desired final density. In

additional methods of forming the bit body 72, the first region 74 may be formed by
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25 include a fluid-tight deformable member, such as, for example, a substantially

cylindrical bag comprising a deformable polymer material. The container (with the

first powder mixture 109 and the second powder mixture 119 contained therein) may be

provided within a pressure chamber. A fluid, such as, for example, water, oil, or gas

(such as, for example, air or nitrogen) may be pumped into the pressure chamber using a

30 pump. The high pressure of the fluid causes the walls of the deformable member to

deform. The pressure may be transmitted substantially uniformly to the first powder
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partially sintered to provide a brown bit body 134 shown in FIG. 4C. The brown bit
25  body 134 then may be machined as nécessary to form a structure substantially identical
to the previously described shaped unitary brown bit body 126 shown in FIG. 3H. By
way of example and not limitation, the longitudinal bore 40 and internal fluid
passageways 42 (FIG. 3H) may be formed in the brown bit body 134 (FIG. 4C) by, for
example, using a machining process. A plurality of pockets 36 for PDC cutters 34 also

30 may be machined in the brown bit body 134 (FIG. 4C). Furthermore, at least one
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25  cavity, and another preform element or displacement may be positioned in a region of
the cavity of the graphite mold corresponding to the internal longitudinal bore 40. The
second region 76 of the bit body then may be formed in a manner substantially similar
to that previously described in relation to the first region 74. If the second region 76 of
the bit body 72 is to comprise a titanium or titanium-based alloy material without any

30  hard phase regions or particles, the titanium or titanium-based alloy material may
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be inparted to the material, and_the general )
pr selubon-trsated andaged T A h @ef‘glegmaelabtﬁ%mrww& qfjappaterial of the
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physi c properties to the nat
ge rethalmadtertaMoé dgditody 1Tases mekesstigion desiredK ilh periefal, titanium-based

alloys may be solution-treated by heating the titanium-based alloy to a solution
temperature proximate (slightly above or slightly below) the beta transus temperature
(e.g., between about 690°C and about 1060°C) for between about one-quarter of an hour
to about two hours to allow the phases to equilibrate at the solution temperature. The
material is then quenched (i.e., rapidly cooled) from the solution temperature to room
temperature using air and/or water. Upon quenching, at least some regions comprising

high-temperature beta (8) phase may be trapped or preserved within the microstructure



the art. As titaniumalloys are generally susceptible

to oxidation, any thermal treatnent process nay be
w@a0080gd8out in a controlled inert environnentPCT/US2007/023275

Optionally, at least a portion of an exterior surface

of the bit body 72 may be nitrj,ded before or after the

bit body 72 has been thermally treated as necessary or

desired, which i ncrease the hardness d/ or the .
wegtthe Bgain%ﬁé%ggﬁo}f ‘Héteﬁg]rlfl pg}eéas}gg[ep P%‘%ﬂ&%‘ﬂ gtate. Upon aging,
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plasma nitriding process in a plasma chanber. The
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(o 9tabfe Bl Bl sl eyl 00 Pl R SRR 9R8 physical
10 ni ?fdp@ﬂiés gAhe mAterial &8 Sth@Sthe aeiral knbwitdize 6 Otho®TdRlifary skill in

a fewmlipascals to several kilopascals or nore and

f otheart j me ranging from for exanple, several mnutes
to several. hours, or i.onal

sel ect e@SSitauium alloys ggfio %r?fe}'graﬂy gl?sglggt %tggégﬁﬁigg,da%y thermal treatment

fona%éésqaaﬁw@aiiewo@mé&ﬁﬁmea ildtCerRirbnesty 72 may be
nitrided using a laser nitriding process. By way of
exanpl e Optidnallyt at least b pbitmm, ofan exxrier sunfacswf fileckst bédyt Temay be

bi t. hody 7 b itri by i di at i th f
55 Rt 50 s Bl LS B BBt 8y o
kvl AT SR B Sy g B e of

supatialetmattik Yompadifeanitedal 15wt thel expasbidaformatiomyngdaging surfaces of
carried out, for exanple, in an_atnosphere conprisin

i thediihodsa3. B ey of erampls skt limsiagor,dhapit bady 72 may be nitrided

pr r . t han about . 0. 02 .pascal.s). Referrin
RS RE Bl i WBEG: R Sy SRS Do S Hipacure for

20 bi torlRdting/Hadiya MtrtihgéMPardui 2d itH8116V8 v &ridsFonPdbos LN °C to about
as, for exanple, a silver-based or nickel -based netal

al 73%°C.the opsineyiap teprevatiens depradaigankhoparagwlarmiptersaliedrapasision and
140{.her It)zprgmgt%%? r}gnyr t?tgliligrrlll 07x§de at or on the exterior surface of the bit body 72
may be removed prior to nitriding. By way of example and not limitation, an exterior
surface of the bit body 72 may be nitrided in an atmosphere comprising a mixture of
25  nitrogen gas and hydrogen gas (e.g., between about 20% and about 60% by volume
nitrogen gas) at pressures ranging from, for example, a few milipascals to several
'kilopascals or more and for a time ranging from, for example, several minutes to several

hours or more.
In additional methods, selected areas or regions of the exposed,

30 formation-engaging surfaces of the bit body 72 may be nitrided using a laser nitriding

process. By way of example and not limitation, an exterior surface of the bit body 72



of the bit body 72. As an alternative to brazing, or

in addition to brazing, a weld 24 may be provided
w@e@snsr4she rotary drill bit 70 on an exteri orPGUUSAOE023275

t hereof along an interface between the bit body 72 and

t he steel shank 20. The brazi material 26 and the

wel d 24 may be used to secure The shank 20 to the bit

body 72. In additional nethods, structures or features
t hataypedvirded be dmadiating the sedadecr dhebit hady Bé withdatense pulsed ion

addi ti 0, ..0r instead of , the brazing,material. 26 .
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the bit body 72 is described below with reference to
FI Gut, foramempledB. anmtmosRefesromipngingmitrdgen gas utden vacuum conditions
apertures 2 1 be provided through the shank 20, as
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28 BsPA 0BT, s iR kPt o A BraBiom i 24 may
10 L 2be lgr&8déd aduRd I rdthlt dri1B b YOSIAM eRdehidr surface thereof along an

perpendi cul ar to the |0ngitudinal axis L70 of the

dr interfapetbet@en the biteely 72atnditint steed slednktA0e The brzingdnatedial 26 and
axis L7 drill bit 70. When a retaini ngi%msnber
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d 7 ini .
Soai s TRCURidRal REROE ARlcRR TRt Y Blde, mechanical

bodhterfetendet My b meedinoaiditicibton o Ngtaad | dfNthe Vrasi@n ndtdrial 26 and
if the groove 16 has a shape ‘cor@ri sing an angul ar
15 sedteldt torsegurgdhe shank 28 tothe bigkodyv@wnAnex@mpls of such aimgthod of

3J f th [ 16. ha shape.t hat, substaptia
¢ opiachind el 2O Kne B850 T2 SA0FOL Rl P IR Atge YFIG 2 ane
NeFEs. 44, MRyfeaid tAFAGNS! v apérfiReOP] i, Bl bfRsRdOthrough the
the second region 76 of the bit body 72 within the

gr slaank 20624 pregionsly dassobiedraiekation &e RIG.&% diach apertrerd emay have a

46 ma secured t.o the shank 20. B X | e
SR G0 aRs SO e T g EA B D DE PRt gar- SRR By way of

201 NekAHINE afdindtiPNEAbE back ¥prtaeld 3 1ICRhy RRE a38bs3MeWRy Elindrical cross
FIG 2, the ends of each retalning nenber 46 may ‘be

we ehtion taod ey exbeadkkh@0gha tlerghank 20 alohgafiazs Ihetassbown heFIG. 6.

end, of each retainin er 46 and the shank 20. hi
adg.ih?io&ﬁ’é‘i’“ UhEnRRER Q?gaéf BP%‘?Fﬁgl Yt Eéhl%ﬁpﬁ@ay%e such that each

g?tagig i(I:%l 1}‘!3?:3? Hfr&ﬁg VM‘% iﬁbrggl?stﬁxziaﬂ§ B eSS YRR Toh AR Sis Lyg of
the drill bit 70, but does not intersect the longitudinal axis L of the drill bit 70.

25 When a retaining member 46 is inserted through an aperture 21 of the shank 20
and a groove 16, the retaining member 46 may abut againsf a surface of the second
region 76 of the bit body 72 within the groove 16 along a line of contact if the
groove 16 has a shape comprising an angular section of a partial toroid, as shown in
FIGS. 31 and 3]. Ifthe groove 16 has a shape that substantially forms a partial cylinder,

30  however, the retaining member 46 may abut against an area on the surface of the second

-region 76 of the bit body 72 within the groove 16.



and the shank 20. In still other enbodi nents, threads
may be provided on an exterior surface of each end of
w@2amk/05E8ai ni ng nenber 46 and cooperating thr eBdBUSEY7/023275

be provided on surfaces of the shank 20 within the

apertures 21. Referring again,go FIG 2, the brazing

material 26 such as, for exarrp e, a silver-based or

ni ckel - pbased net al aIon be. provided in t
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bit body 72 and the shank 20. the matéri al
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be substantlally tapered. Furthernore, a shrink fit or

bl ebali oot i
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20 Ccogypanition v@lthe/ bit bolyde fivm ftheCélﬁﬁk QO heftb psevehting loss of the bit
tungsten car bi de di spersed throughout a copper - based

al besly Heainrthswalleasei al . Copper al I oys general |y exhi bit

a li neafrbﬂgiﬁf f i g Hm?f L heb éhf)xl?a%ﬁsjo to tflecgllt:')bog}fl 72, only one

bet ween
retaining member 46 or more than two retaining members 46 may be used to attach the

shank 20 to the bit body 72. In yet other embodiments, a threaded connection may be

25  provided between the second region 76 of the bit body 72 and the shank 20. As the
material composition of the second region 76 of the bit body 72 may be selected to
facilitate machining thereof even in the fully sintered state, threads having precise
dimensions may be machined on the second region 76 of the bit body 72. In additional
embodiments, the interface between the shank 20 and the bit body 72 may be

30  substantially tapered. Furthermore, a shrink fit or a press fit may be provided between
the shank 20 and the bit body 72.



mm nC (at roomtenperature), tungsten carbide

generally exhibits a linear coefficient of thernmal
wexpansisen of between about 4.0 mi nC and 7.5 Per/Dg2007/023275

and conventional particle-matrix conposite materials

conprising particles or regloqﬁ)of tungsten carbi de

di spersed throughout a copper-based alloy matrix

mat er i aI eneral ]y exhibit a linear coefficient
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other refractory material) in which a bit body may be
.casitanusn pgybsla ekhipas 4 limdaeeaefificient of thermal expansion of about 7.4 um/m°C

25  and titanium diboride exhibits a linear coefficient of thermal expansion of about 8.2
um/m°C. Therefore, particle-matrix composite materials that include a plurality of
titanium carbide and/or titanium diboride particles dispersed throughout a titanium or
titanium-based alloy matrix material may e€xhibit a linear coefficient of thermal
expansion of between about 7.5 pm/m°C and 9.5 pm/m°C. As a result, the

30  particle-matrix composite materials described herein may exhibit a linear coefficient of

thermal expansion that is substantially equal to, or less than about double, the linear



conposite materials. Therefore, by using the
particle-matrix conposite materials descri bed herein
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or eartt-Béri ﬁn@&ﬂﬂ@ﬁm regions are readily
identifiable. I n additional enbodinents, the bit bodﬁ
72 may Thebibedyigrseipasly d%ﬂb%ﬁiemi@an@hpwg ingl{Ce gy be formed

conposi t and..t atial e. vari ous :

° CHRERElR07 sy R PRR B O RRorRke hin iR o thebi
b 08ydy"2 dMBWnREFIGDI (ﬁféludﬁl@nﬁﬂra‘tlbh h‘}%ﬁfo@E &Swéllas powder pressing and
addi tional bit body 150 that enbodi es teachings of 'the

pr sigteningineeglaods).on. The bit body 150 includes a first

{he. or ol MECHhEHEEARENTOR Kihk %o e B )53 33 1SR g distnc

Fl Ggichs fdieng Hfa?éri‘aﬂ%%m?a&w@%" V&In‘EeaI{ '1&e°1’ﬁ1ﬁ599't9ﬁn&§§ &Nfhterface

t he "'second regi on generally fo
therebetween. In additional embodlments the matenal composmon of the bit body 72

may be continuously varied between regions within the bit body 72 such that no
boundaries or interfaces between regions are readily identifiable. In additional
embodiments, the bit body 72 may include more than two regions having material
compositions, and the spatial location of the various regions having material
compositions within the bit body 72 may be varied.

FIG. 7 illustrates an additional bit body 150 that embodies teachings of the
present invention. The bit body 150 includes a first region 152 and a second region 154.
As best seen in the cross-sectional view of the bit body 150 shown in FIG. 8, the
interface between the first region 152 and the second region 154 may generally follow

the topography of the exterior surface of the first region 152. For example, the interface



t he topography of the exterior surface of the first
regi on 152. For exanple, the interfacemay include a

w@bwsabisgy of | ongitudinally extending ridges BEGSBUS2007/023275
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depressions 158 corresponding to the bl ades 30 and
junk slots 32 that may be pro$2ged on and in the
exterior surface of the bit bédy 150. In such a
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of the present invention are described herein in .
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fromthe scoge of the invention as hereinafter _
cl ai medWhile thejgres¢rdnnvention hascheeh desaribad henelyodithreaspeaity certain

be canbi.ne ith features of another enbodi nent. while .
ot PR odi R i JEE 0T kb D e Panh ecpiu® and dppreciate
| NyRRt 9 RoAS RRAREE MRaAEEIndY ddaRionSVERMHRLS and HollTR%tions to the
the invention has utility in drill ‘bits and core bits

haprefigrediehfbed enentemely bamadagithout dgrading fesn te segplel of g invention
¢ “55 }?erreitnxgeersclacl:anécli.Nﬁl addition, features from one embodiment may be combined
with features of another embodiment while still being encompassed within the scope of
the invéntion as contemplated by the inventors. Further, the invention has utility in drill

bits and core bits having different and various bit profiles as well as cutter types.



What is clained is: 1. Arotary drill bit for drilling
a subterranean formation, the drill bit conprising: a
Wheaoslosmdyo conpri sing a particle-matri x conposi PEI/US2007/023275
material, the conposite material conprising a
plurality of hard phase regiqg? di spersed t hroughout a
titaniumor a titani um based Toy matrix material;
and at | east one cutting structure di sposed on a face
of the bit body. 2. The rot&AIMS 1| bit of claimi,
further conprising a shank directly attached to a
region of the bit body conprising the particle-matrix
coypbistctimrigrial. 3. The rotary drill bit of claim
2, further conprising at |east one retaining nmenber
extendi ng through at | east a portion of an outer wal

of the shank and a i ng ai nst at |easf one surface, .
50of the bit béd9t,af>h€f§i1§%?%r£?§hl?& S PObTEAREE EAGRR tia Al bit

Sh@é}h%‘ﬁti retai ning menber, and the bit body at |east
parti 1V secur i ng the shank to the bit body. 4. The

I 04 Bitbody tdrhpriXifg Opardiolg-redtfix 0dmpbsifeBatdridl the deMpSsite material
wherein the titaniumor titaniumbased alloy matrix

mat er i aforaprisinga ploralite ot kardrabase regionsahynersed shranghpupa titanium
titani um al.] o of & b tita&i umtal.llpms. The rotary
drill bPt? “%‘HV e Ay WRRARAE e h#lugh 4, wherein
110 t hgx 1bast A4 SMiRY sthichROLPdRAIAE BEd ShdHE bbay. mat eri al
of the conposite material conprises at |east about

87.5 wei ght percent titanium approximtely 6.0 weight
percent _al um_hum and _approximately 4.0 wei.ght percent
vanadi uf 6. ?ﬂ%mﬁwgw bifrqficlaim; ly %ef{heaﬁvna%%%? shankidirgctly

a1 PO BB hestRERlehil i PRLEUN B4t B GR e

anmiatdrial. of at | east one of tin, copper, iron, and
carbon. 7. The rotary drill bit of any one of clainms 1
15through 6, wherein the plurality of hard phase regions

conprisgs at.J east ane.of I | Lty of ti.tani,um

car bi deg‘par t F%? ey gn Ib}ﬂtroﬁﬁﬁ)?}%?u%%gwwl%?ﬁ 18%“ one

Pafrdidifing menditd edterditg Hrbigh R fcabtdttiSNoPA buted WAl of the shank

di spersed throughout the titaniumor a titanium based

al amjg/ahmmg' agaimat atd¢aat one surface of the bit body, mechanical interference
between the shank, the retaining member, and the bit body at least partially securing

20  the shank to the bit body.

4. The rotary drill bit of any one of claims 1 through 3, wherein the
titanium or titanium-based alloy matrix material of the composite material comprises
an a+f titanium alloy or a B titanium alloy.

25

5. The rotary drill bit of any one of claims 1 through 4, wherein the
titanium or titanium-based alloy matrix material of the composite material comprises
at least about 87.5 weight percent titanium, approximately 6.0 weight percent
aluminum, and approximately 4.0 weight percent vanadium.
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8. The rotary drill bit of any one of clains 1 through

7, wherein the bit body conprises: a first region
whamwsngr489 first material conposition, a surfackCDiS1008023275

first region being configured to carry a plurality of

cutting elements for engagingsgn earth formation; and

a second region having a second materi al conposition

differing fromthe first material conposition. The
rotary @ril | The fotay delléaltrﬁfamym%pfa@ﬁlmswethmgbé wherein the

Mg o CATRARLbIs0N  F LA S Ao A RLARASS P Ge

mat e APOSI“t 1 on " ex
haﬁl%@%ofath@ass&fecxﬁdxmaéﬁaﬁﬁmbmm@ﬂb&ﬁs than the
first hardness. 10. The rotary drill bit of claim8 or
claim?9, mhereln the first region conprises at | east

Shardnesd of P %‘?dﬂﬂg}a %tbﬁgf‘a?m%séd%w (e Gerein the
Egh‘%ﬁﬁﬁfo{sl%‘h has@'? st léﬁf Kotz ffa%hﬁﬂg/ of tltz%nbslm

rises at [east ne o an atb a
al taapide @uﬁi@@s,aa plugdityis Rithgiuglhbeerle paftictyscaided pludality of tungsten
about. 100 MPa- . 11. The rotary drill bit of any one |
of p@tlaheﬁdlsserﬁmtbwﬁhqlo thetapiainmon sidtagisgobased aldeyomatrix material.
conprises a titanium based beta (b) alloy.12. The

rotary drill bit of claim1l, wherein the first region
10 conpri sgs ongh®fotaryldrilldi sinhaaedf Heinds K thtoudh! D Whereth fe bit
titanium based a+b alloy. 13. The rotary drill bit of

anbOQmﬁmuﬁwc$alnB 8 through 10, wherein the second
i.on Cco I ses titani ym based a+b allo
o G rEioT hasgpia Bt il iosnp%ﬁmﬁ Surftcs Of ihedirs, raiop eing

conpris
T ant oy BRn s ol p pRRAINTL PeqRts PRhEnts Ty Slenfe B Gy
any onefomatibmiang 1 through 14 further conprising a

I ayer of titaniumnitride disposed on at | east
15 poRseceRd sgien hayingatecond maieriabeommpostion|diffenng from the first

conflguBﬁﬂﬁépaﬁﬁg%g% a subterranean formation during

drllllng ro ary drill bit of any one of

claims 1 through 15, wherein the particle-matrix
conposite material exhibits a |linear coefficient of

t her mal 9expahbe mﬁaratdnildntmfwéama& achgresn tfe fhysttrgtenal gbmposition

7 exhngdts byl lqargness an(? the seconq(r:natenal composition exhibits a second

20  hardness, the second hardness being less than the first hardness.

10.  The rotary drill bit of claim 8 or claim 9, wherein the first region
comprises at least one of an o+f alloy and a beta (B) alloy having a hardness of
greater than about 350 on the Vickers hardness scale, and wherein the second region

25  comprises at least one of an o+ alloy and a beta (B) alloy having a fracture

toughness of greater than about 100 MPa-m”.

11.  The rotary drill bit of any one of claims 8 through 10, wherein the
second region comprises a titanium-based beta (f3) alloy.
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17. A nethod of form ng an earth-boring rotary drill
bit, the nethod conprising: providing a bit body

W@pNFEBNg a particle-matrix conposite nmateriBCT/US2007/023275
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providing a bit body conprising: providing a green
powder conponent conpri sing: gyﬂlurality of particles
each conprising a hard material”; and a plurality of
particles each conprising titaniumor a titani umbased

al | oy mhieri dhe raipy dal bicefsdlaipall, wherejn @ﬁrﬁr&trr?gign pqngprises one
.powd - i dj h i
? oP PR TR Fhiq Pl ) inSREH GRE, 01 e

shank directly to the bit body. 18. The nethod of

claim17, wherein at |east partially sintering the

green pddder Thongaryahidl wbefrnyoes opeatnsad thyoughntOewhergin the

the green. powder . conponent to forma brown structure;

naéﬁm%m?ﬁfgel COMRRLiSES B HIAfba8 T8 AIRE br own st r uct ur é:

and sintering the brown structure to a desired fina

density. 19 The nethod of claim 17 or claim 18,

f ur t.her 140 Ths rat@ryiridMiitbidaim 133 yeieredd theifiretieglon comprises one

nitride on at |east a portion of a surface of the bit

bo@fa tnfungbesed bet (Ehgiayeand adtitprivm-basederf dlayat i on

during drilling. 20. The nethod of any one of clains

17 through 19, further conprising machining at |east

one feafyre imfe tdiGrydfrBEslt PONGVne SPBRAENhrMgha4, hiiRE

| east partially sintering thé green powder conponent.
comprising a layer of titanium nitride disposed on at least a portion of a surface of

the rotary drill bit configured to engage a subterranean formation during drilling.

16.  The rotary drill bit of any one of claims 1 through 15, wherein the
particle-matrix composite material exhibits a linear coefficient of thermal expansion

at room temperature of between about 7.5 pm/m°C and about 9.5 pum/m°C.

17. A method of forming an earth-boring rotary drill bit, the method
comprising:
providing a bit body comprising a particle-matrix composite material, providing a bit
body comprising:
providing a green powder component comprising:
a plurality of particles each comprising a hard material; and
a plurality of particles each comprising titanium or a titanium-based
alloy material; and
at least partially sintering the green powder component;
providing a shank configured for attachment to a drill string; and
attaching the shank directly to the bit body.

18.  The method of claim 17, wherein at least partially sintering the green

powder component comprises:
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partially sintering the green powder component to form a brown structure;
machining at least one feature in the brown structure; and

sintering the brown structure to a desired final density.

19 The method of claim 17 or claim 18, further comprising providing a
layer of titanium nitride on at least a portion of a surface of the bit body configured

to engage a subterranean formation during drilling.

20.  The method of any one of claims 17 through 19, further comprising
machining at least one feature in the green powder component prior to at least

partially sintering the green powder component.



