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FIELD OF THE INVENTION

2 This invention relates generally to improved refractory
metal plates usable as éputtering targets and for other
purposes to form a plate with high purity, fine grain-size,
high-strength, uniform texture structure.

BACKGROUND OF THE INVENTION

3 Sputter targets are used in a plasma sputter process to
produce thin metal films that are used in various
applications, for example as a surface on which vapor bubbles
are formed in an ink-jet printer, and for another example, as
a barrier layer between copper and silicon in an integrated
electronic circuit. Thin films of tantalum oxide are also of
practical value, for example in wavelength-division-multiplex

(WDM) devices, and, potentially, in electrical capacitors.

4 Refractory metal sputtering targets exemplify a broader
need for microstructural uniformity in refractory metal
plates. With targets made by prior art, the heterogeneity of
texture found in the spuﬁtering target plate manufactured with
known processes cause unpredictability in the sputtering rate
(defined as the number of metal atoms sputtered onto the
substrate per impinging sputter gas, such as argon ion).

Also, heterogeneity of texture causes heterogeneity of the

direction in which sputtered atoms leave the target.



direction in which sputtered atons | eave the target. 1 9 AUG 2005 WD

02/ 070765 PCT/ US02/ 05033 2 Unpredictability of sputtering rate and19 AU
sputtering direction causes variation of the thickness of the film prg(méed
from point to point on the substrate, and al so causes variation of average
t hi ckness of the film produced on the substrate from substrate to sustrate,
and fromtarget to target. 5 In many sputtering applications, the thickness
of the fil mwmodborgs i me i nportance and needs to be contpcaldsemsosel osely. In
integrated circuits, for exanple, too Ehi nafilm wll not provide a
barrier, and too thick a filmwll bloCk a via or trench. In WM devi ces,

t he tant al unugpdedecdamietty tdii eknessingeatdset mdepuetsriclgogerd@ione- quarter of

a wavel engt b, .t j,'aicgﬁ] o%a%ﬁe%iktaﬁggsggéi%he {f%éﬂ\kk%ohnkgé<@gﬁ of the film

deposited is not wthin e rang‘flf speci fi esi gner, the device
will not be PP b REERYi T, FRaEnd e3¢ ofaf CBPSTRMNEF S TPe®p to the
poi nt of tesavdragkogticknssned hibe ridpni proguce@wor khe ssubstratd Yrpossi ble. 6

The aspect ofuspubterdonguperfar nBice-vhiGhgbs dstrfwrd to achieve is
uniformty of thickness of the thin film produced on a substrate over its

whol e area, which is usually of the sanme shape as the target, but sonewhat
smal | er. 5 Typi calfPy™ansh EPe FeN9atrRP A GRS ethft &hpalraassePt thke t hi ckness
of the thin filmmiatofamyige Viemoptamte bsd acedsd bef cotthelatdns t hat have

! ?ndedf at ht htaiosm%.nt -Ir?lv@?@e aéglraocsitt}lcm@srrs fowt A}Ja%n e RMenfd E{rfﬁ%n;;]i {cul ar
2i (raguloar a?egf%lg%%gpemf’g(riegeaf b\?\;rffgrbexg?p%%z %jscé‘eraeggiﬁv%g#%g&cﬁs? ‘?’heref ore,
if the sputverioAgtyer® of ISURH dCicPEl ebestaelymnecifitet@iReT the circle
‘lies on the swid@aess afectihetd aegesyy aldbse nof bhengpbre@erdreat |y uni form
thi ckness wi Lvéveh.%ng@rp%?fi El@g’li'éﬂl:e&a%sgﬂgrt@mough it. If the thickness

of the film deposited is not within the range specified by the

designer, the device will not be fit for service, and the

total cost of manufacture up to the point of test is lost,

since no repair or rework is normally possible.

6 The aspect of sputtering performance which is most hard
to achieve is uniformity of thickness of the thin film
produced on a substrate over its whole area, which is usually

~of the same shape as the target, but somewhat smaller.
Typically, the target and substrate are parallel. The
thickness of the thin film at any given point is a result of
the atoms that have landed at that point. Most of those atoms
will have come from a circular area of the target centered
directly opposite the given point. That circular area 6n the
target will be of the order of 1 cm radius. Therefore, if the
sputtering rate of such a circle is the same wherever the
circle lies on the surface of the target, a thin film of
perfectly uniform thickness will be deposited, unless there
are features of the equipment or its operation which cause

non-uniformity.

7 The sputtering rate of such a circle, defined as the
average number of atoms sputtered from it per second, will be
an integral of the number of atoms sputtered from each grain

within the circle. Grains with different orientations sputter



are features of the equipnent or its operation which cause non-uniformty.

7 The sputtering rate of such a circle, defined as the average nuti§epUBRNs
atons sputtered fromit per second, will be an integral of the nunber of
atons sputtered from each grain vvithi nthe circle. Gains with different
orientations sputter 1 9 AUG 2005 WD 02/ 070765 PCT/ US02/ 05033 3 at different
rates. Thus if circle #1 is made up predom nantly of grains with
orientation A, where Ais a slow sputtering orientation, it will have an
overal |l sputVee¥tigicsrate slower than circle #2, if circPeV¥2P¥3hade up
predom nantly of grains with orientatizon B, where B is a fast- sputtering
orientation. However, if each circle is made up of the same mx of grains
(for exanpl &% %féﬁé?ﬁqﬁa’ﬁt:?%/ AThef ¥orirgifothets dedfprRe, an constant nix of
grai ns w t hppedoeihait t 19N oA gedithsgwatmerweritatanh emt aheos B)is & halsputteri ng

per formanceg M‘ééehhémﬁq\éﬁtaér%r eiQrﬁ,ll%al{%' £armd.xt urs Repvifes a nore
controlledfl hlckn%ﬁls becau rate i.s nore predictable. 8

S utte
US Pat. r%t%I? o¥38 SHRNTGT g% &t% RS %19’ Mt &E8r® t hroughout the
pl ate thi cknes@nflnmltyhefo@r@meﬂg@ roieH@tiece ewhefe tthé sph atast-However,
the strain Bpstkyn®fodik@ratier | Bbwedbr] e cobh &fidcsedid feaenip forom t hat at

the edge. . The dillSrencecpeaiy s -duid i PeLOLIRLLIN. B 90002 Lophen the

material is upset-forge ring upset erial at the edge or
hi gh radi usa@%”c%era FtRICat & | SPEF20T Mt re ﬁral%é”%t%?%eéita‘é“to“t Re center of
t he pl ate ornd awaiadiwishgetsergatiowd)evele sbustering peafortnecd op or bottom
surface andy@1hiigBrot&Velrhdfeireai 4 unk Fbin it%x@&remdio{rftiﬂaeﬁ&e Even after
anneal i ng, roI I |Or1? anfl ret lé}malslsnlgéca'glgg t__qli Sretne(;:erl nostrain woul d be
expected to “8F% ure.

. predictable.

8 US Pat. No. 6,331,233 in Turner asserts uniform texture
throughout the plate thickness from the outer edge to the
center of the plate. However, the strain history of the
material at the center is different from that at the edge.
The difference occurs during "Deformation Stage 2," when the
material is upset-forged. During upset forging, the material
at the edge or high radius gets a moderate level of strain.
The material at the center of the plate or low radius gets a
low level of strain near the top or bottom surface and a high
level of strain if it is at mid-thickness. Even after
annealing, rolling and re-annealing, the difference in strain

would be expected to affect the texture.

9 Even with state-of-the-art sputtering equipment, it is
impossible to control the variation of thickness of the thin
film from one point on the substrate to another using targets
with non-uniform properties. Partial, but not total, control
of variation of thickness from substrate to substrate, and
from target to target, is possible using test—piecee. Use of
test-pieces, however, is time-consuming and costly. Use of
forging techniques, such as upset-and-forge-back, with
recrystallization heat-treatments that introduces redundant
work and thereby improves homogeneity of microstructure is
well known. However, such techniques are susceptible to cause

various types of defect in the worked metal, for example



9 Even with state-of-the-art 'sputtering equipnent, it is inpossible to
control the variation of thickness of the thin filmfromone poig cArl]J tlﬁb?
substrate to another using targets wth non-uniform properties. a?t gl

but not total, control of variation of thickness fromsubstrate to
substrate, and fromtarget to target, is possible using test-pieces. Use of
test-pi eces, however, is tinme-consum ng and costly. Use of forging

t echni ques, swaboasssupset - and-f orge-back, with recryst ackuwgabsen
heat-treatments that introduces redunqant wor k and t hereby inproves
honbgeneity of mcrostructure is well” known. However, such techni ques are
suscept i bl ectarkzauseldsv and QS -EN4es , Obn@Weffeghidmwibe »waukedraet al , for

exanpl e 1 Ipfod3Y0R O AERER L @Q@%Qéﬁ’%% ds&d aa%k?%rge@sds and

m s- shapes, ~any o Ich w educe t roportion o e wor ked net al

whi ch can bé&*TsEGSE (FRPgEI D) ¢i etS RETRESEHE 3F &P8) 2 tfRé2hbrBpensity of the
mat eri al tocrarkadk ¢&-eof rednaeddor detayynhedt taqn itemperatureniertature in the
regi on of 59@{idrpo?ﬁﬂﬁ°f‘(1{(o bher @ﬁgim @t@ﬁiﬁltgi gﬁs@satbeﬁs,_s;&hf sﬁlﬁflti Eg i's
expensi ve, es. e wor k- pi ece_har der an SO i nal shape is
Futher "7 ot HEdts P ER S F o Bad ey W BLTHT "PRCa Prit it | n okygen
content, par&P ciisafiyrinehrre tilfefutieaceronnttse, dasied $hePgl ngEechni ques

(t hose genemal |pesuktiown aasingreate biar okpge Rty eppriaduchrW hBat ext ure

that, althe LSy i rd £S5 W t ggpc%;ég, er out to
t he edge. ggl(;gf p%ﬁe?%%i a‘JI%FB%P ﬂot(}%(l:l\r{\\é}rliéé@l é%ﬁ\%gvggﬁenr%?g%m texture is

[ es 1Q
al so known. “FoWieder P1%te &eh )qlﬁ’égea‘?r YeherEh §SHoE S prEter red because
of hi gher cesthougangbsyamsie iconsttiegavedh poddey. part ssheayenuesl ude voi ds,
"and nmay i nohtud® RBa-dmwfal i bhChdisiepnssthotbnofeshhiciiear € undesirabl e for

sputtering Repf QMBRCA rmllefifrel 1€ AULPRREMOT HIflGLNVERLLON, the texture is
techniques are generally not preferred because of higher cost,
and because consolidated-powder parts may include voids, and
may include non—metallic'inclusions, both of which are

undesirable for sputtering performance.

10 For the purpose of the invention, the texture is
described as uniform when the texture of one area of an
article is not measurably different from that of any other
area of the article, except as expected from statistical
theory. The uniform texture is not dependent on the size of

the article or size of the area.

11 It is therefore an object of the present invention to
provide a sputtering target that improves the predictability .
of the thickness of the films produced, and thus improve the

ease of use of the targets.

12 It is a further object of the invention to provide
classes of tantalum and niobium products of enhanced

microstructural uniformity and method of making the same.

13 It is a further object of the present invention to
provide a sputtering target manufactured from a given mass of
tantalum ingot, thus improving the cost-efficiency of the

process.



descri bed as uni formwhen the texture of one area of an "article is not
nmeasurably different fromthat of any other area of the article, except as
expected fromstatistical theory. The uniformtexture is not depeh@ b 1Mk
the size of the article or size of the area. 11 It is therefore an object
of the present invention to provide a sputtering target that inproves the
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ease of use of the targets. 12 It is a further object of the invention to
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m crostructural uniformty and nethod ©f meking the sane. 13 It is a further
obj ect of the present invention to provide a sputtering target manufactured
froma given mass of tantalumingot, thus inproving the cost-efficiency of
the process. 1 9 AU6 2005 WD 02/ 070765 PCT/ US02/ 05033 5 SUMVARY OF THE

| NVENTI ON 14 The present i rfRMEROPOFCTHPrINGESTEONTEt hod of form ng sputtering
targets and other plate products fromingots of refractory netals of

requisite, purity, gy Egerﬁggg9§3E§§1C&ggﬁingé}h%tkgg%& t9 short |ength pieces
and pressure moriyn the pi'eces al on af?erng}ing essen?FéPly ort hogonal
work axes. SPHEEPTEE B eehfine’] LtAPE RIFHPI PSthebessargriso ést abl i sh a

uni f or m t extrefeadrougdtailts dbherdoat gette punttwdiynghs heocens ert.  The uni form

texture is %u%ubé@[ ARkl Aldot EONHARL 18 nOph; KA BIa PMBuAL kepLatld on {100}
and (111), where these sets.o | er indices of the

f nunbers refer to the M
set of cryst&Fl BYiRi 2105 ShESTHAL T SSFSPAT Y 8Ftrh°egéi’PF‘£7 BEFaft - to the
sputtered dutftarediaTheameass ane pPRIGIK ge diaresepenttat perrtlieheby i nproves
sputtering pektermiargeuly tprovdihulgtige MAFGet, including the center.

The uniform texture is a substantially constant mix of grains
with orientation {100} and {111}, where these sets of numbers
refer to the Miller indices of the set of crystallogrphic
plane that is parallel or nearly parallel to the sputtered
surface. The constant mix of grain orientation thereby
improves sputtering performance by providing a more

predictable sputter rate to control film thickness.

15 Additionally, the present invention offers a process that
produces a high purity refractory metal material having a
unique combination of fine grain structure and uni form

texture.

16 The invention is applicable to plaEes of flat or curved
forms (including roll-up to cylinder or semi-¢ircular or arc
or conical forms). The plates can be used to advantage on
account of their microstructures and grain uniformity as
sputtering, furnace parts, aerospace and engine parts, as
products of containers and patches for highly corrosive
chemical environments. The plates can also be unbroken or can
be drilled with holes or can be an expanded mesh (slit and

edges pulled) .

17 Other objects, features and advantages will be apparent
from the following detailed description of preferred
embodiments taken in conjunction with the accompanying

drawings in which:



predictable sputter rate to control filmthickness. 15 Additionally, the
present invention offers a process that produces a high purity refﬁ&q‘(mg?%
netal material having a unique conbination of fine grain structure and
uniform texture. 16 The invention is applicable to plates of flat or curved
forms (including roll-up to cylinder or sem-circular or arc or conical
forms). The plates can be used to advantage on account of their

m crostruct umeszandsgrain uniformty as sputtering, fuprogeszpasss,
aerospace and engine parts, as products of containers and patches for

hi ghly. corrosive chem cal environnents. The plates can al so be unbroken or
can be drilled with holes or can be an expanded nesh (slit and edges
pulled). 17 O her objects, features and advantages will be apparent from

the foll ow ng detail ed desc;ﬁ;f;ti on of %ef erred enbodi nents taken in

conjunction with the acts FREFTIENaWF ng€ PRAIER: 19 406 7005 WO
021070765 PCT/ US02105033 BRI EF DESCRI PTION OF THE DRAWNGS 18 FIG 1 is a

flow charg of therqrecess eiowrd pref est ede WHhedi et pfetdiecpr esent
i nvention; WG 2 igﬁ?‘&%@@t %QEZ;PJ%%E&I antalumtarget made according to
20 AN {

the FIG 1 process; 4 are simlar photos of used tantal um
targets nmade with coarse-grained or banded texture material; 21 FIG 5 is a
magni f i etb phot ogFaph2( 4@ phsiogirepharf) a Edduadtmatduygttdwedegrai n ori entati on

in imging rdechPSGRPEo SHRL §1¢ 0fL Brhdidsi;al cross-section of a target, show ng
the orientation of each grain relative to the normal direction according

to the present invention; 22 FIG6 is a magnified <f)hotograph (400 m
scale-ba?§ FIGS. 3 and 4 are similar photos of used tantalum targets

. made with coarse-grained or banded texture material;

21 FIG. 5 is a magnified photograph (400 um scale-bar)
illustrating the grain orientation in imaging microscope shots
of a partial cross—-section of a target, showing the
orientation of each grain relative to the normal direction

according to the present invention;

22 FIG 6 is a magnified photograph (400 um scale-bar)
illustrating the grain orientation in imaging microscope shots
of a partial cross-section of a target, showing the
orientation of each grain relative to within plane direction

according to the present invention;

23 FIG. 7 is a magnified photograph (500 um scale-bar)
illustrating the grain orientation in imaging microscope shots
of a partial cross-section of a target, showing the
orientation of each grain relative to the normal direction

according to the prior art;

24 FIG. 8 is a photograph illustrating a macro-etched
surface of a plate formed according to a known prior art
process illustrating the non-uniformity of the surface

texture; and



ilTustrating the grain orientation in imaging mcroscope shots  of a parti al
cross-section of a target, showng the orientation of each grain,ge % %

to within plane direction according to the present invention; 1& W

a magni fi ed photograph (500 mscale-bar) illustrating the graln orlentatlon
in imagi ng mcroscope shots of a partial cross-section of a target, show ng
the orientation of each grain relative to the normal direction according
to the prior art; 24 FIG 8 is a photograph illustrating a macro-etched
surface of a%%P®74Sor med according to a known prior ar tPCTHSERSES _
illustrating the non-uniformty of thessurface texture; and 1. 9 AUG 2005 WO
02/ 070765 PCTI US02/ 05033 7 25 FIG 9 is a photograph illustrating a
macr o- et éhed suFf@cd of aa phloaprerdmy rbtudcesidd iy meoretrEcpe@sent i nvention

i [ lustratingsudigcaindd arpideye 0brddie aguof@ce texiHy preddntAL LER HESCRI PTI ON OF

PREFERRED Egﬁ%f'ﬁ%%gz%\%ﬁ%rt i ??}egﬂ%ogh&ac]e t%sa'&'tsl ce of a pref erred

enbodi nent e present inventio st eps tarts with a
refractory netal ingot 11, preferably tantalumingot, typically of 8"

di aneter of very high purity, preferably 99.999% wth an inpurity content
suitable for the end use. After cleaning the surface of the ingot by

machi ning, the i ng-?%é%gcﬁfgﬂohnbﬁ'ﬁE M%@&%g | engt hs bet ween

1.5 tinmes and 3 ti raneter, —or “approxi inches to 24
inches. The first forging operation (step 14) reduces each initial
wor kpi ece612 al oNgwitefekong ttudFT@al laxpsadnicd5f @ bb&fedredaf orm first forged

wor kpi ece 16amfshfsind QEOGL ég&@qgvé&ldns amﬁdagwgy ed) (&leRs18) at high

t enper at ur e, efe i.n vacuum.or _in 0 cause
1 ey ent
recrystalli za]th[“on ggagtory 636 1ngo pRbrer a0 PR,

. typlcally of 8" diameter of very high purity, preferably
99.999%, with an impurity content suitable for the end use.
After cleaning the surface of the ingot by machining, the
ingot is cut into initial_workpieces 12 of lengths between 1.5
times and 3 times the diameter, or approximately 12 inches to
24 inches. The first forging operation (step 14) reduces each
initial workpiece 12 along its longitudinal axis by 35 to 50%
to form first forged workpiece 16. First forged workpiece 16
is then annealed (step 18) at high temperature, preferably
1370°C, in vacuum or inert gas to cause recrystallization to
produce a second workpiece form 20. The second forging
operation (step 22) is then applied to forge the second
workpiece form 20 in the longitudinal axis substantially back
to approximately the diameter of initial workpiece 12, ranging
from 80% to 120% of the diameter of initial workpiece 12. '
Second workpiece form 20 is laid on its side and flat or
curved dies, such as swaging dies, are used to draw back forge
in second forging operation (step 22) the second workpiece
form 20 to form third workpiece form 24. This is done by
impacting with sufficient force to substantially xregain the
original shape of initial workpiece 12. Second workpiece form
20 1s turned between forging cycles for even cold working to
induce a constant strain through the piece. All forging is
done at rocm temperature with allowance for natural heating of
the workpiece. However, it is preferred that the workpiece
not exceed 800°F. All forging is preferably done on a press,

rather than a hammer, to reduce the strain rate and allow



produce a second workpi ece form 20. The second forging operation (step 22)"

is then applied to forge the second workpiece form20 in the | onpgtaugige!
axis substantially back to approximately the dianeter of initial workpiece
12, ranging from80%to 120% of the dianeter of initial workpiece 12.
Second workpiece form20 is laid on its side and flat or curved dies, such
as swagi ng dies, are used to draw back forge in second forging operation
(step 22) thevocseenred workpiece form 20 to formthird wechkpseasssorm 24.
This is done by inpacting with sufficient force to substantially regain the
original shape of initial workpiece 12.° Second workpiece form 20 is turned
bﬁt weeﬂ fﬁl’g]bélg:&Yszﬁ;rroﬁOde arenskaddd ofiothd RGrkdiedenduns ra Q@d‘)«&ii@ﬂél Ist rain

t hrough the pi \ i i n - i al | owance
for natural REat Eao o Ehe harker S804 dpe 0B AL G B, Pt e
wor kpi ece  nbte @eEebd BFGHETAAY] SE%FQF?I]@ Ge0tpHEt BPAbtYF @hYn iR press,

rat her than sadanmer , ifeotr@duce téderystablizer at fouantd @dkpiede FALUG 2005 WO

02/ 070765 PCJ4 USQRL 03033 - 8oRpt Hekx t EOlsiQbst e sshaps b, the workpiece.
Third wor kpi ece

form 24 is anneale ste 6) at. appropriate tenperature
for Cthe. ot SESea5rar 61 SEPY ARG £ P aRTH Fo AP TS HIEBG0. i Bacuum or
inert gas tocfedéreystaltd-i ze a fourth workpi ece form 28. The upset-forge-back
cycle (steps 14 and 22) may be repeated as many tinmes as necessary to

achi eve upi form texturg,o gh-fhe bb &l frine TniMIBLEGRALOPIdALE Lo refi ne

m crostructure, or If necessary Lo avoi d cracks,® or_excessive press | oads,
extra annealPHySEFEatTENPE ALCE 1 SheP TETHEr RGP YK af<TF65C, may be
used at any poresliddrfregtregrts.orfi g oproceswer@girk sl @sf 4P9F°Rg operati on
‘(step 30), prefefablya sideny ferge, addiabt ens sbhei dourddewor kpi ece form 28 to
f orm sheet bar ‘
28 A third forging operation (step 30), preferably side

forge, flattens the fourth workpiece form 28 to form sheetbar

32, preferably approximately 4“ thick. The sheetbar is cross-

rolled (step 34) to reduce its thickness, typically ranging

from 0.25 inches to 0.5 inches, to form plate 36. Cross-

rolling (step 34) is arranged such that approximately egual

strain in two orthogonal directions is achieved. Following

the cross-rolling, plate 36 is annealed (step 38) at a

relatively low temperature ranging from 875°C to 1065°C to form

plate 40 of fully-recrystallized fine grain structure and

uniform texture. Subseguently, the component shape 42 will be

cut from the plate and bonded to a backing plate assembled in

sputtering equipment for use as a sputtering target.

29 One embodiment of the invention preferably utilizes two
upset-forgeback steps, performed on a press and one extra
annealing cycle after the second upset-forgeback cycle before

flattening to a slab.
30 The effectiveness and advantages of the products and
processes of the present invention will be further illustrated

by the following non-limiting examples.

EXAMPLE 1



32, preferably approximately 4" thick. The sheetbar is cross- rolled (step"
34) to reduce its thickness, typically ranging from0.25 inches ia ﬂwi
inches, to formplate 36. Cross- rolling (step 34) is arranged su 005
approximately equal strain in tw orthogonal directions is achieved.
Following the cross-rolling, plate 36 is annealed (step 38) at a
relatively |l ow tenperature ranging from875C to 1065C to form plate 40 of
fully-recrystallized fine grain structure and wuniformtexture.
subsequent | y VAR nponent shape 42 will be cut from tHEPPAEE3and bonded
to a backing plate assenbled in sputtering equipnment for use as a

sputterin? target. 29 One enggdinent of th% i nvention preferably utilizes
two upset - f or gebRtk EBPE 1paPForirEd dP 8 PresdeEfidofe extra anneal i ng

cycl e after coheeseicord ppgat af orpsbaé k (e otmEhgr and funatt eni ng to a sl ab.
30 The effecaiir_\éeamllaaglﬁshyaaﬁ agesngdt ts'é@tDcferqUﬁIa*Si@'\?nl PrOcgsses o:‘_ the
present inv i.Qn_W ar I, tr wi_ng non-limting
exanpl es. E%%bﬁﬁéﬂfelggIibégﬁ%%§4@t#%§%ﬁ7%§§§i5%%?%%85?8%%%3a 31 This
exanpl e il | ddttratexted prddGet7- nade by a conventional prior art method
(side-forging and uni- directional rolling of an ingot section), having an
average gragnysi#£6 30 .tmlinear intercept and a banded texture, as
illustrated™™n FIG 7. EXAMPLE 2 32 A tantal um plate, having a nornal

t hi ckness and approximately 99.99% purity, was nade by a preferred

enbodi meB2 procedstaftalhe Pessemavingenticonaistideseesheddabove and

i I lustrated dgprbk{matklyfod a0k apurityNods ahaalwut Prefddirageter was cut into

wor kpi eces ae?r%%gﬁém:t %EXCG']S'SSOE Otl'?é E)Eggént invention as described above
¢ and illustrated in FIG. 1. A tantalum ingot of about 8"

diameter was cut into workpieces approximately 1.5 to 3 times
the ingot diameter. The workpieces were upset forged by about
40% of original length and annealed to about 1370°C. Next, the
workpieces were drawback forged to around the original 8"
diameter, re-upset by approximately 40% of original length,
drawn back to about 7.25" diameter, and annealed at atmosphere
of about 1065°C. The workpieces were side forged to a sheetbar
of about 4" thickness, cross rolled to a plate of about 0.500"
thickness, and annealed at atmosphere of about 1065°C. The
resulting plate had an average grain size of 30 pm linear
intercept and a uniform texture without banding as illustrated
in FIGS. 5 and 6.

EXAMPLE 3

33 A tantalum plate made by the same process as Example 2
but with a tantalum ingot of 99.999% purity. The resultant
plate has an average grain size of 35 um linear intercept and

the texture is uniform without banding.

EXAMPLE 4

34 It would be feasible to apply the same process as Example
2, but with a tantalum ingot of 99.999% purity and a lower
final annealing temperature of about 875°C. The resultant
plate would have an average grain size of 15um linear

intercept due to the lower annealing temperature and low



the ingot dianeter. The workpi eces were upset forged by about - 40%of -
original length and anneal ed to about 1370C. Next, the morkpieces1§qﬂﬁ
drawback forged to around the original B" dianmeter, re-upset by 2005
approximately 40% of original length, drawn back to about 7.25" dianeter,
and anneal ed at atnosphere of about 1065C. The wor kpi eces were side forged
to a sheetbar of about 4" thickness, cross rolled to a plate of about

0.500" thigki@asessand anneal ed at atmosphere of about pt@RBRE&eskhe resulting
plate had an average grain size of 30 pun linear intercept and a uniform
texture w thout band| ng as illustrated® in FIGS. 5 and G EXAMPLE 3 33 A

tantal um pl gle,qade lpp%s ﬂ% Safif. RLOEsa? @R EXANR! ScecthEls (WD R tant al um

i ngot of 99. 999%p% hg res ant QI gte Qas a verg)%e raln size of
55 pun' | | ndbECRAE ST Gt E T CPURIECPS HIPOF MR P CRoO5al g EXANPLE
4 34 1t wouwidhpeupstanitbhblyt shapisy rderdabe process as Exanple 2, but with
a tantalumingot of 99.999% purity and a |lower final annealing tenperature
of about 87pG.roihe resultant plate would have an average grain size of

| 5pln linear Ttntercept due to the | ower annealing tenperature and low 1 9 4
06 20305 W @zlmmﬁe%ﬁéﬁ.ﬁfb?/tﬁ5@&ﬂy thel evel srafessnirExkyp1dhe uni form

texture is ;x%ggt‘gpt |ng dahen g{gggeg Rf oExanple.2 allﬂgst}%A%E%g ated texture

Wi t hout bandl n stanti e sane materi a 35 It would

be feasibl et %Sﬁfﬁ V! ﬁéc’%‘%?rrg o oces’ghea§eE‘>%]a?ﬁ51 ePl3e HapldleNe 2% ant al um
i ngot of 9% 899Yepuradiny shrrd of h8Wmolirehr tthiefawess iBearexinde0i800". The

resul tant plalcu@uidd Raye Rkn ARLAYSMEahY sSihee afe 38orddkgar intercept.

The texture, Aé%ntlon ensures texture uniformity even when the strain

¢ introduced during rolling is lower than normal.
EXAMPLE 6

36 It would be feasible to apply the same process as Example
"2, but with a niobium ingot of 99.99% purity. The niobium
plate of 0.500” thickness is expected to.have an average grain
size of 30um linear intercept and a uniform texture without
banding based on the comparable results of tantalum. The
niobium plate is expected to perform similarly to the tantalum

plate because their physical characteristics are similar.
EXAMPLE 7

37 An alternative embodiment replaces the upset-drawback
forging operations process with the well-known process of
Equal Channel Angular‘Extrusion (ECAE); see e.g. US patents
5,400,633, 5,513,512, 5,600,989 and published US applications
2001/0001401, 2001/0054457, 2002/0000272, and 2002/0007880 of
Segal et al. The ECAE process includes four C-type passes,
anneal at 800°C, four C-type passes, and anneal at 800°C with
99.99% purity tantalum. The resultant product has an average

grain size 8 um linear intercept.

38 The uniformity of the microstructure, e.g., grain size

and texture, is shown in FIGS. 5 and 6 to have improved grain



expected to be uniformw thout banding since the preferred- invention
ensures texture uniformty even when the strain introduced during rolling
is lower than nornmal. =AMPLE 6 36 It would be feasible to apply tHej 2as&)0s
process as Exanple 2, but with a niobiumingot of 99.99% purity. The

ni obi um plate of 0.500" thickness is expected to have an average grain
size of 30limlinear intercept and a uniformtexture wthout banding based
on the conparable results of tantalum The niobiumplate is expected to
perform si m |vee 02¢07¢765 t he tantal um pl ate because their physusoabsoss
characteristics are simlar. EXAMPLE 7,37 An alternative enbodi nent repl aces
t he upset-drawback forging operations process with the well-known process
of Equal Chafirakadngultasn Exitthush@npriEEARE (aeenifogm dEdqeahendss 5, 400, 633,

5,513,512, 5,600,283, and publdished.d gs SRl aal bﬂ?% ?BQ%RQ?&%Q}]
2001/ 0054457, 2002/0000272 nd 200 /000788 ECAE

a
process i ncltid@s PPBTTEoTy Pks FaERen) - e’étwaé’oﬁ l]fld’ﬁFr?f'“t%e passes,
and anneal athsB@OCEeintilty 99.199%guimiing tmtnalcgmtrﬂqeulr@wl temtolgteduct has

an average @hdhBe$i @8 B Mlidealed Hebeeping 38 Jhacuaug‘cghml.zcls%s of 5t heOI A

m crostructuge, Si z in an to
have i rrprovedp gr?ilrl%ngi }g’d%@%hf(ﬁg ?%%2/@%)%@%&% %§§%n5556§3 11 orientation
than with thellpersrted o Blanidf 6PMFAEESr S t6f PRION faf Brafedn

di stri buti onyeprekemned nnFFG:. B.(i n- honbgeneity w th non-random

di stribution). Another vvay of illustrating the uniformty is by exam ning

t he macragtructure o of t tplgtt surJ‘ace \(/]gmch |s rey al ed b etching in an
y

Py iform_te e .
acid sol ution contaihi ng hydrofl toric ac rove(f pro 1éss is

il lustrated PrPFSgUtPEEat Factesd 2 iLhes prated aIFtFIﬁ'r oted@s a

. uniform appearance, in contrast to the speckled appearance

- caused by coarse grains or swirling pattern caused by banded
texture, common with targets made by prior art, illustrated in
FIGS. 3 and 4. 1In particular, the texture is uniform across
the entire plate and uniform through the thickness from the

. center of the plate to the edge of the plate with no preferred
direction within the plate, such as predominantly {100} or
{111}. The uniform texture is a substantially constant mix of
{100} and {111} crystallographic orientations. The
distribution of {100} and {111} crystallographic orientations
in any given plane of the plate (orthogonal or diagonal  to the
thickness) varies less than 30 percent across the surface of
such plane and the variation across any thickness less than 30
percent. Plates of thickness less than 0.5" will be of
predominantly {111} and plates of thickness of at least 0.5"
will be of predominantly {100}. Additionally, FIG. 2
illustrates the coarse grained material inherent to the prior

art process.

40 Also, the uniform texture is combined with a fine grain
size, typically ASTM 7 to 8.8, when measured per test method
ASTM E112. The present invention provides plates up to at
least 0.8" thick to be made with these desirable properties.
In prior art, the uniformity of the texture and grain size,
and the fineness of the grain, deteriorated with thickness

over about 0.5".



represented in FIG 8. 39 As a result of the uniformtexture, the surface of
the wused sputtering target, as illustrated in FIG 2, has a uni f1o% 0
appearance, in contrast to the speckl ed appearance caused by coar’s “BPA[I ?15
or swirling pattern caused by banded texture, common with targets nade by
prior art, illustrated in FIGS. 3 and 4. In particular, the texture is
uni formacross the entire plate and uniformthrough the thickness fromthe
center of theyd:atesst 0 the edge of the plate with no pretewsREsessli rection
within the plate, such as predom nantly {100} or (111) . The uni-form
texture is a substantially constant mX of {100} and {111} crystall ographic
orientatigons. Thehe dintkbibidioanoofa 1064 iaadnﬁe(hl&ke c&msaalaﬁggamg c | ]
orientations., i a ; at e 1 r diagonal to the
t hi ckness) vféffggsl?é%stsk%{ﬁ%n%%@%égge%.&ég%o%%at&l[el&g(t#?g%%seo such plane and
the vari ati G¥CREPDSY RAYINFRkTEES FRsEaCkath 30 PEICENERC Pl at es of
t hi ckness | essalharkiBgbdpamdtiofe. offit prsedoamnast Lie nbed}tambdapl diees of
thi ckness ofpabrl 285 0s&secibht HReg0hs Radomaant |y (100}. Additionally,
FIG 2 illustrates the coarse grained material inherent to the prior art
process. 40 Also, the uniformtexture is conbined with a fine grain size,
typi cal | #2ASTM 7ReEF1BNGe hhe3Cheds tPRER PEY ap@ StiopdehcaclABAVEES12. The
present i nvediliogh Prawvidies HahatbBsi-dpobinmatlldeast k18" akhittlert 0 be made with
arain size ACRlTD Frnonad hrd fRiads kR PR B oy ckness
i i ze, in, d | or, \
over about 09?"“:??’. WTHEQO b@r% rWSOZIBg?)?gge%ﬂnugﬁ%ﬁo'é% 43*The
i ntroduct i onissf of fhasst mpralesr prdiderevariveal (sfdhepstdrddes] rast wapket - f or ge
‘operation reslideshdds dfNpdtudeng @dsedame. The uses of the plates or

other forms of the metals include sputtering targets usage but
can also include direct use of the plates for chemical,
medical, electrical, high temperature resistance applications

{furnace parts, aerospace foils, turbine blades).

43 It will now be apparent to those skilled in the art that
other embodiments, improvements, details, and uses can be made
consistent with the letter and spirit of the foregoing '
disclosure and within the scope of this patent, which is
limited only by the following claims, construed in accordance
with the patent law, including the doctrine of eguivalents.

44 What is claimed is:



propensity of the material to crack in the subsequent netal working
operations. It also renpves the need to heat the material for subiSqE@Q@
forgi ng operations. 42 Reference to each of tantal um and ni obi um i ncl 05
its all-oys including tantal umniobium alloys as well as other alloys of
each, and al so | am nates and other conppsites of each with other materials.
The invention applies to formand use Of these netals and derivatives (such
as oxides) as well as nethods of proﬂuciE the sane. The uses of the plates
or other fornms of the netals includ ering targets usage but can also
i'nclude direct use of the plates for chemcal, nedical, electrical, high.

tenperat uy e 1 | 1sind-f Urnace parts, aerospace foils,
turbine b 'a(f{eg%%galieﬁﬁdt%%hwe}%én Jarent to those skilled in the art that

ot her enbodi menttickrespy ovenents, details, and uses can be made consistent
with the letter and spirit of the foregoing disclosure and within the scope
of this patentd C8MEEPNS |inited only by the foll owing clains, construed in

accordance wi | aw, including the doctrine of equivalents. 44
VWhat is clai neéd-hleasgélﬁgé%& 2005 13 CLAIMS 1. Arefractory netal plate

conpri si ng: sad réfradtogsaeta platathars, a textiiranthatdg enifarrarbsitin tiraigh said act or y

metal plate has a texture th i s uni form,both through said thickness and

from sai d ce'E’c%f‘eF%aEQi?W"éaaac‘%fﬁﬁr %ﬁ%’%@ﬂgm‘th\'ﬁ?&iwgr@ﬂ%ﬁf? oF raﬁg%ﬂ

pl at e has, ir)neﬁal hatb'HaRut i on of (100} and (1111 crystall ographic

orientations that varie$s by |less than 30 percent across the-surface of any

pl-ane of said i)ef radistributiontefl{1p0kard {1 Kidicdystéllogesphisiariprdatianst thbat varigs

:‘pl anes that are by less than 30 percent across the surface of any plane of said

refractory metal plate, said planes being selected from planes that are

orthogonal to the thickness of said refractory metal plate, and planes

that are diagonal to the thickness of said refractory metatl plate, and

i)  adistribution of {100} and {111} crystallographic orientations that varies
by less than 30 percent across any thickness of said refractory metal

plate.

2. The refractory metal plate of claim 1, wherein said refractory metal plate has an

average grain size of less than 40 microns.
3. The refractory metal plate of ctaim 1 comprising at least 99.99% tantalum,
4. The refractory metal plate of clairm 1 cor.r;prising at least 89.999% tantalum.
5. The refractory metal plate of claim 1 comprising at least 89.99% niobium.
6. The refractory metal plate of ciair_n 1. comprising at {east 99.999% niobium.
7. A sputtering target made by a process comprising forging, rolling and annealing
wherein said sputtering target has a target surface comprising:

a) grain size less than about 40 microns; and

b) substantially uniform structure and texture at any location, .



orthogonal to the thickness of 'said-refractory netal plate, and planes that
are-diagonal to the thickness of said refractory netal plate, and ii) a

-di stribution of (100) and (111} crystallographic orientations thakt3wi6imEs
by | ess than 30 percent across any thickness of said refractory netal

plate. 2. The refractory netal plate if claim1l, wherein said refractory
netal plate has an average grain siz | ess than 40 mcrons. 3. The
refractory netal plate of claiml conpr|5|ng.at | east 99.99% tantalum 4.
The refractory netal plate of claim1l conprising at |east 99.999% tantal um

. 5. The refractory netal ate of claiml conprising at |east 99.99% ni obi um
6. The refraé‘t-‘%‘i‘%/f%?'iﬁ'“ 5?55(@‘&3’@94?@91 h@snprising at | east 99.999%

niodbtum 7. A SPUldiStioid éf&g%ég@rg?gm%ggmr@[%épme@?.%gatmsftﬂapvms

rolling and annealing r1ng S a target surface

conprising: a) gy kiss theae30 psreehhacrosd e sufaca ciramsplaaeobfls)a@téfsamryu ally
uni form structure and texture at any l|ocation, 19 AUG zoos 14 further

wherei n sai d spWeidmiat. tsafdglélﬁ”ﬁﬁgem selerted ﬁfoﬂﬂjpl%’#sdhat amo9rthegeneiion)
tall hi
Thsurace of G iREESS ot 35id A adldty nfital Méte, B 300 BatBRG BREMondPI00

sel ected from piwm&ktnl&ek oﬁrse|®rdfmmad18tbpplaté1%nﬁhl ckness of said
refractory metal plate, and Pganes that are diagonal to the thickness of

sai d refract or yiy@gditripytigreot 409} apy (A1) %’V’Ftiaﬁiéﬁraﬁﬁ"-‘(ﬂ" igntgtigns et vares
crystal | ographi %rskgﬁ'ér ?Pgﬂ-ﬁcélﬂaécr ﬁhﬁthn&%e&g%zémfﬁé%t A %@g_oss

any thickness o Y Sai tory net sputtering target
‘according to claim?7 corrpri sing tantalum niobiumand their alloys of at

metal | i A PPREPiNS gL AR FhioDr R RoR ARl . MiddrGutnd on”

initial nmetalo bldf|a¢ﬂeé]ﬁ.\99r@%FpUrmtl al thickness; b) forging said initial
billet to a b| |l et thickness by neans of 35%to 50% reduction of said
initial thickness of said initial metal billet; c) recrystallization

anneal i ng theBiddsSor BrodicRg Dmetal article with fine metallurgical structure and
uniform texture comprising: '
a) providing an initial metal billet having an initial thickness;
" b) forging said initial billet to a billet thickness by means of 35% to 50%
reduction of said initial thickness of said initial metal billet;
c) recrystallization annealing the billet of step b);
d) bringing the billet of step <) to room temperature;
e) reducing the diameter of the billet of step d);
f) recrystallization annealing the billet of step e);
g) bringing the biliet of step f) to room temperature;
) h) optionally repeating steps b) to g) at least one time; -
i) side forging the billet of step g) to a length substantially the same as
said initial billet;
j) recrystallization annealing the billet of step h); and

k) bringing the billet of step i) to room temperature.



d) bringing the billet -of step.c) to roomtenperature; e) reducing the

di aneter of the billet of step d); f) recrystallization annealing the hi Im{et
of step e); g) bringing the billet of step f) to roomtenperaturef\ghéum b
optionally repeating steps b) to g) at least one tine; i) side forging the
billet of step g) to a length substantially the sane as said initial
billet; j) recrystallization annealinglsthe billet of step h); and k)
bringing the billet of step i) to roomtenperature. 15 10. The process of
claim9 conprising after step k): I) cross roll'ing the billet of step j)

.t her eby t@dike peotdss aflaikn8somgrisingeaftdridtepk).of step j), and formng a

| Y i iies! R Bt on
Cecrystallisatidh arseapling BrelelorsleBl neresy isdiindihe Flasoess af ine
bringing the bill esmteio ogﬁt%grjj,)anH%Frﬁﬁg"ata?IEE@ﬁé‘\‘ing%ubﬁﬂanthhg lzJﬁfoﬁﬁ‘%ﬁaW claim

9, wherein steps b) tc e repeate | east One tiI ne. The process of
claim 11, wherein disébution; t o g) are performed in a press and are repeated

time. 13. Th ._of. cl 12, i ft t d I f
Sreps b) to g)  dnulePEnaEatng aBnaREg HIRtSl SIPR 5 AR b |1 ot i s’ anneal ed.
14 The process ff offidhdlly%rintd Rl deomBial Birbbliehmdrgfsed at a

tenperature bel ow the minim enperature of recryst Izat1on.of said
billet. 15. The process of claim9, wherein the nmetal billet conprises a

i obi um. 12 IR BESKS SRR o S Reiass LRy 97 Bpdlestt G¥SGlls iR £, e

Use of the netal article prepared by the process of claim9 as a sputting
t arget.
12. The process of claim 11, wherein steps b) to g) are performed in a press and are

repeated one time.

13. The process of claim 1‘2, wherein after the second cycle of steps b) to g) and

before the side forging step i) the billet is annealed.

14. The process of claim 9, wherein the metal billet is forged at a temperature below

the minimum temperature of recrystallization of said billet.

15. The process of claim 9, wherein the metal billet comprises a metal selected from
the group consisting of tantalum, alloys of tantalum, niobium, alloys of niobium,
said metal being of at least 99.99% purity.

16. Use of the metal article prepared by the process of claim 9 as a sputting target.



