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The three x-ray tube elements are usually positioned within an

25 evacuated glass tube and connected within an electrical circuit. The
electrical circuit is connected so that the voltage generation element can
apply a very high voltage (ranging from about ten thousand to in excess of
hundreds of thousands of volts) between the anode and the cathode. This
high voltage differential causes the electrons that are emitted from the

30 cathode filament to accelerate at a very high velocity towards an x-ray
"target” positioned on the anode in the form of a thin stream, or beam. The

x-ray target includes a plate with a focal track. When the electrons strike
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The invention relates to a process for making a cross-directionally
worked molybdenum plate. The plate is preferably used in an X-ray target
so that the plate functions as an anode. The process involves (a) reducing
ammonium molybdate and forming molybdenum metal powder; (b)

25 consolidating a molybdenum component made of molybdenum metal
powder and an alloying element to a first workpiece, the alloying element
being selected from the group consisting of titanium, zirconium, hafnium,
carbon, lanthanum oxide, and combinations thereof, (c) thermally treating
the first workpiece and subjecting the workpiece to thermo-mechanical

30 forces in a first direction, and thereby forming a second workpiece; (d)
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subj ecting the second workpiece to therno-nechani cal
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group consisting of titanium, zirconium, hafnium, carbon, lanthanum oxide,

and combinations thereof; in which the plate has a radial strength of at

least about 60 ksi when the plate is exposed to a temperature of about
25 1600°C.

In another embodiment, the invention relates to an X-ray target: (a)

a plate involving a cross-directionally worked molybdenum component

selected from the group consisting of (i) a molybdenum component

containing molybdenum and an alloying element selected from the group
30 consisting of titanium, zirconium, hafnium, carbon, lanthanum oxide, and



-4 conbi nations thereof or (ii) a nolybdenum conponent

i ncl udi ng nol ybdenum ni obi um and an al |l oyi ng el enent
woebsws®md fromthe group consisting of titaniPamus2004/011554

zi rconium hafnium carbon, |anthanum oxide, and

conbi nations thereof or (iii) a nolybdenum conponent
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duri the wupset forging operation with renoval of
cenP&%ng disk affected material at A, Fig. 3(b) is a
view of the second workpiece fornmed fromupset 25

forging and a pl apESORIPTION OFeTREIREBREM t he
billet; Fig is a side view show ng a workpi ece
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pCTAessyiptian end sgrendex claims, where:
Fig. 1 is a schematic showing how a billet/ingot can be extruded in

accordance to the invention;
Figs. 2 (a) and 2 (b) are a schematic showing how the first
20 workpiece can be upset forged in accordance to the invention;
Fig. 3(a) is a view of the second workpiece generated during the
upset forging operation with removal of centering disk affected material at
A;
Fig. 3(b) is a view of the second workpiece formed from upset
25 forging and a plate that can be sliced from the billet;
Fig. 4 is a side view showing a workpiece being subjected to
hammer forging;
Fig. 5 shows the second workpiece formed from a workpiece that is
subjected to hammer forging; and
30



Fig. 6 is a side view of a stemthat can be attached
to the plate nmde in accordance to the invention.
wOoDRBGAEREFTI ON OF THE | NVENTI ON 5 The cross- di r ectriusaed4oy1554
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into the WO 2004/ 095501 PCI/ US2004/ 011554 -6 f1rst

wor kpi ecEhéqnolybdenimanetal pryvdesdh Riadady refding apymanéys
MY pd )atehy any suitable process. Generally, this is done through a

conventional hydrogen reduction process. The process consolidates a

molybdenum component including molybdenum metal powder and an

25 alloying element to a first workpiece. In one embodiment, the
molybdenum component is consolidated into the first workpiece by a
powder metallurgical technique. Such a process generally involves the
steps of cold isostatic pressing of the molybdenum metal powder and any
alloying components into a “green” preform of the first workpiece. In

30 another embodiment, the molybdenum component is consolidated into the



vacuum arc casting, ebeamnelting, or plasma arc

casting of an ingot. The alloying elenent is generally
woebems®md from the group consisting of titaniPamusS2004/011554

zi rconium hafnium carbon, |anthanum oxide, and
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about 3:1 through about 4:1. More partlcularly, referring to Fig. 1, the
billet/ingot is extruded along length “L” to a suitable ratio of reduction
25 (Do:Dy). The billet length can be vary and preferably is from about 14”
(about 36 cm) to about 32" (about 82 cm).
The second workpiece is then thermally treated and subjected to
thermo-mechanical forces in a second direction that is different from the
first direction. In one embodiment, the second workpiece is subjected to

30 upset forging. The thermal treatment of the first workpiece is generally



preferably from about 2500F (about 1371 C) to about

3000 OF (1648C). The thermally treated second
woumokpsssee is subjected to any thernp- mechaniBEE/US2004/011554

treatnment, which when practiced in accordance to the 5

i nvention, produces a plate that is useful in an X-ray
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by folhidigghforged workpiece (or forged billet (20)).

In another embodiment, as shown in Figs. 4 and 5, the second

workpiece is subjected to hammer-forging instead of upset forging. Fig. 4
25 shows a workpiece being subjected to hammer forging, and Fig. 5 shows

the second workpiece formed from the first workpiece. In this embodiment,
the ratio of D, cross-sectional area to Dscross-sectional area preferably
ranges from 1:2.0 to 1:2.8.

The thermo-mechanically treated second workpiece is subjected to

30 arecrystallization heat treatment step to form a fully annealed, cross-



conventional heat treatnment nmethods. The heat

treatnent is generally done at a tenperature that is
woet004/69888t about 2100F (about 1148C) and pref excaniseoo4/011554

from about 2500F 5 (about 1371 C) to about 3000 OF
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conponent containin denum and an alloying
el ement ggyaéygqggg)upl‘yom plate made in accordance to the invention has

high temperature properties. In one embodiment, the plate has a radial
strength of at least about 60 ksi when the plate is exposed to a
temperature of about 1600°C. When the alloying element includes

25 lanthanum oxide, the plate made by the process of the invention has
improved creep resistance, as compared to a plate made without
lanthanum oxide. In one embodiment the plate further includes a stem.

As such, in a preferred embodiment of the invention, the invention

provides a plate having a cross-directionally worked molybdenum

30 component selected from the group consisting of (i) a molybdenum
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tungsten in an anmount ranging fromabout | to about 30
wt . cRrerRneahceitaioipgrigolghdanum arkhe ellednd elgmenheelgtrted firom

- oDk Shouiedisistihd bAaHEin, Zkocridh R, Ratioh, RRRGRm.
t heoxideataad Imambmatlad$ thlerenfoe bgtamofybdenmeaempalhmuﬁnc&mlng
ksi the.nl.a e i,S e
b omp AT it G e ARG it sl i ffe Glour
8 nc¢ondrsﬂngaof:1rtamanﬁlzlrmﬁmmmdfhigam \oardoadl_amﬂayibdﬂ:mzn )and
onent,. sel ecte oup_consi s a
RS B e 8 malfaddng T s onasnt med
alf lr?m;ywerﬁjne e stdrbinse aﬁbm rbh@ing ﬁbg\ @fdwn t6 t@ﬁéut&{o ng
0 i tani um zirconi um car bon, ant hanum
oxi ‘M’eﬁ’ and anAlieping flerperd S@%@F%ﬂ%fa rth‘i 97‘5“pe?°H§'PSVPﬂj%ﬁum
CONMARIEGRAL zitddMRINY, HBni0M| ¥AE8AUBhhAhARI dKBe28Ad @Bmbinations
all oying el enent sel ected fromthe c%roup consi sting

10y thﬁ&ee |"ﬂJWf“°E‘|tF%BWQJH?S A sdialsiengty ¢ least abaul SA kS
OX'\IJﬁen tﬂ@i}lé{t@l e %Ie@'i@a"t%lﬁ%%%fur%f EbodtheBot®! ybdenum

20 conpon I ng no enum tungsten i n an
anount iraome embbdiorant,dbe atenl also irdhedes &BCross-diréstemdllyan

W | i sting,.
ot B8 DR RIm Bl (AL RBnHhg thou FOIRIRHG 0P ) @
OXI rdelybdmtd:m c@n‘pmmtt nomlmrtgamlybdehmm\dmb@m dllogingtetement

| s th f wh

160, csbiqtise forB i BB Rnaifing G bniuBy Aboriim sl 3afeen.
Alhtlbc]‘ctthglhurh beuden?mt?mnmbwméomereo]geslqnl) abﬁdyt!t?dbrdla’( ail in
t he ore or (0] | us |1 O
| D oAt BYelaS rtbAsRURT SBLT and a8 ey Do SRspertnar
purmmﬁr@}n&ﬁ@grda@rdoabusmofsmmbm EREhilr eiafhian tarbon,
those skilled in the art w thout dz@artl ng fromthe

s pilAftPanyy °§@8p§n%F°'T‘H'é‘af'?ﬂﬁeWFTed’ﬁ OB {HepmolyBdepympmy pe

20 i g nBht ih&8dinb FhdBbd A2 @ 2dh amount ranging from
PCT/ U 004/ 011559 é-T?.%- &HHS CLAI MVED | gAg

pr @@@yg o abeH 30 % a@ﬂ@gvsa"eavm@cqlwaﬁ%q qeyeqm tz@a the group

consisting of titanium, zirconium, hafnium, carbon, lanthanum oxide, and
combinations thereof, in which the stem also has a strength of at least
about 60 ksi when the stem is exposed to a temperature of about 1600°C.

25 Although the invention has been described in detail in the foregoing
for the purpose of illustration, it is to be understood that such detail is solely
for that purpose and that variations can be made therein by those skilled in
the art without departing from the spirit and scope of the invention except as
it may be limited by the claims.



nol ybdenum pl ate, the process conprising: (a) reducing
anmmoni um nol ybdat e and form ng nol ybdenum netal 5

woowni®s301( b) consol i dati ng a nol ybdenum conpomremtus2004/011554

conprised of nolybdenum netal powder and an all oying
element to a first workpiece, the alloying el enent
bei ng selected fromthe group consisting of titanium
zi rconi um hafnium carbon, |ard@ranum oxide, and
conbi nations thereof; 10 (c) thermally treating the
firWHADIKGLAMERMS: subj ecting the workpiece to

t her no- npchany cal ' [ ' [ and
ther eby Tt or 1 t1go% oot Rl bt HreClldni} uBkedt Ty

t r emiolybgehina ptate ahd prapelspicemerising: subj ecting t he
second kpj ece to therno- ani cal forces . in a
second '85 CHe qnl'n{a?muquplggé? faé\dzﬂ‘im'ﬁ? g’fﬂ?Xq?%nf’Pr@Ftal
sli r ggwder; (e) subjecting the thernonmechanically
treated second workpiece to a recrystallization heat

t r eat meriP) §eRS0lidaling § mehdggnyy ENtROmPSEd A o g
Cr OfRfibtBRGMREEI powder kad anilibping @ksmaéitdo &ffirst workpiece,

SUb{thtl ng the heat-treated, cross-directionall %/ .
wor ihecallpginasiarpent beingselecied Epmdhe gEyipgonsisiag Af Hanym.
ste rcﬁﬁlﬂv,t RiBRY cArBbA 198thBAEM SRS 3ndicb@BiraBbRd théreof;
wor ked nol ybdenum plate. 2. The process of Caiml,
1@her ei n (ehthermaliy treaing the tist morkirge andovypiectieg the obi um
N SBidRh ihdifo-acHdiR Iads ROt dirdiioRtants thdftby
process 0 arm1l, ereirn the first workpiece

f ur famming 2 Secowapvdrkpiece;ungst en i n an anmount rangi ng

L om0 Pt 3P B B a0l e
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B A SR o, 10 2008 005501,
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the afrcieér%tawgétli(&i hee%? trgztmaemt %{ecp, %ﬁg ttti1er}gby Fo?r%nr}\?;i aq Hgat-treated
crossdirectionally worked workpiece; and
() subjecting the heat-treated, cross-directionally worked
20  workpiece to a slicing step or a machining step, and thereby forming the
cross-directionally worked molybdenum plate.
2. The process of Claim 1, wherein the first workpiece further
comprises niobium in an amount that is less than about 3 wt.%.
3. The process of Claim 1, wherein the first workpiece further
25 comprises tungsten in an amount ranging from about 1 to about 30 wt.%.
4. The process of Claim 1, wherein the molybdenum
component is consolidated into the first workpiece by a powder

metallurgical technique.
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6. The process of Caim5, wherein the arc casting
technique is 5 a vacuum arc casting technique. 7. The
womoog@ssoiof Claim 1, wherein the first workpi e@ca/iKom/011554

billet or an ingot and the first workpiece is
therno-nmechanically treated by extruding the billet
or the ingot to a ratio of reductlon (DQDf) in a
cross- sectional area ranging-fllom about 3:1 t hrough
about 4:1. 10 8. The process of Caiml, wherein in
step (d)§. thdhequoeass afiEiiaim bd@&rgnémm&béén@l@ upset
for T
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P ez further corrpél ses. a @wgn
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”Enpsétloﬁer%s$ ik ﬁbﬁtmamhqwugmaebmmed to the

pl at e. . e made fromthe process of Caim
1@her ei n $he r@tFE’OC¢S§CéQ@'GS§ Véhqf@'é‘t'n steR! (), t%?‘k‘&ﬂ‘d

pl a%r@@dfﬁ%ﬁ@bﬁ&%ﬁ‘?mgbégt%@ tructure. 25 14. The

proces erein"the alloying element is
pr esent 9.n arTherpraeasstdf&aims8,auhrreinsegond workpiese is apset
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resen unt ranging fromabout 1
W . %rrh@sahmdtto forth aplate. 30 WO 2004/ 095501

1 CT/ US2004/ 0 5%0?]%55 oa(](g? %é%ﬁérg‘ﬁessé%o% w?{@r:éeaeég lwaset

erein the pl ter rangrng
1" fov @d)byltan bpén diedforgind prokess with angipen dientiiahig f r om

aboyt 1/ 4 bout 7". 17. The process of Caim1l,
“hefrensiandip R 8@ by he

11.  The process of Claim 9, wherein in step (d), the closed die is
further dimensioned to inciude a mold for a stem so that the plate formed
20 by the process in step (e) further comprises a stem.
12. A member made by the process of Claim 11, wherein the
member comprises a plate and a stem attached to the plate.
13. A plate made from the process of Claim 1, wherein the plate
is a cross-directionally worked plate having a uniform grain structure.
25 14.  The process of Claim 1, wherein the alloying element is
present in an amount that is about 1.2 wt. %, or less.
15.  The process of Claim 1, wherein the alloying element is
present in an amount ranging from about 1 wt.% to about 1.5 wt.%.
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5 process has a radial strength of at |east about 60

ksi when the plate is exposed to a tenperature of
woabeuwse00C. 18. The process of Caim1l, whererruskéna/o11554

al l oying el ement conprises |anthanum oxi de, and the

pl ate made by the process has inproved creep

resi stance, as conpared to a plate made without 10

| ant hanum oxi de. 19. A plate colfprising a
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ﬁ<))Ixi FI and gnbl nati ons thereof; wherein the plate
apthamimypXider engt h of at | east about 60 ksi when

the plategis RypasEsMprsigy é@mr@ﬁ&ﬁ@\eﬁlm@dmb%ﬂébum
25 20. The pl ate of Claim enthe
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od BombASng b AEADR RirloBbnth oh'drAlnt Pngiid FEHH'diBlit 1 to
20 about 30 wt.% and an alloying element selected from the group consisting
of titanium, zirconium, hafnium, carbon, lanthanum oxide, and
combinations thereof;
wherein the plate has a radial strength of at least about 60 ksi when
the plate is exposed to a temperature of about 1600°C.
25 20. The plate of Claim 19, wherein the plate further comprises a
stem.
21.  An X-ray target comprising:
(a)  a plate comprising a cross-directionally worked molybdenum
component selected from the group consisting of (i) a molybdenum
30 component containing molybdenum and an alloying element selected from
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and an alloying el ement selected fromthe group

consisting of titanium zirconium hafnium carbon,
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conbi nat i ons thereof or (11) a nol ¥bdenum component
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exposed to a_tenperature of about 1600C.
P 22. Ther?a)rget of Claim 21, wherein the stem comprises a

15  worked molybdenum component selected from the group consisting of (i) a
molybdenum component containing molybdenum and an alloying element
selected from the group consisting of titanium, zirconium, hafnium, carbon,
lanthanum oxide, and combinations thereof or (ii) a molybdenum
component comprising molybdenum, niobium and an alloying element

20 selected from the group consisting of titanium, zirconium, hafnium, carbon,
lanthanum oxide, and combinations thereof or (iii) a molybdenum
component comprising molybdenum, tungsten in an amount ranging from
about 1 to about 30 wt.% and an alloying element selected from the group
consisting of titanium, zirconium, hafnium, carbon, lanthanum oxide, and

25 combinations thereof,

wherein the stem also has a strength of at least about 60 ksi when

the stem is exposed to a temperature of about 1600°C.



