;e3eol :B6NTHQ® METHODS OF FORM NG ARTI CLES FROM ALLOYS OF TIN AND/ OR
TITANIUM Field of the Invention 5 'The present invention relates to

met hods W@ 03/AY5F oduct i on of W\lmumw&m“ cul arly shap®§THQOEYRE from
al I oys which contain Sn and/ or cul ar, the invention provides,
in various aspects, nethods which i+melsatde sem -solid netal powder form ng,
solid state netal powder diffusion and netal powder preformform ng

foll owed by hot pressing. 10 Backgroundjto the Invention Titaniumis the
fourth nost abundant structural nmetal in the crust of the earth after

al um num iron and magnesium Due to their superior strength to wei ght

rati os, excel 8 i el Qs i i
transter of MU ERGDS B FORMING XRTIET ESHROM ALFOYSTIREM o (he
nost appropriate material choic 1 ety of critical
applications in the aerospace, m@&mﬁml ve industries. Wth
"inprovenents in titaniumand titanium alloy production, m r
titaniumand its alloys in some regions of the world ham,m wmﬂm tically
reduced. f&?dgf)&telg{,en'ﬁonoomders is 20 equivalent to the cosf,of, the

e

stainless ste powders which are commonly used in the powder netall urgy
(PM afdd powder injection nolding (PIM industries world wide. As such, the

use of tifaniumand ifs allo has. Lapi e ' cgations
"the phdPraset oephion 1Y Baolf R i pOHRRHIEE bl BrebaAg thises
plants, fgQfies2énBREYE Mhidl &sitdie Sasend/ee TIENE patticalapl the aiveation piosides,50 seen
in sporting equipnment, fashion and 25 apparel, such as golf c|ubs, bigycle
frames, wasmdusespeets, methads which inelpde sepissolid megal poprcer A St@%&qtaﬁg is
the nost wi del y..used techn . taniymand its
ol oys.  HonegmaitEen AR, B ok Brab RO R AHIGRT b hol biedME T 20 ey
hi gh glgem cal activity. It reacts strongly with oxygen, nitrogen, hydrogen,
wat er and carbon 30 nonoxi de/ di oxi de and al so reacts with al nost all the
r ef ect or y Backgropnd totheclivgnont hi gh tenperatures. Therefore, nelting and
casting nust be tamed out in special crucibles under WO 113/037552 _7_
PCT/ SGO1/ 0022G a very high vacuum After casting, expensive post-machining
is often Magniumeis the fouhthemest Weundest stawtiralnaietadi imethei angt. off theaehdtht 2881, f or
hi gh performance applications, hat isgtropic.pressi H.R), of t tings
i's nor mal RIPTHRYY; ‘Fg’ga'i‘ ISR ED Fﬁ)ﬁ‘&regﬁ{/’eré(ﬁis eﬂ%@%" ((:‘%eég .tﬁgt“’ﬁo?’g"s‘? ﬁ?@t All
of thege Refedéil ind Eoh rbiisiineecind Kp RediaRis &R bifRfiergs itanibii aid Its elléys ¢ he
5 wi despread application of titaniumalloys to a great extent. Powder
met al | ur gjhatmproverto be sbmet efdthggmesi pprpripanatenpl ghaieasdPng veide varey of
titanium al.l.oys. However,. thi al [ : toat H P
h@%{h ppriicarions "o e B%r%gfa?%i 9eNGLa! dnd am’(ﬁﬁ(?ﬁ% gﬁ&ﬂ%{ﬂe@ Wkh

corrpactior‘fn Kes | cu for general applications. 10
Sem - sol i gmpRIveekto imitagivaSaditahtmpallogwrodudtus| thpecbt forditasismfaod its sHoysng

al l oys under sem -solid state conditiogns, rather, than,in the l.iquid state
such as i An gerse regionsy olsthe; world g@%g%%%fl?ﬂysﬁeﬂt‘@gi ﬁ&efegn‘?efe ROHSE BM and

PIM . Jie BLOsEsSt fle! &t OF &]}@%taﬁrmss)éﬁs&%@ ff)’oﬁld%rﬁﬁicﬁrar@fcohﬁﬁorg% Riked & ik

slurri‘es contarning non-dendritic solid particles which are able 15 to flow
li ke vi sc@owdbi muiattsrgyh@M)parshpewddrdnjeetiansmalsting EIM)Tindustiescupildwids. gve
behavi or has | ed to _the.devel opnent of sone novel r.m.ng. pr ch
as so cal IsBeh i yss.of SLaniveg anf SOy MsdPR RS~ o(rie(iéé?t)t)lFl lc?g?lg gﬁg‘i&ggrzﬁr-ﬂ%net
shaped CO?BWE&MM bkt BhedicRledrbay aRalEas Mol @dwet pRAtsi foodgambmedical ed
out in the United States of Anmerica and Europe with a grow ngl trend. eto
t he pr ocegsostheaesac Conineerriek applinationy areralson pesn WatRoBHRS SAWPHATL, 13snian: @Y 20

ol so. oson AABFE SFnS BN pEN e Ha RGP Sops TUPERy oPRREERR! RAn 105

* pre-bl endi ng and conpacti on of powders with different nelting points in a

rocess terned as COVPASS (consolidation_of. m xed wder s, as nt hetic
E| urry). ABenerally, casting is the (most w?dely used technology)go pr«Pdcl)Jce products 0? }llpamum and

its alloys. However, titanium, particularly in the liquid state, has a very high chemical
activity. It reacts strongly with oxygen, nitrogen, hydrogen, water and carbon
30 monoxide/dioxide and also reacts with almost all the refectory crucible materials at high

temperatures. Therefore, melting and casting must be carried out in special crucibles under



Recently, Yasue, et al in the National Industrial Research Institute of
NaGaya (NI RIN), Japan, successfully forned a Ti-6 w.% Al alloy via

semi - sol V0 i¥0¥PF52powder form ng net hods. The process show®€TSGE1PR38| bi | ity
in processing the above alloys at a tenperature around 700 C (die set
tenperature}. However, the relatively high process 30 tenperature (die set
tenperature) required nmakes this process unattractive to conmerci al
producers. WO I 13/11375s2 -3 PCT/ S@4.11022G The principle of the solid
state diffusion process is to press the alloy powder bel ow the nelting

poi nts of the powder for a predeterm ned pressure and tine. The

m crostructures .produced 4n this net | lar . . by
“sem - sol i 4V rﬁﬁa% g&ieéscfls i% egpe@%§ﬁ§5§-r§%%+ﬁéé% é/)ﬁ%d;%aﬁ%@%%gﬁﬁﬁfne.
Ther e hasgp@efrddi firtal dirdémeos ipadditiod, er gh petfoimdnee applieationd, abedotropichi s

form ng nmethod which can be used for producing prototypin onponent s.
" Obj ect i vepressingI(hHP) of/hacpeings ds/pormal s seasurgd i Bﬂﬁeﬂt@s‘?@ﬁ/@@ﬁg’- éB‘PqB%fe GRSHDS
powder formng t Vi, f.or Lcati toANDsiJhiah WnBtst heani um
al | oy con%?fﬂséﬁ't ﬁ%%?ﬁh?s%wb%{ég s ge?‘é}lt ﬁ?ﬁhoﬁyn%; 1 taom accuracy. As such,

i ndust 5y wRMsp iggiunsdfititheiosf dlloys to greaigexédnt.e t o produce titanium all oy
conponents cost effectively with enhanced productivity. 15 Sunmary of the

I nvention According to a first aspect of the present invention there is

provi ded g, (Rl egaiflee 2‘%%15&;&10%%2%& & dhoftfeP Mednd bfiproQitdink AttiGesdf! tidhiudhe

met hod conprising injecting elenental netal powders of
metal congildysuHbwavear thikeraddsoygenerally invdivesreohmdicatdd HIE eempactionpeethedsr e of

above about 240C, (b)_applying a. predeterm ned pressure to the el enental
powder s fwm%@iéﬂgéﬁ?ﬁﬁééﬁ 18@%‘&0‘{50 produce a green part; and (c)
al l oyijgg the green part at a predetermned tenperature for a predeterm ned

time period to formthe article; 25 wherein the elenental netal powders
i ncl ude SRemisulidrmetal fovming (FEMBJ szt ngvdy sevelopgdpreeess dooforming alioyaungeh ght

of the el enent al tal powder [,h thi S t . wder s
a1 et usEngon st SandEE siner ik e JARREHtel Ik it AT, FSOR] o8
powders. Lpnmoneinedixeshfgaénveitomi N Nindl PIVBL dlhe prvetss seldl om tHeuthéxomtoplceast
Ti, Sn and Al powders. WO (13/0375S2 -4 PCT/ S@1111022G . Accor.di %H)

of

this aspebehavionof dresmmitselidrabirales poikiging nofendaticso Konwrles whigh gy

oL S35, B RESaRIGe ha oHEL OB f i ctFRRy W lrnbtnie

from 2- 12]aat othedectlepméh eftsohr! novel fpnmingf probesses, emdngsato ealled|thipowdsting 5
and thixo-molding, for fabrication of near-net shaped components with high performance.
Mass production is being carried out in the United States of America and Europe with a
growing trend. Due to the process characteristics, the current applications are only limited

20 to certain Al and Mg alloys.

The principle of semi-solid processing has also been applied to the fabrication of metallic
slurries based on pre-blending and compaction of powders with different melting points in
a process termed as COMPASS (consolidation of mixed powders as synthetic slurry).
25

Recently, Yasue, et al in the National Industrial Research Institute of NaGaya (NIRIN),
Japan, successfully formed a Ti-6 wt.% Al alloy via semi-solid metal powder forming
methods. The process showed the feasibility in processing the above alloys at a
temperature around 700 °C (die set temperature). However, the relatively high process

30 temperature (die set temperature) required makes this process unattractive to commercial

producers.



In this aspect, the alloy include any alloy of Sn, but is preferably
directed to alloys of Sn with Al and/or Ti. As such, the invention of this
aspect mWOD¥0I6¥si dered to be a semisolid metal powder f&EHS&Y1/P¥28Less for
Sn containing alloys given the tenperature of injecting step (a) of 240C.
10 Preferably, in this aspect, the pressurising step (b) includes applying
a pressure of fromI1000 to 2500 psi for a tine period of fromO0.5 to 3

m nutes. Further, it is preferred thatzalloying step (c) includes alloying
the green part at a tenperature of from 1250 to 1350C for a tinme period of
from30 to 150 m nutes. 15 According to a second aspect of the invention
there is provided a nethod of formng an article froma titanium containing
‘all oy, the method conprising the steps of (a) injecting el enmental netal

powders &f, gﬁhaglec(ﬁﬂtﬁé ishli@ Hafe fffsion pRbéedy id tof preds theedlRt puvdir behtv the
predetermn tenperature, the tenperature being determ ned pased on 20 the

*const i t usrltingafointh of the pywdet fpr apptdptenningd presgueand; tHag ThedBIIUEYTeshe

el enental powders, .for .a predet.erm i .04 .0 : epytpart ;
and (c)  BioRaga i BrogRulie SR B BE6 bR By <O R Ao B8

pr edetser giingd rélhtiR1PRmleGodeds filenThdre hay bden lietle @iScuskien én thetpublip titegdurer ni ned
tenperature of injecting ste(ﬁ gi'ii:, i s greater tgan about .. 100C if the

el enent arelated to thisdormeing method whicksambeped forprgdpcing prolotyping Gampgy 350C
if the elemental netal powders include Al powder. In one enbodi nent,
according to this aspect, the elenmental netal powders include Ti and 30 Al
powder s edtives predeterm ned tenperature of injecting step (a) is between
450 and 550C. In this enbodinent, it is preferred that the predeterm ned
pressure in the WO 03/0375;2 -5 PCT/ SG01/0022G pressurizing step (b) is

f H -- . ) . o i f
rom 200 1 %n‘%gﬁ(gls Q&mfaggcédr?@gng%@fa%m B ﬁlbmapwam@nhmg&é@m (dgy fors from

120 to 4 iment nmay therefore be considered a solid
state di ftftsiatine peteshepad fimt mifniafire gty alley soapenenty with low eest anddighet t he

invention, proyides a nethod of f.orm ng an _articl t hod
conpri si Hinensinat aguragy. Ay sy r‘B‘h’lﬁ %Ba% lagxﬁ@ﬁ%ggﬁu%fﬁaﬁn gg%%é%égo%bwnéﬁl
consti t ug)mcﬁlcé)fitahﬁﬁl AdPYorhpiirene diterRBGveRpRithicAbaref peaiuotietyofl from 2000
to 3000 psi for a tinme period of from1l to 5 mnutes to forma preform 10

(b) applying a predeterm ned pressure and tenperature to the preformfor a
predetermned tinme period to produce a green part; and (c) alloying the
gr eenl paSunamary ofithgdnesntioded t enperature for a predeterm ned

According to a first aspect of the present invention there is provided a method of forming
an article from a tin-containing alloy, the method comprising the steps of:
(a) injecting elemental metal powders of metal constituents of the alloy into a
20 preheated die at a temperature of above about 240°C;
(b) applying a predetermined pressure to the elemental powders for a
predetermined time period to produce a green part; and
(c) - alloying the green part at a predetermined temperature for a predetermined
time period to form the article;
25 wherein the elemental metal powders include Sn powder in an amount of at least 2

wit% based on the total weight of the elemental metal powders.

In this aspect, the elemental metal powders may include at least Ti and Sn powders,
optionally with other metal powders. In one embodiment the elemental metal powders

30 include at least Ti, Sn and Al powders.



time period to formthe article. 15 In this regard, this aspect of the

i nvention includes a process which involves an initial step of formng a
pref orm MO PYNESSDY, generally, a semi-solid state netal PERSSHOIPERHI ng
process or a solid state netal powder diffusion process. For exanple,
pressurizing step (b) and alloying step (c¢) may include either of the
processes described for the first and second aspects of the invention. 20
Det ai | ed Description of Preferred Enbodi-nents Enbodi ments of the various
aspects of the invention will now be described in detail, in sone instances
with reference to the acconpanying drawings in which: 25 Figure 1

illustrates graphicall Ti-Al bjnar I L QA i at es
" gr aphi caﬁcﬁ(”gmﬁptp ‘SGF?!%??V“%ﬁ@%ggpgﬁﬁéﬁg@ﬁﬁégé@%% P g‘é’?re{ §§ a{e{k | %FSn
el enent aly; Rhandetsaab&d of BidEh] Ryeighe i tisodlehehtal el pbwiitnnetefbrabyy, itleyi ng
treatment at 1350 C v 1hr Figure 4 illustrates a E'I - 68”-123&{0( nt%@al ended
|

“all oy foeleswnts) mstatipowdersdnelgdengonderripjap ARAnb of Hrmoyi f‘_‘eat
1400 C Vt&ﬁ%ﬂ%\/@fgﬁ% %g@@%%gtagégs&@l/ 0022G Figure S illustrates Ti-6Sn

el ement al em-solid formng foll owed by alloying
treatment at 1450 Cv 1hr. Figure 6 illustrates Ti-9Sn el enental bl ended
alloy formed by sem -solid formng, fol d by al.lqying t t nent | 350 C
v 1lhr. 5 Imitysespent, ithe allay wekde pny ghoy e%%wv Pft?f“é%@dﬁfgf’{eﬁio gﬁ?yﬁe‘? B

sem -sol i dqf o1 o ol . i {defed 3o BBa semi-
(spheri ca‘tﬂthl'g{ %&)%eig)kggﬁghd%e igllvi&ft?btlg?rtgjt%ggf’%&{ﬁi{i{yﬁxzesériﬂlgl enent al bl ended

al | oy f orsokd niifal sgowdes dbiminkoprtesy fHr08h enetitiyg allbys givgnt the dempasetueg 0400 C
v 1hr Figure 9 illustrates Tii-5A1-2.5Sn el emental blended alloy formed by
sem - sol itgieatingrstentenef #40° Cowed by al l oying treatment at 13S0 C v 1hr.

Fi gurg%lo illustrates Ti-8Al fabricated by sem-solid state diffusion

foll owed by alloying treatnent 1350 C for 1 hr. (predom nated al pha-Ti

st ruct ur Prefefabliylie thid axpidtathalpysssarisirgssiep €bX mclutles asplyisigearpresare bf &ioaed

alloy formed by sem-solid netal er rmn roce Li.or t i ng.
15 Fi gur 099 t‘)(ﬁﬁf’%ﬁ% *?’5 aditpe PETed Bflgng[?g 3%:? @?‘Bﬁﬁin? Bﬁﬁ%{’)gﬁﬁgﬁﬁg (?Ho{}l(‘%?or med
by alloying step (c) includes alloying the green part at a temperature of from 1250 to 1350°C

for a time period of from 30 to 150 minutes.

15

According to a second aspect of the invention there is provided a method of forming an
article from a titanium-containing alloy, the method comprising the steps of:

(a) injecting elemental metal powders of metal constituents of the alloy into a
preheated die at a predetermined temperature, the temperature being determined based on

20 the constituents of the alloy;

(b) applying a predetermined pressure to the elemental powders for a

predetermined time period to produce a green part; and
(© alloying the green part at a predetermined temperature for a predetermined
time period to form the article; .
25 wherein the predetermined temperature of injecting step (a) is greater than about
100°C if the elemental metal powders include Sn powder, and is greater than about 350°C

if the elemental metal powders include Al powder.

In one embodiment, according to this aspect, the elemental metal powders include Ti and
30 Al powders and the predetermined temperature of injecting step (a) is between 450 and

550°C. In this embodiment, it is preferred that the predetermined pressure in the



sem -solid nmetal powder form ng process followed by alloying at a
tenperature of 1350 C. Figure 13 XRD analysis results for Ti-5A1-2.5.5n

el enent alWQP¥PIER? al | oy forned by semi -solid state netal BERSEOIAPR6 ng
process followed by alloying at a tenperature of 20 1450C. Figure 14 XRD
analysis results for Ti-8Al elenental blended alloy fornmed by solid state
di ffusion process followed by alloying at a tenperature of 1250 C. 25 Raw
Materials - Metal Powders The el ementals _netal powders used in each of the
aspects of the invention are Ti, Al and Sn. Many ot her el emental netal
powders may be added, but for sinplicity and clarification, only the above

el enental netal wders hav n e subj . | e Si s.
V0 03 03 PSRt P () i 0T R0 D tuf MR bl BARB TR T 2B 80
met al poydgss MY B 430 @intdsy THEE eBediaieedt fayabereford Ge aonstdgped b wolid afate
‘bl ender. The duration of the m xing was approxi mately 4 hours m ni num
'Various @iffisionpreeespfortFieAkdlloxent al nmetal powders were formed as i ndicat ed
below. Ti-Al alloys Ti-6A1 10 Ti-8A Ti-20A1 Ti-Sn Alloys 15 Ti-6Sn Ti-9Sn
Ti-12Sn Ti-A-Sn Alloys 20 Ti-5A1-2.SSn Ti-6A1-5 Sn Ti-6A1-8Sn 25 It is

i MPOsSS blgcbrdimpoRdibirdexspedt ithemvention previfecs methal of foosimg ah artderfromadn ons
of Ti, Al and/or Sn alloys, However, the first aspect of the invention
provi des aHekdhe mgthod compgisingithe sepsidd: net al forming techniques with the
i ncor poration,gf el | HES I fatdi ng
nore than 2% é@emh@%@%@%gﬁ%ﬁﬂb@%(ﬁémeﬁ% %1?2 yur}cg{tsr?gld(& %{Hr?ter

i denti f i ediie andrapplyalg @ pressraiof GOm0 @l 3¢0api: od tiftie pariodyof framnilcie Tan 30
be processed in this way are given bel ow by way of exanple only:
Ti - 6A - 2Spnules IIOFMARINMS SSn-ELI (clarification required) Ti-2.25A1-11
Sn- SZjg 1Mo 1 edbtertiin erafurd Aol theMpréfim for a
Ti - 6A 0 2Sn- 4Z\rﬁ§)gl\/b]a§f)8§%5-§§)8rn- nylﬁ%b%z%gg%%ﬁ :t6A -2Sn- 2Zr - 2Mo- 2Cr

predetermined time period to produce a green part; and

(c) alloying the green part at a predetermined temperature for a predetermined

time period to form the article.

15 In this regard, this aspect of the invention includes a process which involves an initial step
of forming a preform followed by, generally, a semi-solid state metal powder forming
process or a solid state metal powder diffusion process. For example, pressurizing step (b)
and alloying step (c) may include either of the processes described for the first and second

aspects of the invention.

20
Detailed Description of Preferred Embodiments
Embodiments of the various aspects of the invention will now be described in detail, in
some instances with reference to the accompanying drawings in which:

25 Figure 1 illustrates graphically a Ti-Al binary phase diagram.

Figure 2 illustrates graphically a Ti-Sn binary phase diagram.

Figure 3 illustrates a Ti-6Sn elemental blended alloy formed by semi-solid forming
followed by alloying treatment at 1350 °C v 1hr.

Figure 4 illustrates a Ti-6Sn elemental blended alloy formed by semi-solid forming

30 followed by alloying treatment at 1400 °C v 1hr.



Ti-1 1. SMb-6Zr-4.5 Sn Ti-1 5 V-3A1-3 C-3 Sn Ti-SAl-2.SSn Ti-5A1-6Sn-22Zr-1
Mo-2.SSi 10 The Die Set Design PCT/SGOL /00221 Two die sets have been

desi gned:W@©&037531 - wat ch case which is used to verify the PCASEB0II28y of
the materials using the newy devel oped netal powder sem -solid formng 15
technol ogy of the first aspect of the invention, and the other a tensile
bar which is used to verify the nmechanical properties. The die set used for
the tensile bars was very simlar to agonventional PMdie set design, but
was comnbined with heating facilities generally adopted in conventional PIM
plastic 20 injection nolding or die casting die set designs. This die set

used for the watchc conpanent s, was. sim |.a tlonal: Le set
design, but a HENE DABRTRE oot sletpet bRl a6y bARALH \eiaplia Wb
friction Rpﬁ}; feRgRnt # 145¢°commenent, an upper part for
accomoda ?ﬁ"é t eh@(l)trrlg pomgrés?w/vas 25 designed so as to be noyvabl e such
‘that the part Fifmenteillustratos ToeSwe alsnientakblended allpy iermed dansgai-sold fpuaig | d
metal powder form ng accor di ntg tg ép(g fltht aspect of the invention was
carried dollowed hyalloying teptment 238 GXdML hydraulic press specifically

desi gned and 'Jflgﬁx%w ﬂﬂls;rtgt{e]:% EFE?)?n %férr%@dl ®fdnded a6y (drdldHiSeemi-s81iPEI TR

11110221 The set on ate press could be heated to a maxi num
t enper at WoHowed 5P Q16 ing treBtiicntiat 1400 86 Arshr ($phaded I powdaus)d be applied to the

di t d held at det 1 ned t t f t,| t. 1
AR UOL K TICH L AV R T BTENE AR EI S =
t he desi g‘gﬂ‘é%ﬁ&@g‘iﬁ%gp&ﬁ@?&%aﬂ&%g%E}hbdocR/eﬂléI |l e bars were also 5

pr oduced ress. Wien the fusibilities were shown

on this machi nEguse b qNGdtatesTEL-541-2.58at elémenthhbigadel abay fovohed dryi seamits9lid
operati on was tﬁgn designed. As stated above, a hydraulic press was used to
produte tfeemimgdfollowed bralpying eatmentat 188R2E Velhsr operty verification after

i o

to .280C and he e tensile bars weré

produced Mgjyath dréitSehPIIS0NE 1851 hi. (predotBingtedadphadlidiraetaie)t 0 operate
(sem -auto) "whereas the small|l press was nanual and very sl oaico Fi%rn‘ié]%y
Met hods 15 TheFigues dhtXRBvemiysenresultis fareTs98n elgpratal drlenged ralloy ntormgd fyng

met hods. These,. whi.ch incl pde. po | whr solid state netal powder
di f f usi ons,e"é‘éﬁ‘hhg%qt%‘:ld”ﬂ@%ﬁrénﬂgp\ﬁcp\ggg%%%ﬁg algr(l)g%ﬁét al powder form ng

fol l oyed by hofigpf€33i XRD Wialysideesdialfér Ti-Dbn icterhental Heided, allRy foomed by
Metal lurgy For the tensile bars, prede%ﬁ{ %ﬁg}' gﬁt al go er CthSti ts of
the al | oysemirsolijnetabippwdes formung pEogeys HLior F aHaRE A IIIREEUREY Yhhter a
pressure gf 2500 to 2800ppsi for about 3 to 5 25 mnutes. Tensile bars were

successful Ty produced. For watchcase conponents, predeterm ned netal powder
constituents ofigufe RIXTIY anelysis pautte fori Tit PALDS. Snaatémental fblerdded alloy Jermaghd

pressed under a pressure of 2500 to, 2800psi .for out, 3.t0,1 ] It
was f oundby femi-salid pate yata] pawdes @HP{“&HSO‘B‘?SB S‘t}@’év ‘% loying at & tebh ot
20 1450°C.
Figure 14 XRD analysis results for Ti-8Al elemental blended alloy formed by solid

state diffusion process followed by alloying at a temperature of 1250 °C.

25 Raw Materials - Metal Powders

The elemental metal powders used in each of the aspects of the invention are Ti, Al and
Sn. Many other elemental metal powders may be added, but for simplicity and
clarification, only the above elemental metal powders have been the subject of

30 experimental analysis.



30 wat chcase conponents using this nethod. The wat chcases produced
exhi bited defects such as cracks. WO 03/037552 - 10 PCT/SGEO 1 /011221
From t hi 0 D3/03333 be seen that conventional powder metal | BEFPFPGIHBEREsi ng
can only be used to produce sone sinple shaped tensile bars and i s not
appropriate for the production of nore conpl ex shaped conponents |ike
wat chcases wi thout the use of binders. 5 Solid State Metal Powder Diffusion
Process For tensile bars, solid state.diffusion processing was used to
produce articles of Ti-6Al, Ti8Al and Ti-20Al elenmentally m xed net al
powder alloys. The powders were poured into 10 the preheated die at 450 to
600C and _hel d {or a t.3,,t0,.6 hours at a pressure of 2500 to 3500 psi It
“was foun 1 1L ture was over 550C the die set became jamed
and various surface defects, such as scratches and distortion occurred. At
tenperatures |ower than SO0C, the die set exhibited no obvi ous problens. 15
‘For the Ehecitmasemetainpomdatsswersorsrafully aweighed rand | e rbens Sp ngrAFHwe t.i‘}gz to
produce ti.cl es, of, Ti- 6AL, ,.Ti - [ el lnYinfBgd
powder aﬁ’ﬁwgr.' ?‘ﬁeeélélrﬂ}gpegfpplgdﬁlgé gﬁ‘&%e}b ?ﬁ’gé@%ﬁg par a?rgetl%l{dsﬂl 1212. l}rsygfg% or
the tensigifnked & thSemenl mbabpesdiraverdfoened acindicsted belwpr oduced in this
way. 20 For Ti-Sn alloys, die set tenperatures of greater than 100C at
applied pressure of from 2500 to 3000 psi for periods of from1l to 8 hours
have succgsgf produced both tensile bar and watchcase sanpl es.
Sem - Sol ;:13' lﬂo XPowder Form ng Process 25 For tensile bars, a group of Ti
alloys containing 2 to 12 %elenental Sn netal powder was processed using a
sem -solid netal powder form ng process. The Sn-containing Ti alloys were
put into'lffrﬁe‘\ldi e set cavity which was preheated to 250 to 300C and held
under 1@ pFidslure of 1000 to 2500psi for about 1 to 3 nminutes. Tensile bars
were succBsX¥All |y 30 produced in this way. WO U3/037"2 -11
PCT/ SA | 1/ UU226 For wat chcase components, the group of Sn-containing Ti
al | oys were E into the watchcase die cavity which was preheated
t enper at Llé&g‘tx—%l 1 to 300C and held under a pressure of 2500 to 2800psi for
about 1 to 3 mnutes. Watchcase sanples were successfully produced in this
way. 5 Metal powder preformform ng followed by hot pressing In this
proceds, TiH®Smetal powder alloys were firstly fornmed into a sinple shape,
simlar tHh-93me final geonetry of the conponents to be made, by conventi onal
PM procesEi-1281e 10 prefornms were then processed using either a sem-solid
formng or solid state di ffusion process. This process is advantageously
tidy and surface finish can be further inproved. The preforns were then
pr ocesseo@u&kﬁgﬁé@iﬁer a sem-solid formng or solid state diffusion
pr ocegé. For nore conplicated geonetry conponents, a sinple shape can be
formed first

Ti-5A1-2.5Sn

Ti-6A1-5Sn

Ti-6A1-8Sn

25 It is impossible to conduct experiments in respect of all possible combinations of Ti, Al
and/or Sn alloys. However, the first aspect of the invention provides advantages using
semi-solid metal forming techniques with the incorporation of elemental Sn powder. In
principle, any alloys containing more than 2% elemental Sn powder can be formed in this
method. Other identified commercial and semi-commercial grades of Ti alloys, which can

30 be processed in this way are given below by way of example only:

Ti-6Al-2Sn-4Zr-2Mo
Ti-5A1-2.5Sn-ELI (clarification required)
Ti-2.25Al-11 Sn-5Zr-1Mo



15 and then foll owed by progressive formng (several die set together)
using either sem-solid or solid state diffusion process. Conparison of the
form ng We®RYERISZ0 Conventional powder metal |l urgy can be R§EESHHE26duce
sinple tensile bars, but is not easily enployed to produce sound watchcase
sanples. Solid state diffusion processes can be used to produce articles of
al nost all Sn containing alloys including Ti-xSn-x, but with a |ong
hol di ng/ processing tinme. This tinme naygbe from 30 mnutes to 8 hours in
order to achi eve reasonably high conpacted density. However, the sem -solid
metal powder 25 form ng process nakes it possible to formalloys of Ti-Sn,
Ti - Sn- X, T+ SPs X+ . at relatively low tenperature and very short
“cycling Tkﬁéﬁggﬁﬁégs&ﬁbttached sumari zes the characteristics of the above
three proggapey.29y | oy Treatnent/Sintering 30 The above-forned tensile bars
and watchcases were sintered at a tenperature of from 1200 to 1450C under
“vacuum aft6A-g8m-4Zradohol ding time was about 1 to 3 hours. The WD
03103p52,; i nter,i ofiles are shown in Table 2. ' Property
Evaluatigﬁ5éﬁegﬁgk?§kﬁgﬁﬁ G01/11022G Density was neasured using a
pycnoget gi-sATasneZen®ni-2Cr powder density is given in Table 3, the densities
of the elenmental alloy m xture, green parts and sintered parts are given in
Tabl e 4 3ndlﬁﬁéodih€ﬁémonal characteristics are shown in Table 5. 10 As can
be seen f« Taki 8~4 he green part density is very close to the sintered
density,&?ﬁgkgsgtggéas%ensity bei ng about 98% of the theoretical density,
assum ngTi-Bal2158ad powder density is the theoretical density. It is also
noted that for sone all g.containing Al el enmental powder, the sintered
densi ty ﬂ%5ﬁé®§94¥%éﬁm¥£é breen part density. This may be 15 due to the
relaéﬁfion of the Al powder during sintering. It is also confirnmed that for
Ti 20%Al , the sintered density is much | ower than the green part density and
t he si zeTht Di&Betddesigy ed conponents are nuch |larger than those of the green
parts. Shrinkage Factor 20 From Table 5, it can be concluded that: The
sintering tenperature does not affect the shrinkage once the tenperature is
over 130§Go dfe0kets Sle Dobi UehBbad: QMeTi-watimicag: whikh shubak ageefifictior s
inthe range of 0.4 25 to 2.1 %for Ti-Sn allaqys and 0,25 to 0*{%%%fr
Ti - Al - Sn ferimabiligy of Teemeterinlskusing the nswtly devrlonedipetal PowdK;Sqwseli Whs are
i sot r.qpi or. senm.s0ld _faorm.ng, al| i r ] i fo t he
conpoontetaRiaBhy T B T3 RpEL e fvoiiep Ahd B! dincr tchile i Rt el

verify the mechanical properties.

The die set used for the tensile bars was very similar to a conventional PM die set design,
but was combined with heating facilities generally adopted in conventional PIM, plastic

20 injection molding or die casting die set designs.

This die set used for the watchcase components was similar to a conventional PM die set
design, but a full profile ejector was applied. In order to minimize friction and possible
damage to the component, an upper part for accommodating the extra powders was

25  designed so as to be movable such that the parts formed could be easily ejected without

damage.

Semi-solid metal powder forming according to the first aspect of the invention was carried
out using a hot plate press and a hydraulic press specifically designed and installed for this
30 project.



WD 03/ U37552 -13 PCT/ SGOL /0022G Mechani cal testing was carried out using
an Instron tensile machine. The paraneters used were: speed: 3 mimn. MaxX.
10 tons awal03/4¥sizensile results are given in Table 6. M cP6ISEPERRE and
phase diagram5 As shown from Ti-Al binary phase diagramillustrated in
Figure 1, for Al conpositions containing 8 wt.% Al or |ess, the final
conposition will be al pha-Ti provided equilibriumconditions are net. In
practice, there may be a small quantitygof beta or delta phase Ti existing
as the equilibriumconditions my not be reached or phase transformation
may be 10 i nconplete. The bi nary phase di agramfor Ti-Sn is given in Figure
2. As ca be.se

“the origi %ﬁ dlSS%}?SStF?f‘%?PI?ESR SFﬁ ulflbgshe Eﬁvﬁm@]g‘m&% léef&g%-éh i \étr)?lrjﬁ]

condi t i ongaxiffm ?nesduﬁe Bf 3600psiecdulEbe apﬁiédh@ tisodie sbeiml iesld adh pegdettEmined
~conpounds present due to the sintering conditjons agspl ied.. Mcrost rucaure
The sel ectemperagire ifQIsllpr tecatuleass 10dpours. - 8rof tre To Yrptehy eﬁaln@%?nwﬁﬁeepr@‘il%

Figures 3 t i

seen, t he™H cr?"g Fc %?errg? ngneéc‘gﬁtg?s Sglaeesﬁe gﬁﬁﬁg Mﬂf) ase wlt aggm
i nor sonpodnetd, usily diis asheall Helnplaie pfbskxy\miea matﬁuaqums Wét showinyen shisThe
basic mcrostructures_follow ng sinterin tenperat.ures i.n the range of
1300t o 18N, pdonsiimbRedic SeiRlEs ot SER P Qbrifieh vendIE dSHgnet 1| |
voids present at a level of 1 to 2% which may be elim nated by opti m2| ng
the process 25 paraneters. The selective mcrostructure for Ti-SAl-2.5 Sn
is shown As sﬁte@mb&vé}a Hyﬁramm phess yes msedhat produerthe ragired ensilebara fay temsileor m
and predomi nated b ancl nor co oun entified b the s bsequent
XRD anal yBioBerty3 e “%‘éPé‘c‘;ft‘P\';’é e ﬂi@{lﬁ Pﬁ*ssaﬁ‘l é‘f’ fﬁ

Fi gur 10y, {d 28000 aRE heIAS0r ARt 11 B ehifitas, nl\/l%htzcﬁ‘tlléteﬁﬁlcyba'ié et ro&tibeﬂ'il@m

ori gi nal part| cle size, which indicates that no abnornal U3/ 037552 -
14 PCT/ SGhiY pec@ avisiswesy fast gnduasy thapewtadsemppetebwhaises heseeHragss Wasi ds
for this allo rmed, by sem -solid state processing followed by sintering
is rel atlvlé‘n'il%f’ﬁ‘g rﬂ? ‘'ed to the other alloys outlined above. The reason
is that this process is very simlar to the conventional PM process but
only the processing tenperature is increased fromroomto a tenperature
whi ch 5 iE..@mﬂ&M_Lﬂéﬁ'rrel ting point of Al. XRD Analysis The XRD anal ysi s of
sel ectl' ve conpositions is given in Figures 11 to 14. As can seen from 10
the Fi éure 11, there are sone indications of oxidation during form ng which
was conduThefresdnt fyventiat mﬂbsraanudrbmmféffferaﬁtfmniag inethiodg. @hesej whighi ng, no

d f d th i di.cat ed t
conpoundeigde YTt UG e sl 20wt A SO BPLE S o 14,
which i's pi RPN HHR ﬁd%vde??dﬁrﬁhﬁfcﬁl&veﬁ%kl%ﬂﬁre&hﬁ@ wiflbeldeglt RARSE turn

transformation to take place conpletely. It should be pointed
below.

20
Powder Metallurgy

For the tensile bars, predetermined metal powder constituents of the alloy were poured into
the cavity of the die set and pressed under a pressure of 2500 to 2800psi for about 3 to 5

25 minutes. Tensile bars were successfully produced.

For watchcase components, predetermined metal powder constituents of the alloy were
poured into the cavity of the die set and pressed under a pressure of 2500 to 2800psi for
about 3 to 10 minutes. It was found that it was very difficult to produce complete
30 watchcase components using this method. The watchcases produced exhibited defects

such as cracks.



15 out that the sintering step has not yet been optim zed for this process.
Those skilled in the art will appreciate that the invention descri bed
herein i v@0O¥6I9P32 bl e to variations and nodifications ot h@CTSéRY236se
specifically described. It is to be understood that the invention includes
all such variations and nodifications which fall withinits spirit 20 and
scope. The invention also includes all the steps, features, conpositions
and conpounds referred to or indicatedjpo this specification, individually
or collectively, and any and all conbi nations of any two or nore of said
steps or features. 25 30 WO 03/037S52 -15 CLAI Ms: PCT/ SGO 110U22( 1. A
nmet hod of formng an article froma tin-containing alloy, the nethod
“conprising the steps of 5 (a) injecting elenental netal powders of netal

constitu s, #t a8n Bb b1 thittc@ndertiofilgRinidr fietildtgyprocamsiniahn brlyde wbdve
about 243@)&(%& applying a pr eget erm ned pressure }?%_ t he el enment al, rﬁ)gxym_jers
[

“for a predgiredust senhetsimplepshepetitensilgbarg dod it ngh arnsopriate forthe preductip ng
the green part at a,predetermned.t I 0. d¥: ermned tine
period td™ @rcmnglﬁxcfhg?{qdc&n@m\%gﬁléf %ﬁ?%%f@%éﬁ[%?u#ﬁfgﬁﬂ%g;Mer s incl ude
Sn powgler in an anount of at |east 2 wt % based on the total weight of the
el emental netal powders. 2. A nmethod according to claim1, wherein said

el ement al Sotist Sthte pdetalPawdes DiffysionProesss) east Ti and Sn powders. 3. A net hod
according to claiml1, wherein said elenental netal powders include at |east
Ti, Sn and Al powders. 20 4. A nethod according to claim1, wherein said

el ement al Foratmile Al state diffiliocBprpeessing was usad tarpoedvce efticlasoi 2642, Tt %

based on the total weight of the el enenta t al wders. 5. A mat?o
accor di ng84band Hr2AAl elopentalin mpredk g B?‘ﬁ‘gerg?]%s'_( ﬁﬁe Pﬂwﬁfraé%ef%{}%‘ffﬁ Hgoa 25
pr essgée @,fe pfi\éh%é‘e[e%g?foattﬁoztg%oﬁﬁ land Pél_dffmt Ayt BR]S l6Qbus atfd Sre3stredoft 508 to

m nut according to claim1, wherein alloying step (c)
i ncl udes 3$00opsindt ws fynndthapamce dhe tempertetcaves evest SI0°Enthe 250 setdbecaloC f or

SC%-I/ geg)g/ejggggejg];n g/%rrPOSSO 55%3&583@&2,“%‘?0% a8 Qeratches” and “hiSB AR occurred. At

temperatures lower than 500°C, the die set exhibited no obvious problems.

15 TFor the watchcase components, solid state diffusion processing was used to produce
articles of Ti-6Al, Ti-8Al and Ti-20Al elementally mixed metal powder alloys. these were
produced under the same parameters as used for the tensile bars. Some watchcases have

been successfully produced in this way.

20  For Ti-Sn alloys, die set temperatures of greater than 100°C at applied pressure of from
2500 to 3000 psi for periods of from 1 to 8 hours have successfully produced both tensile

bar and watchcase samples.

Semi-Solid Metal Powder Forming Process

25
For tensile bars, a group of Ti alloys containing 2 to 12 % elemental Sn metal powder was
processed using a semi-solid metal powder forming process. The Sn-containing Ti alloys
were put into the die set cavity which was preheated to 250 to 300°C and held under a

pressure of 1000 to 2500psi for about 1 to 3 minutes. Tensile bars were successfully

30 produced in this way.



7. A nethod of formng an article froma titaniumcontaining alloy, the

nmet hod conprising the steps of (a) injecting elenental netal powders of
metal con¥ONsO¥AIS of the alloy into a preheated die at aPfi R ned
tenperature, the tenperature being 5 determ ned based on the constituents
of the alloy; (b) applying a predeterm ned pressure to the el enental
powders for a predetermned tine period to produce a green part; and (c)
alloying the green part at a predetermined tenperature for a predeterm ned
time period to formsaid article; 10 wherein said predeterm ned tenperature
of injecting step (a) is greater than about 100C if said elenmental netal
powders includ n e - t Gokfe patl ¢htel tasent al
“met al V\]/goé FH%‘]% ‘ﬁganenﬁ %é %5(%) Qf%h éogaglégg(rygl %]g@?o cl a?m 7, wherein
sai d el errwabmas@ateadavnywﬁas Walgkehdaated'temlﬁrmrt wﬂzq@(mﬁ@ogc and heldj under a

predet erm ned tenperature of ct|n step ( S bet C 9.
"A met hod pressgrent; % 0P ¢o 2B0ns @f abph P T?‘HB%B ‘gé%?b‘éa}sﬁf ‘r"’g%%&?%q?fﬁﬁ?
pressurisj s from 2000 to 3000 psi and the predeterm ned tinme
peri od |npr§gu°'sse%iglgﬁ%g?¢ y's from 120 to 480 mnutes. 10. A nethod of form ng
an artiscle froman alloy, the nethod conprising the steps of: (a)

i ntroduci ng el enent al | po rs Qf t al nstituents of the alloy into
a die and %P?Wﬁ%fPé"ﬁ??‘@sfaﬁ?‘g‘gggﬁ‘wﬁgﬂ]yzlgg@rﬁsﬁmgooo psi for a time period 25
of froml to 5 mnutes to forma preform (b) applying a predeterm ned
pressure and tenperature to the preforrn for a predeterm ne%]"‘&&eﬁ“@ o od to

produce aIn\;;tthcsep*roq:ms,tthf(:j aethl poyvdar #lloys mere fiestly famnedymtq a gimple
art) ol Z“ ¢ e o Bl ofc e bty of e ol by Bomepbin ?&fﬁﬁ‘*‘%ﬁg{% A
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Alloy Treatment/Sintering

30
The above-formed tensile bars and watchcases were sintered at a temperature of from 1200

to 1450°C under vacuum and Argon. The holding time was about 1 to 3 hours. The
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given in Table 4 and the dimensional characteristics are shown in Table 5.

10
As can be seen from Table 4, the green part density is very close to the sintered density,
the sintered density being about 98% of the theoretical density, assuming the mixed
powder density is the theoretical density. It is also noted that for some alloys containing Al
elemental powder, the sintered density is lower than the green part density. This may be
15 due to the relaxation of the Al powder during sintering. It is also confirmed that for Ti-
20%Al, the sintered density is much lower than the green part density and the size of the

sintered components are much larger than those of the green parts.

Shrinkage Factor
20
From Table 5, it can be concluded that:
e The sintering temperature does not affect the shrinkage once the temperature is
over 1300°C.
e For semi-solid metal powder forming, the shrinkage factor is in the range of 0.4
25 to 2.1 % for Ti-Sn alloys and 0.25 to 0.7% for Ti-AlI-Sn alloys.
e The shrinkage in both the length and width directions are isotropic for semi-
sold forming, but anisotropic for the dimensions of the component made by

PM.

30 Mechanical testing
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Microstructure and phase diagram

As shown from Ti-Al binary phase diagram illustrated in Figure 1, for Al compositions
containing 8 wt.% Al or less, the final composition will be alpha-Ti provided equilibrium
conditions are met. In practice, there may be a small quantity of beta or delta phase Ti
existing as the equilibrium conditions may not be reached or phase transformation may be

10 incomplete.

The binary phase diagram for Ti-Sn is given in Figure 2. As can be seen in the diagram,
the final phase will be alpha-Ti, where the original composition contains less than 20 wt.%
Sn, under equilibrium conditions. Again, in practice there may be some beta and other

15 compounds present due to the sintering conditions applied.

Microstructure

The selective microstructures for Ti-6Sn, Ti-9Sn and Ti-12Sn are given in Figures 3 to 5,
20 Figures 6 to 7 and Figure 8 respectively. As can be seen, the microstructures mainly
consist of the alpha-Ti phase with some minor compounds, which are identified by the
subsequent XRD analysis. The basic microstructures following sintering at temperatures in
the range of 1300 to 1450°C are similar. Based on the microstructure, there are still voids
present at a level of 1 to 2% which may be eliminated by optimizing the process

25 parameters.

The selective microstructure for Ti-5A1-2.5Sn is shown in Figure 9. It can be seen that the
microstructures are uniform and predominated by V-Ti and minor compounds identified by
the subsequent XRD analysis.

30 The selective microstructures for Ti-8Al are given in Figure 10. It can be seen that the

grain size is very similar to the original particle size, which indicates that no abnormal
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grain size growth has taken place. The percentage voids for this alloy formed by semi-solid
state processing followed by sintering is relative large compared to the other alloys
outlined above. The reason is that this process is very similar to the conventional PM
process but only the processing temperature is increased from room to a temperature which

is below the melting point of Al.
XRD Analysis

The XRD analysis of selective compositions is given in Figures 11 to 14. As can seen from
the Figure 11, there are some indications of oxidation during forming which was
conducted at open atmosphere. However, after alloying or sintering, no oxides were found
in the samples. It is also indicated that there are some compounds present in the
microstructures as indicated in Figures 12 to 14, which is probably due to insufficient
holding time for the phase transformation to take place completely. It should be pointed

out that the sintering step has not yet been optimized for this process.

Those skilled in the art will appreciate that the invention described herein is susceptible to
variations and modifications other than those specifically dpscribed. It is to be understood
that the invention includes all such variations and modiﬁcafions which fall within its spirit
and scope. The invention also includes all the steps, features, compositions and
compounds referred to or indicated in this specification, individually or collectively, and

any and all combinations of any two or more of said steps or features.
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5 (a) injecting elemental metal powders of metal constituents of the alloy
into a preheated die at a temperature of above about 240°C;
(b)  applying a predetermined pressure to the elemental powders for a
predetermined time period to produce a green part; and
(© alloying the green part at a predetermined temperature for a
10 predetermined time period to form said article;
wherein said elemental metal powders include Sn powder in an amount of

at least 2 wt% based on the total weight of the elemental metal powders.

2. A method according to claim 1, wherein said elemental metal powders include at
15 least Ti and Sn powders.
3. A method according to claim 1, wherein said elemental metal powders include at

least Ti, Sn and Al powders.

20 4. A method according to claim 1, wherein said elemental metal powders include Sn
powder in an amount of from 2-12 wi% based on the total weight of the elemental

metal powders.

5. A method according to claim 1, wherein pressurising step (b) includes applying a
25 pressure of from 1000 to 2800 psi for a time period of from 0.5 to 3 minutes.
6. A method according to claim 1, wherein alloying step (c) includes alloying the

green part at a temperature of from 1250 to 1350°C for a time period of from 30 to
150 minutes.

30
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5 determined based on the constituents of the alloy;
(b) applying a predetermined' pressure to the elemental powders for a
predetermined time period to produce a green part; and
(c) alloying the green part at a predetermined temperature for a
predetermined time period to form said article;
10 wherein said predetermined temperature of injecting step (a) is greater than
about 100°C if said elemental metal powders include Sn powder, and is greater

than about 350°C if said elemental metal powders include Al powder.

8. A method according to claim 7, wherein said elemental metal powders include Ti

15 and Al powders and said predetermined temperature of injecting step (a) is between
450 and 550°C.

9. A method according to claim 8, wherein the predetermined pressure in the

pressurising step (b) is from 2000 to 3000 psi and the predetermined time period in
20 step (b) is from 120 to 480 minutes.

10. A method of forming an article from an alloy, the method comprising the steps of:
(a) introducing elemental metal powders of metal constituents of the
alloy into a die and applying a pressure of from 2000 to 3000 psi for a time period
25 of from 1 to 5 minutes to form a preform;
(b) applying a predetermined pressure and temperature to the preform
for a predetermined time period to produce a green part; and
(c) alloying the green part at a predetermined temperature for a
predetermined time period to form said article.
30

11.  An article formed by a method according to any one of the preceding claims.



