, e3e{j {g4*60TFN108 NOV 2004 -1 METHODS OF FORM NG ARTI CLES FROM ALLOYS OF
TI N ANDY OR TI TANIUM Fi el d of the Invention 5 The present inveftg qmy ezg@{‘t es
to methods for the production of articles, particularly shaped arti cl
fromalloys which contain Sn and/or Ti. In particular, the invention
provi des, in various aspects, nethods which include sem’ -solid nmetal powder
formng, solid state netal powder diffusion and netal powder preform
form ng foll owed by hot pressing. 10 Background to the Invention Titanium
is the fourth nost abundant structural netal in the crust of the earth
after alum num iron and nagnesi um Due to their superior strength to
wei ght ratios, excellent 15 corrosion and erosion resistance and hi gh heat
transfer effici ency, titaniumand its alloys have roven to be me of the
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nost appr opr i MBTHOBS OF EQRMING AREL

applications in the aerospace, tive i ndust ries. Wth

i nprovenents in titanium and ti%@ﬁiﬁ&@%ucti on, the cost for
titaniumand its alloys in sonme regions of the world has been dramatically
reduced. The cost of Ti powders is 20 equivalent to the cost of the

st ai nl ess sgigRlof BR\WMEGtonhi ch are conmonly used in the powder netallurgy
(PM and_powder injection molding (PIM industries world w de. As such, the
use of tPtaniumand its alloys has rapidly expanded to include applications

in tha pharg&%&%ﬂt%}enme&k@% Gthodd BRe PFodebidn FSrtidlesNpieticniEly phaped

plants, foo and nedi cal prostheses. Commercial applications are also seen
in sportl ngarticles ﬁmmﬂoys ‘ablﬁh@ﬂﬂt@m@nﬁgdfab'ﬁlarlélpa“%@ﬁ thes myeption PryKies, 1 cycle
frames, %ﬁ%g&t 11.14 1?1[;1)51’1 111@]){1@‘9%6@1? 387 A0 c}ﬁ%@r folfR8 Bl Mate @REI I NY | S
the nost w no ogy to produce products of trtaniumand its

al | oys. Hommmiex dlfﬁliiearmldrmetqdamowd@lnr@ﬂmfﬂmng fdlomied by Bolsaefsidg has a very

hi gh ch cal activity. It reacts strongly with oxygen, nitrogen, hydrogen,
wat er and carbon 30 nonoxi de/ di oxi de and al so reacts with alnost all the
refectory cBadichhmdnatlerlnaéioat hi gh tenperatures. Therefore, nelting and
casting nust be carried out in special crucibles under 0 a~ov z~—~~~ -2 a
very high vacuum After casting, expensive post-machining is often required
to achi eve Thendess tediobithahostdishenhtossictutah nadali ini the, crisorof Hhegkerherftasr mance

applications, hot jsotr r es H P) of the |y
required i nAlBPELR FER P%’teg'flﬁ? @Iu?gq‘ﬁi‘%‘fé PRt TS gtglor gfs?llgt%rau% QQ&, 'hese
bar ri er sjsr egd#obion Bndlerdsiby rddisgincd adat higlahéao nmcsﬁatefﬁowncghnﬂamnmasd fith ell@ys

wi despread application of ti um al |l oys to at tent

met al | ur gy P& NEOER e Paseme é’éaﬂlaesmﬁﬂd'PPFQ Een%fr et}ﬂlcc?ﬁ Ea@ Ses of
titani um al Layst JloNRuUeHs ihhie me@@d@a@ @ﬁﬁﬁé akuldy aumﬁ(iﬂtiweslrﬂomﬁ)ésl catited HI P
conpacfion methods which nmakes it

f |t f |
Semi - sol i d REIeYeIERS i W@mwgmﬁtarwﬂq%%@ﬁﬁ@gre@lg g‘ggg %‘% F‘E?&B’g%m‘ﬁat Iaﬁ s i ng

al | oys undey,; seizS0hd 6 Hb Wofld HAH Bbdni @RFatichi®y PcddaRe ichst oh & bml&shsst ate
such as in casting or solid state such as in sintering (convenf# gqq PM and

PIM. TH® peodwdest tcethee@sbﬁf theestainlpse ftaeb prwdase Whishoire GPmineBly &
slurries COE&@&%{& ﬁg%ﬂgbﬁd&%h&mﬂ%&l&lﬁ% @Hwﬁhmn%%@l@vﬂdéﬁ&st o flow

i ke viscou I|qU| force is a hi s peculiar, flow

behavi or hasuchgeitle by q%éandmwemdamws s repidis eﬁWéﬁd mﬂﬂwﬂﬁgapph‘@e@%ﬂslﬁéhe such
as so call edhm%%@éﬁhc%?%ﬁdh&g mﬁim;egg £ d1PAsth Beledr o kP Pab Hob nd nctiedl - ne
shaped corrpgnen S W Flﬂ errt ormance ro uc on IS bei ng carried
out in the bristhess. StQmwr@ﬂ a@lphcatmas andﬂSELﬂeetp@ wqﬂmae@nmnhgfa% hianend pue to

the proc s char acqt\l}g flcﬁl%s %1 SGHrrent 0%‘%}3%6'53%1%2% ?%Pqu%laxdfg dgited 20

to cert e pr|nc| cessi ng has
al so been applled to t he fabrlcatlon of netalllc sl urnes based on

P ocese e bl AL BomBRTy SR Rbigodt Luf Al AR QbR 1 @
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(die set tenperature wever relativ process 30 Lepperature
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commer ci al producers.




0 8 NWV 2G84 -3 The principle of the solid state diffusion proceg% N%VtQMN
press the all oy powder below the nelting points of the powder for "a
predeterm ned pressure and tine. The mcrostructures produced in this
method are simlar to those produced by sem -solid form ng processes, but 5
using a relatively long process tine. There has been little discussion in
the public literature related to this form ng nethod which can be used for
produci ng prototypi ng conponents. Objectives 10 The invention

advant ageously provides a sem -solid ne%a] powder form ng technol ogy for
fabricating net-shaped and mniature titaniumalloy conponents with | ow
cost and high di nensional accuracy. As such, industry may advantageously
benefit in being able to produce titaniumalloy conpopnents.cqost effectively
Wi t h enhancedtry high veuu. thfter easting, AraInyive POSIRCHIRDE E&p?]%‘r? fﬁx&‘i}‘i‘}ﬁz‘? 916 a
first aSpeCtil? g%qsir?"?nﬁﬁﬁ‘ﬁ&ﬁian’s.%%ﬁ&i{tilg%yfﬁﬂ? e pdrforRE¥ i gSlitafomiEhdiagtropict or m ng

an article I'n-containing a , the method conprising the steps of:
(a) inj ect i pessiak GABN DAthervattiags isowteslky reruirpdbinardes dheamu!erelyt S RENS| | oy
into a 20 preheat i t, 8. f3 B8 Wosi24@§eh Hbits @rpl yi ng
a predet er FREF p s%utr%gsaét%ﬁ?%rgqgﬁ%{éc%%g&&%g&ﬁcﬁgr a predeternined tine
period t@ pwideipeadapplicedon gfditiniuna aitbys &) a-gredtie®igitng t he green part at a
predet enuned tenperature for a predetermned tine period to formthe
article; 25 wherein the elenental nmetal powders include Sn f)ovvder in an
amount of  apoydaietaBuitly Yeb Be@ckvalnatdes dnothet mesis g proghicing ertigles pbHedP™net al

wd . In thi t,. th I l. t al wd L nel: - t
T "and Sn PRIV BRL] BRI ETREDT HE e e L S Bethar T

the el ement %ﬁcﬂ%ﬁési%‘lﬂﬁﬁ%@n&ﬂﬁpﬁmﬂﬁi& | east Ti, Sn and Al powders. 0
$ N(iV 2CQ~ -4 According to This aspect, the elenental netal powders
i ncl ude ¥n powder in an anopunt of at |east 2 wt % based on the total weight

of the el emgphal, il rMEeISSMIBISh aewigl dbveléea phdcesseit fimingtaiibypandder s
include Sn powder in an anount of from2-12 w % based.on the tooﬁigl ta\{gei ght
of the el emsemisblidratatglcopditiprss sthes thay 1 fiediayidtate Such 38 “éf’?si@g PheYudé any

alloy of Sng, Ryt i %m’?&ﬁ%}?ﬂ&?ﬁ!e}{ﬁcgﬁf 8Lt 8 HRNAIThO Yfoceds Siesvért theAllixamgior Ti .

As such, the T nvention is aspect may be considered to bgﬁg seni solid
a{eez%

met al powdebelfagionbie pemientid shuriesontainmgonidsadriiciseljd PGSR Yer at ur e

of injecting ste . Fabd Mlibd) Thidi pecd &P @64, bekdvtor has

pressuri tl ngo @?‘%ﬁk‘%@%mﬁégﬁﬁg&hﬁ%%ﬁga p%bgs}sure opf% from 1000 to,.2300 psi

for a tine pertoals dfvelbpoemtiafome ngvetiferginesprorgsesaph af go FAllef HKSFAERE t hat

alloying SLERs biohGlIRE sMond biioBSHA RRbbadils it BZREMHafoo0l 1 om
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 shutry).
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.




for atinme period of from30 to 150 m nutes. is According to a second
aspect of the invention there is provided a nethod of form ng an UaBtNQYe“GQf%
froma titaniumcontaining alloy, the nmethod conprising the steps of: a3
injecting el enmental netal powders of netal constituents of the alloy into a
preheated die at a predeterm ned tenperature, the tenperature being

determ ned based on 20 the constituents of the alloy; (b) applying a
predeterm ned pressure to the el enental powders for a predeterm ned tine
period to produce a green part; and (c) alloying the green part at a
predeternined tenperature for a predetérnmined time period to formthe
article; 25 wherein the predeterm ned tenperature of injecting step (a) is
greater than about 100C if the el enental netal powders include Sn powder,
and is greater than about 350C if the elenmental netal powders include Al
powder. | none.enhodj . of: e k akhenet al
powders i ngﬁ%%ncﬁie g%gl%% h%%%o%?% glﬁ%ésgﬁzo%?%gg%ee?%}ﬁ%ﬁ@? lrerﬁégerat ure of

i nj ecting sicking (pantsi ¢f thepoveden ftSOpradaierBSGE pressure PidstimapBei ETPETUGYESs| 5

preferred that the, predeterm.ned pressu i . - bt
pressuri zi AY ETeéb“?lg)mFi’ ° qx%ﬁ{“%ﬁb@ Oggg%gbéeggf&g%ldsotﬁﬁgé pr% é‘t?%%%’ned time
period i gtigPa (dmhively Idneoprockadimhe PhR hes bush Bile didenssionrit duipmblia litprafjre

therefore be consjdered a soljd state diffusio r ] i - all oys. s
Accor di ng f%at foyihis g’n&%éﬁfiﬁh‘fdlh”gm?wp@ g f?)rrp&@aglg%g&ﬁt&?l&géo I;o[llfonf orming an
article froman alloy, the nethod conprising the steps of: (a) introducing
el emrental netal powders of netal constituents of the alloy into a die and
appl yi ng aQhiedi%efr e of from 2000 to 3000 psi for a tine period of from1 to
5 mnutes to forma preform 10 (b) applying a predeterm ned pressure and
tenperature to the preformfor a predeterm ned ting riod.t roduce a
green phtt Theinyeition adyangagepnsi pravigesebiimariid %‘Etalel’oﬁ’t‘ié'gg’f"&nﬁit‘?? PEnSerature
for a_predgle et 14,8 RGY kitlaih i@ 16y B8thpcilcs v fom dcki sad g d,

this aspec e 1nvention 1 ncludes a process which invol ves aﬂﬁi nitial

step of f ondirengional preefragym Asosuchwindusiy, mae séveatapsously bemghit Tobsiee 8481 net al
pouder o T8 PEE S0 oAkl ol AR RS pl, DMERG slicbmatoon process.  For
exanpl e, .plpessurl zi ng step and alloying step (c) may include either of
the processes described for the first and second aspects of the invention.
20 Detail ed Description of Preferred Enbodi nents Enbodi nents of the various
aspect sibf Sugeanyebtheilghention] now be described in detail, in sone instances
with reference to the acconpanying drawings in which: 25 Figure 1
illustrates graphically a Ti-A binary phase diagr ary& Fi I%U{le 2 t“ l.ustrates
gr aphi cal | w@omghalﬁrﬁgsgpcmﬁb@p@ﬁ%mmtwn there 18 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) é,pplying 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 temperatute 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

wi% 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.



Figure 3 illustrates a Ti-6Sn el enental bl ended alloy forned by sem -solid
forming followed by alloying treatment at 13s0 C v | hr. Figure 4§ NOY 2004
illustrates a Ti-6Sn el enmental blended alloy formed by sem -solid formng
30 followed by alloying treatnment at 1400 C v |hr. 00 ~;~v ~~~~ -6
Figure 5 illustrates Ti-6Sn el enental blended alloy forned by sem -solid
formng followed by alloying treatnent at 1450 Cv |lhr. Figure 6
illustrates Ti-9Sn el enental bl ended alloy formed by sem -solid formng
followed by alloying treatnment at 1350 Cv Ihr. 5 Figure 7 illustrates

Ti -9Sn el enental bl ended alloy forned-By seni-solid forming foll owed by
alloying treatnent at 1400 C 2. Shr (spherical Ti powders). " Figure 8
illustrates a Ti-12Sn el enmental blended alloy forned by sem -solid formng
fol | owed bycairdiog tonidyistaseest, Hereleragntal 4601 Bwddrhinchufs Gy pevder in 4o gt @f

Tii-SA -2.5Sn elengntal. bl en : r I i; dp L 485 MANY

fol | owed bgﬁﬁ‘?s‘ﬁ%&‘ﬂﬁ‘gb ats?de% ﬁrr%’g@gla‘?&%}gésft% E@&qﬁlpﬂ H&?égpgpggéf% FI%I lsz'%y;’ at es

Ti - 8Al f abrlemaitaidndiyl meritrssndhidd Snitpatvderdn b amant of dlohonb Wiy basell oy ity
treatment 1350 C for. 1 hr. (predom nated al pha-Ti structure). Figure 11 XRD
anal ysi s ré‘ggl“feégh’f%éthﬁ'i’lfﬁlﬁt%‘?f‘glé?egﬂ’@ﬁwgﬁm'bl ended alloy formed by semi-solid
nmetal posmder form ng process prior to alloying. 15 Figure 12 XRD anal ysi s
results for Ti-9Sn e| enental, bl ended all o or en ; Sol al

powder f or A Hé %P%eé% Bl P ‘?Jla“é’ya‘ﬁﬁ?’ Pt%ﬂ’ry?ﬁz ’étpg%r?@%?g%%eaué’% ﬁ%’o C.
Figure 13 XRBR anadysiTs Assuthl fefuention-BAis 3spSetShaycbecomsidered ol tlerdedial | oy
formed by sem -solid state netal powder form ng

| b
al | oyi ng awoli mefgheewde famyps prpcessiosSn pP%P@glﬂ%gV%ﬁ&{@%\é\g%&ﬁs for

Ti -8Al el e . deshalbl oy forned by solid state diffusion process
f ol | owed bgﬁg%@%?fl%gﬂ?at a tenperature of 1250 C. 25 Raw Materials - Metal

Powder siThe el enental netal powders used in each of the aspects of the

i nvention Ti.. AL a . . %#IS |y PRVHEE SR e
added, but El{;e ?ra%y’n%hméﬁg?/e%gna E: %sﬁﬁ%%%t?ftbﬁﬁgon ya?ﬁ%ﬁlgbpf\%e el emental metal
powder s havie0bheer800 hsi foukbjtent paiod 30 frompks itord mindten Kartyer & is prefored that ~ v
20~~r Metal, Allovs, and, Thei.r Bl endi ng The ahove tal- -po

careful Iy ?%ﬁe%@g’qﬁ%ggﬁdif’gﬂ%ﬂeaﬁ it W%ﬁra[% eorflglélrn\.lﬁggo %Pﬁ%i on of

the nixi ng pyasiROREeY ofBbal3p td14uinGtesti ni nUum Various 5 mixtures of the
el enental nmetal powders were forned as indicated below Ti-Al allovs Ti-6Al
10 Ti-8M Ti-20A1 Ti-Sn Allovs

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

Tn 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




15 Ti-6Sn Ti-9Sn Ti-12Sn Ti-A-Sn Allovs 20 Ti-5A1-2.SSn Ti-6 iQESR
Ti-6A1-8Sn 25 It is inpossible to conduct experiments in respe 041 2004
possi bl e conmbi nations of Ti, A and/or Sn alloys. However, the first aspect
of the invention provides advant ages using sem -solid net aI form ng
techniques with the incorporation of elenental Sn powder. In principle, any
all oys containing nore than 2% el enental Sn powder can be forned in this
met hod. Ot her identified comrercial and sem -comerci al grades of Ti

al I oys, which can 30 be processed in this way are given bel ow by way of
exanple only: Ti-6Al-2Sn- 4Zr-2Nb Ti - 5A%-2.SSn-ELI (clarification required)
Ti-2.25A1-11 Sn-SZr-1 M (~s" I-Oy 2~~4 -$_ Ti-5Al- SSn 27r - 2Mo

Ti - 6A1- 2V-2Sn Ti - 6Al - 2Sn- 4Zr - 6Md Ti - 5A1- 2Sn- 2Zr - 4Mb- 4Cr  5-

Ti - 6AL- 2Sn p&Zaunﬁh@st@ﬂb)Ts £rdm OGN 3600 psitargShe medqmswegmﬁne&@’w@@ﬁtep (b)

Ti - 5A1- 2. SSn,, Ti - 1} o t
h:ave been EQ@?%AZ@%OW “%e -m%é@?%é%gﬁﬁegoﬁggéﬁd%ﬁ %’M}l}d?hge >

for mabi | i t diffifioh hercemtferTiadiallugi. ng t he new y 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 nmechani cal properties.
The di e setactsigflefoOs t}hﬂﬂasb&dﬂﬁiehﬁveh@’rﬁprméeswﬂnyﬂled of foaming en artiglerfiean®t onal PM
di e set design, E S corrbl W th heating facilities generally adopted
in convent .aB%rhemlq@c:ﬁﬁqogW’eg Sfeﬁ ction nolding or die casting die set

designs. This ﬁ'}a Seiht:r&ﬁi%ﬂlgf@é'm&lﬁﬁm\ﬂﬁtm&a)fﬁmmanmﬁItIEnmfﬂ:@IaﬂDY moto a
conventi onal

di e set design, but a fu rof le e ector S ed. In
order to méamigrindeapphying P@FFS%‘?P%%@@B@%“’M@’@ % 2t 8%11‘% ]t}lfiioé%’n5 upper
part for aqlﬁmnpg%ﬂﬁm Iteﬁg.mextra powders was 25 desi gned so as to be
novabl e suc hat 't he E)arts formed could be easily eject tI L{l damage

i dateioft .

Senmi - sollfd met alb)poviadw ymgwrﬁr%tea@@@# BYEREITE A0G FRET

i nvention hateeNQheddl@iteaf €ss and a hydraulic press
speci fical Yﬁ?&a{éﬁ[ﬁ%ﬁg%mggg I ns a Ieed%or p'?%l s 30 project. ﬁ‘fFFﬁ“a~ Zos -
The die set on {de hdloypigthe sreeeput @cﬂﬂl’@ﬂeﬁ@nﬁ@éﬁwe%mﬁfﬁ’%@ er at ure

of 600 C. A maxi num could be applied to the die set and
held at a predetermﬁlgggﬁéﬁgﬁé %eﬁpﬁib up to at least 10 hours. Al of the

Ti watchcase sanples were produced with this press using the designed

et choase e oSl gl B GRLL Ve ob SBME iRRIG: BLBealafnoRI AR UG Slcul3iefo Chi o

smal | b i 1t es were own on this machi ne, a
tensile barofdbsniagt greforhdblievares igemnilys enemaselol spe rrmfa\ld?@“msfﬂtf%%

equiTed t RGP Rs P mEHE PSR A S oy EER PP R 1)
testing on fielisying bteh o) nitlydhduderetha of ﬂﬁeqar@heases déscniacsl fh:eiae it 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 graphicaily a Ti-Sn binary phase diagram.
Figure 3 illustraies a Ti-6Sn elemental blended alloy formed by semi-solid forming
followed by alloying treatment at 1350 °C v 1hr.
Pigure 4 illustrates a Ti-6Sn elemental blended afloy formed by semi-solid forming

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



10 up to 280C and held for about 1- 5 mnutes. Most of the tensile bars
\(/vere_ pzo;:lu;:e\(ljmusi ng :EI S ma;:lhl ne as it is ver?/ fazt and eiasy 033 MRS K%
sem -aut o er eas e small pzess was manual and very slow. Form ng

Met hods 15 The present invention considers a nunber of different form ng
met hods. These, which include powder netallurgy, solid state netal powder
di ffusion, sem-solid nmetal powder form ng and netal powder form ng

foll owed by hot pressing, will be dealt with in turn below 20 Powder

Metal lurgy For the tensile bars, predeterm ned netal powder constituents of
the alloy were poured into the cavity-6f the die set and pressed under a
pressure of 2500 to 2800psi for about 3 to 5 25 mnutes. Tensile bars were
successful ly produced. For watchcase conponents, predeternined netal powder
const i fj uent s OfFifre Saillhmateaﬂf u‘z-g%:pelumentglj bgeml_ed fﬁomﬁlgmc?bigﬁimﬁilé@ fas mg@tt anlolt
pressed under a pressure o o} psi for abou 0 m nut es.

was found gqi‘&“‘i%@@‘%ﬁ?m%ﬁ“ﬁtgé%ﬂ t&f broduce conpl ete 30 watchcase
conﬁonent S ui [ @@%ﬁ}%ﬁ%&@d‘;Q%ﬁj@leﬁ?ﬁtﬂLﬂm&t ﬁpﬁpﬁd?aﬂbﬁxégﬁihﬂoﬁéﬁ)r?ﬁf%ct S

such as cracks. ~ Fafi ~Q~r -lo Fromthis, it can be seen a
convent i on&illopedbieallovineireatiegiat g3 R &seig can only be used to produce sonme
si mpl e shaped tgnsil-e; 19k $1ciht PRBARR 18T orkld b REnioRd derinig of
nor e co%pl ex shlilgl?g f%lﬁ%g)a?legﬁ?gsﬁli%]fgl vvgtchcase_s%;vm_thoutythe, use of bi nders. 5
Sol i d Stat oleedby Rivyier trdinidntisti 460 T8 dolsphrgeal Teprsidess)-bars, solid state

di ffusion processi ng s used Lo oduce artichas (e I 8AL;and

Ti - 20A1 el ement%ﬂ“ﬂ? %1\,\1@5 it 1'%%3’?@0@33% h%l%é’o%g?@lbgeérggﬁ?glgrﬁed into

10 t he preml%ctoﬂ&&e@g ﬁﬁ@ing&e@&@@aambohelvdlhi,or about 3 to 6 hours at a

pressure of 2500 to 3500 psi. It was found h@t ﬂ%ﬂﬂﬁe the te%peratglrig was

over 550C the dFigueed ilbwstraipe Ti-afddSasieneats bisaded Aoy Sampd e ie 8t h as

scratch §&%%Of3hg\%d1§}palggﬁg%%mﬁg 1ieperpi-ures | ower than 500C, the die
obvi ous pro

set exhibi f'ed l'ems. | S For the watchcase co onen&ls), solid
state di ffusi onFiguecHs dlusipatevaBi-84d cfdbricoted rhydssos-selid ptate sliffgfonTiollged by - ga1

and Ti-20Al_el enent al | | t al Oy e were produced
under the SHFED E?agﬁﬁ?té?ga ﬁgﬁgﬁﬁﬁrgﬁ)%\qﬁ%dtéﬁ%%é%%&gf Sorme wat chcases
have been succeppitd Iy XHDANARG fosultshios Tha¥n nditit bRnd@halkdyl foyoed By e set

tenperatures of greater than 100C at appli ressure of from 2500 to 3000
psi for perSFIBHS:f’thlleW@HWiertWgrﬁfﬁ?eésﬂ’iﬁgéo %E’é’g’@sﬁul |y produced both

tensi|l ejpar andppRts e 3GED SAAPE Fesulbie for 190ISh Celdvidngdl bRadete plldsofamined) bPr ocess
25 For tensile bars, a group of Ti alﬁ’lnti%ﬁs c ntg]gni.rég 2 to 12 % el pngntal Sn
net al pomdéPmM&%ldﬁﬁ%]e@%‘@ﬁfg’gHﬂ@Péo@ laped by AMYHE H SRR IPS e g “pr ocess.
The Sn-contegi ning Ti alloys were put into the die set cavity which was

preheated to 250 to 300C and hel d under _aﬂgéessure of 1008 t 2501%:)? for
about 1 to 3 ni Figues!3 X&Rsirakysibagssitnbr di-54&2 85 dgmeptabhlep %ﬁ‘e&fo K<t hi s

way:. by semi-solid state metal powder forming process followed by alloying at a temperature of

20 1450°C.
Figure 14 XRD analysis resulis 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.




G~i~0 ;~ 2~~4 -11 For watchcase conponents, the group of Sn-containing Ti
all oys were put into the watchcase die cavity which was preheatqg .
tenperature of 250 to 300C and held under a pressure of 2500 to §o§8¥iiﬁﬁr
about 1 to 3 minutes. Watchcase sanples were successfully produced in this
way. 5 Metal powder preformformng followed by hot pressing In this
process, the netal powder alloys were firstly forned into a sinple shape,
simlar to the final geonetry of the conponents to be nade, by conventi onal
PM process. The 10 prefornms were then processed using either a sem-solid
forming or solid state diffusion process. This process is advantageously
tidy and surface finish can be further inproved. The preforns were then
processed using either a sem -solid formng or solid state diffusion
process. Foetstpylbyganiillicocdledingeonet ry conponents, a sinple shape can be
formed first 15 and then foll owed by progressive formng (several die set
together) using either sem-solid or solid state diffusion process.

Conpar i son Thé dbbee fetali pogdere twad sa2illgonvighd muhmupde:mg aetsparimegipl can be

used to pr e.ten e bars, but is nof roduce
sound wat c??g‘ﬁé%f z[lé‘ﬁ'pﬁ“%@‘mégl 5|h‘8 ‘Eﬁx}ﬂgewﬁﬁ PPRTEYIGR e%’r gzheoéﬁs(es can gk/%@eg to
produce s thhiehRs o®fhealeffentl raéthl povde® Biepd foirmgt aliddoyed beotvudi ng Ti - xSn-x, but
with a long holding/processing tine. This tine may be fiom30 mnutes to 8
hours in order to achi eve reasonably high conpacted density. However, the
seni4solidrﬁgg%hqﬂpmder 25 form ng process nakes it possible to formalloys
of Ti-Sn, Tr-Sn-X, Ti-Sn-x-x etc. at relatively |low tenperature and very
short cycling tine. Table 1 attached sumrari zes the characteristics of the
above threeppngcesses. Alloy Treatnent/Sintering 30 The above-forned
tensile;pa ,ﬁ_ gafd wat chcases were sintered at a tenperature of from 1200 to
1450C underyy ﬁun1and Argon. The holding time was about 1 to 3 hours. The
$ f v ~l 20~~"-12 sintering profiles are shown in Table 2. Propertv
Evaluation 5 Density Density was neasured using a pycnoneter. The el enental
powder denstitdn Aldvgi ven in Table 3, the densities of the elenental alloy

m xture, green parts and sintered parts are given in Table 4 and the

di mensi onal characteristics are shown in Table 5. 10 As can be seen from
Tabl e 415t HE-G§neen part density is very close to the sintered density, the
si ntered derisshy bei ng about 98% of the theoretical density, assum ng the
m xed powderi-ildgnsity is the theoretical density. It is also noted that for
sonme alloys containing Al el enmental powder, the sintered density is |ower
than the gree density. This nmay be 15 due to the relaxation of the Al
powder durﬁ§§&§§%§@@9ng It is also confirnmed that for Ti 20%Al, the
sinteredpdensity is much | ower than the green part density and the size of
the sintered cquonents are nmuch larger than those of the green parts.

Shri nkage FaicY
1—6A1 3Sn

Ti-6Al1-88n

25 It is impossible to conduct experiments in respect of all possible combinations of Ti, Al
and/or Su 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-28n-4Zr-2Mo
Ti~5A1-2.58n-EL1I (¢larification required)
Ti-2.25A1-11 Sn-5Zr-1Mo




20 From Table 5, it can be concluded that: The sintering tenperature does
not affect the shrinkage once the tenperature is over1300C. F@r§ dehy -204i d
netal powder form ng, 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-Al-Sn alloys. The shrinkage in
both the I ength and width directions are isotropic for sem sold form ng,

but anisotropic for the di nensions of the conponent nade by PM 30
Mechani cal testing 08 ~"~~~"t' 200k -13 Mechanical testing was carried
out using an Instron tensile machi ne. The paraneters used were: speed: 3
mimin Mx. 10 tons and the tensile r@&sults are given in Table 6.

M crostructure and phase diagram5 As shown from Ti-Al binary phase di agram
illustrated in Figure 1, for Al conpositions containing 8 wt.% Al or |ess,
the final TefyggesSntdZpdMai || be al pha-Ti provided equilibriumconditions are
met. In pr %4£§v here may be a small quantity of beta or delta phase Ti
exi sting as Ve éa l'i briumconditions may not be reached or phase

t r ansf or nati-exi-28yd28@&M0 | nconpl ete. The binary phase diagramfor Ti-Sn is
given in Fjigure, 2. an,be seen in the diagram the final phase will be
al pha-Ti, thgé%gé#%ﬁgﬂﬁﬁﬁﬁél conposition contains |ess than 20 wt. % Sn
under egqui ni-xiagprandid2@ns. Again, in practice there nmay be sone beta and
ot her 15 conpounds present due to the sintering conditions applied.

M crost ruct és$ﬁ%ﬁi§ﬂ%ﬁkive microstructures for Ti-6Sn, Ti-9Sn and Ti-I2Sn
are given i1 FyawNiesy3sgo 5, 20 Figures 6 to 7 and Figure 8 respectively.
As can be seen, the mcrostructures mainly consist of the al pha-Ti phase

wi th some #-Adk2.88hpounds, which are identified by the subsequent XRD

anal ysi s. %-gApa%LQagﬁ&&Qgg{uctures following sintering at tenperatures in
the range of 1300 to 1450C are simlar. Based on the mcrostructure, there
are stilll voids present at a level of 1 to 2% which may be elim nated by
optim zi ng . 25 paraneters. The selective mcrostructure for

Ti -5A1-2. S LQEKB§QB%§ In Figure 9. It can be seen that the mcrostructures
are uni form and predom nated by t1-Ti and m nor conpounds identified by the
subsequent . XRD..anal y;Si S...30 Tk el I M€, J1;.C t : fQrveHfe 86l are
given in Fi a'ﬁr%wlsﬁg.s ]Taﬁfgéjg% 8g£@§e'n°§%gtﬁ?ﬁ%ahg§%?rﬁlg?{zgg ?%dvgryjﬁsf?m lar to
the ori gi n&rmpbitityi «fl the siaedals whing Ithe meiily deebpthmetahpovadsn semgolid fprming —— _ 14

15 technology of the first aspect of the invention, and the other a tensile bar which is used to

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 instatled for this
30 project.




grain size growth has taken place. The percentage voids for this alloy
formed by sem-solid state processing followed by sintering is rglative

| arge conpared to the other alloys outlined above. The reason ié?ﬁh {0Vt B
process is very simlar to the conventional PM process but only the
processing tenperature is increased fromroomto a ternperatare which 5 is
below the nelting point of Al. XRD Analysis The XRD anal ysis of selective
conpositions is given in Figures 11 to 14. As can seen from 10 the Figure
11, there are sone indications of oxidation during form ng which was
conducted at open atnosphere. However,-@fter alloying or sintering, no

oxi des were found in the sanples. It is also indicated that there are sone
conmpounds present in the mcrostructures as indicated in Figures 12 to 14,
whi ch is prozatd set chutbe hat tilais press @ulerite hhmbcﬂiomgn@qumnﬁmpermre pﬁé@s?C A

transformation to take u t hat
the sint eri G SRS RALS ﬁ%?ﬁ)ﬁg? cn@d?? %Qil i ze%ra? 4'c“"tth s"?%?{y iﬁ%ﬂ
skilled in teinperaide fot b toagiese i @heurs.hAll dfhise Tmﬁnhqmadg@smeb@groa@e@ nis
susceptible to variatiqns _an flctloso a ifshcal Iy
descri bed. Yith s P’i?ssoﬂmﬁﬁnglfr%tg%ﬁd Pigtepicase gie; ‘"*r?\Ie ?'lhgltrﬂ?' qﬁ%sf es a% shch

vari atiops aabce@@mﬁgctmblsmm b tdte fpadsk. Wihkitlie fasﬁmms Iirdre zﬁomdnstnspe The
i nvention al so include e _steps, at ures, 0Si tﬁh and conpounds

referred t oméqh“}enftﬁe?ﬁélﬁéélr ‘iL?lsett réarg?ﬂé‘@?sf%“&é??‘&‘fm ‘?H?’Eﬁl b (iE\

col l ectively, and any and aII conbi nati ons of any two or rmre of sal d steps

or features. 25 30 ~ ~~ 2004 -15 CLAI M5 1, fl)gg O{m ng an
article frofy gated ﬁ@ﬁﬁatﬁhYé‘Wll‘aPWFﬁﬁ‘ﬁasa%sP‘BV prodyge tTﬁlB’H'eQ:Eﬁ?ﬁ G Sng ' EREest eps

of 1 (a) inj %Bé&%@lr ﬁeat aﬁér uﬂﬁél%snﬂg&‘ii&%mﬁﬁ thF%la%é preRTShd dibl S s Réatddhe

alloy into die at a predetermn nperature, the
t enper atllir eupblei286° Crad deld fnle@()bfalsédm@hteﬁ hMO»‘é@ﬁglﬁt‘mﬁ%‘?ﬂ?%s B’F’retPFF@uaffdl BPE (Db)

appl ying a n&%ﬂ&hﬁm REgRy P P1olddrafR! RHROLR) WAGNELAHS ShOll pliss w

predetermned tine perio green part; and (c) alloying the
green part mamalmde'de't@wn ned tenperature for a predetermned tine io
period to formsaid article; wherein said predeterm ned tenperature of
injecting step (a) is lower than the nelting point of said | owest nelting
poi nt et al ForthingMathddzod according to claim1, wherein said |owest melting
nmet al g Sn and said predeterm ned tenperature of injecting step (a) ranges
bet ween :dbout 100 C and is the melti ng point of Sn. 3. A nethod according
to clai m 1, TwheeRhyintatioh tomsdsts amebérmg difieteat foraingnctinds.s Thade, which

include powder metallurgy, solid state metal powder diffusion, semi-solid metal powder
forming and metal powder forming followed by hot pressing, will be dealt with in turn
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.




predeterm ned tenperature of injecting step (a) ranges between about 350 C
and the nelting point of Al. 4. A nethod according to clain13ﬂ ?hﬁﬁfi' gaid
el enental netal powders include Ti 20 and Al powders and sai d prfedete Eined
tenperature of injecting step (a) is between 450 and 550C. 5. A nethod
according to claim4, wherein the predeterm ned pressure in the
pressurising step (b) is from 2000 to 3000 psi and the predeterm ned tine
period in step (b) is from120 to 480 m nutes. ~~t~~Db 2D04 -16 6. A
met hod of formng an article froman alloy, the nmethod conprising the steps
of (a) introducing el emental netal powd@rs of metal constituents of the
alloy into a die and applying a pressure of from 2000 to 3000 psi for a
time period of from1l to 5 mnutes to forma preform s (b) applying a
predeterm ned pressure and tenperature to the preformfor a predeterm ned

time period to produce a green part: an C I ; at a

br edet or m et EPaRs ety catapinaCl b oL bg o S PBEA,

article. 7.toAfdtd iothesifopienshapad temsilerbtrs add s ragprogriate ferrie preductipn pfie
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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.




109%&' ()-0pl0%& ()-_b ,0rS4, wiO%& ()-%r10%& ()- 10 10 10!i:3"10%& ()-
i 33" 109%& ()-!i33"10%& ()-0  #dBrS4, wii3"10%& ()- L10%& ()-10% ()-g

109%&' ()-*109%&' ()-f 109&' ()-# b}~?44 ﬁe( HOY 2004
10910%& ()-| O 109%&' () - p! | Ont 109%& () - pS+f 10%& ()-ci (10%& ()-!% 3" 10%& () -
j K4 1010% o0& ()-0) !10% 0& ()-P!'h0) !10%0& ()-P10% 0& ()-#& 10% 0& ()- 10
10LaBK4 10)10% 0& ()- v ~'10% 0& ()- V$I 10% o0& ()-!10% o0& ()-Z210% o0& () -
1] 3"10%008& ()-*L8dEK4 1012)10% 0& ()-03"10% 0& ()- @ 10% o0& () -

-10% 0& ()- ,10% 0& ()- *10% o0& ()- gbC 10J 10% R& ()-F10% R& () - %40%

R& ()- 10'0 10'0 10' 0\810% 0& ()-5f 105 0& ()-"dEbC 101 10%

For watchcase components, the group of Sn-containing Ti alloys were put into the
watchcase die cavity which was preheated temperature of 250 to 300°C and held under a
pressure of 2500 to 2800psi for about 1 to 3 minutes. Watchcase samples were successfully

produced in this way.
Metal powder preform forming followed by hot pressing

In this process, the metal powder alloys were firstly formed into a simple shape, similar to
the final geometry of the components to be made, by conventional PM process. The
10 preforms were then processed using either a semi-solid forming or solid state diffusion

process. This process is advantageously tidy and surface finish can be further improved.

The preforms were then processed using either a semi-~solid forming or solid state diffusion
process. For more complicated geometry components, a simple shape can be formed first
15 and then followed by progressive forming (several die set together) using either semi-solid

or solid state diffusion process.

Comparison of the forming methods

20 Conventional powder metallurgy can be used to produce simple tensile bars, but is not
easily employed to produce sound watchcase samples. Solid state diffusion processes can
be used to produce articles of almost all Su containing alloys including Ti-xSn-x, but with
a long holding/processing time. This time may be from 30 minutes to 8 hours in order to
achieve reasonably high compacted density. However, the semi-solid metal powder

25 forming process makes it possible to form alloys of Ti-Sn, Ti-Sn-x, Ti-Sn-x-x etc. at
relatively low temperature and very short cycling time. Table 1 attached summarizes the

characteristics of the above three processes.

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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sintering profiles are shown in Table 2.

Property Evaluation

5 Density

Density was measured using a pycnometer. The elemental powder density is given in
Table 3, the densities of the elemental alloy mixture, green parts and sintered parts are
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 theorctical 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.
¢ For semi-solid metal powder forming, the shrinkage factor is in the range of 0.4
25 to 2.1 % for Ti-Sn afloys and 0.25 to 0.7% for Ti-Al-Sa 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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: Mechanical testing was carried out using an Instron tensile machine. The parameters used

were: speed: 3 mm/min. Max. 10 tons and the tensile results are given in Table 6.
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-68n, Ti-98n and Ti-128n 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 microstracture, 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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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

5 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
10 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

15 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 dfzscribed. It is to be understood
that the invention includes all such variations and modifications which fall within its spirit
20 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 preheated dle at a predetermined temperature, the temperature being

105

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

10 period to form said article;

wherein said predetermined temperature of injecting step (a) is lower than the

melting point of said lowest melting point metal.

2. A method according to claim 1, wherein said lowest melting metal is Sn and said
predetermined temperature of injecting step (a) ranges between about 100 °C and

15 the melting point of Sn.

3. A method according to claim 1, wherein said lowest melting metal is Al and said

predetermined temperature of injecting step (a) ranges between about 350 °C and

the melting point of Al
4. A method according to claim 3, wherein said elemental metal powders include Ti
20 and Al powders and said predetermined temperature of injecting step (a) is
between 450 and 550°C.
5. A method according to claim 4, wherein the predetermined pressure in the

pressurising step (b) is from 2000 to 3000 psi and the predetermined time period in
step (b) is from 120 to 480 minutes.
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(c) alloying the green part at a predetermined temperature for a predetermined time

period to form said article.

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




