WO 03/ 037552 1 PCT/ SGOL1/ 00226 METHODS OF FORM NG ARTI CLES FROM ALLOYS OF
TIN AND) OR TI TANIUM Field of the Invention 5 The present invention rel ates
t o met hodwofoen3tshe production of articles, particularly skrapsdol/aetscl es,
fromalloys which contain Sn and/or Ti. In particular, the invention
provides, in various aspects, nethods which include sem-solid netal
powder formng, solid state netal powder diffusion and netal powder
preformformng followed by hot pressing. 10 Background to the Invention
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Background to the Invention

Titanium is the fourth most abundant structural metal in the crust of the earth after
aluminum, iron and magnesium. Due to their superior strength to weight ratios, excellent
15 corrosion and erosion resistance and high heat transfer efficiency, titanium and its alloys
have proven to be some of the most appropriate material choices for a wide variety of
critical applications in the aerospace, marine and automotive industries. With
improvements in titanium and titanium alloy production, the cost for titanium and its alloys
in some regions of the world has been dramatically reduced. The cost of Ti powders is
20 equivalent to the cost of the stainless steel powders which are commonly used in the
powder metallurgy (PM) and powder injection molding (PIM) industries world wide. As
such, the use of titanium and its alloys has rapidly expanded to include applications in the
pharmaceutical and chemical areas as well as in nuclear power plants, food, and medical
prostheses. Commercial applications are also seen in sporting equipment, fashion and

25  apparel, such as golf clubs, bicycle frames, watch cases, jewellery, eyeglasses and pens.

Generally, casting is the most widely used technology to produce products of titanium 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



30 nonoxi de/ di oxi de and al so reacts with alnost all the refectory crucible
materials at high tenperatures. Therefore, nelting and casting nust be
carried owDos3mpeci al cruci bl es under WO 03/ 037552 -2 PCPCIOQMOR226 a
very high vacuum After casting, expensive post-machining is often required
to achieve the desired final dinensions. In addition, for high performance
applications, hot isotropic pressing (H P) of the castings is normally
required in order to conpletely elimnajye casting porosity. Al of these:
barriers result in a very high fabrication cost, which limts the 5
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such as in sintering (conventional PM and PIM). The process relies on the thixotropic

behavior of the semi-solid slurries containing non-dendritic solid particles which are able
15 to flow like viscous liquids when a shear force is applied. This peculiar flow behavior has
led to the development of some novel forming processes, such as so called thixo-casting
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.



Japan, successfully fornmed a Ti-6 wt.% Al alloy via sem -solid netal powder
formng nethods. The process showed the feasibility in processing the
above al |lwpasas7saz tenperature around 700 C (die set tenpecalsaoepo22éonwever,
the relatively high process 30 tenperature (die set tenperature) required
makes this process unattractive to commercial producers. WO 03/037552 -3
PCT/ SGO1/ 00226 The principle of the solid state diffusion process is to
press the alloy powder below the neltkng 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 nmethod which can be used for
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According to a first aspect of the present invention there is provided a

net hod oftelpisd o s foamrmrmeth@@mqhmaa be pseddonpraveing PLototyping cHBPeRaNKod
conprising the steps of: (a) injecting elenmental netal powders of netal
constituents of the alloy into a 20 preheated die at a tenperature of
above abmbjeddds; (b) applying a predeterm ned pressure to the el enental
powder s for a predetermned time period to produce a green part; and (c)-
al loying the green part at a predeterm ned tenperature for a predeterm ned
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i ncl ug@ ﬁ% 11696 fg?ﬁlg?]‘;%gag%%u%%%‘? 2 | east 2 wt? based ongtghe totgal wei ght

of the elfelmaa’ahag naedlaped audl exisiature tltamum alloy components with low cost and high
dimensional accuracy. As such, industry may advantageously benefit in being able to

produce titanium alloy components cost effectively with enhanced productivity.

15 Summary of the Invention

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 east 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.



In this aspect, the elenmental netal powders may include at |east Ti and Sn
powders, optionally with other netal powders. In one enbodi nent the

el ement al wossaB7sppwders 30 include at |east Ti, Sn and Alrcpoaene26 WO
03/ 037552 4 PCT/ SGOL1/ 00226 According to this aspect, the el enental netal
powders include Sn powder in an anobunt of at |east 2 wt % based on the
total weight of the elenental netal powders. Preferably, the el enental
nmet al powders include Sn powder in an_gnmount of from 2-12 wt % based on the
total weight of the elenmental netal powders. 5 In this aspect, the alloy
include any alloy of Sn, but is preferably directed to alloys of Sn wth

Al and/or Ti. _As such, the invention of thi.s aspect_na e .consi dered.to be
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m nutes. 15 According to a second aspect of the invention there is provided
a nethod of formng an article froma titaniumcontaining alloy, the
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10
Preferably, in this aspect, the pressurising step (b) includes applying a pressure of from
1000 to 2800 psi for a time period of from 0.5 to 3 minutes. Further, it is preferred that
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



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
powder s iwoloa@a7sSn powder, and is greater than about 350CPcCiTfSGoiveo2s enent al
nmetal powders include Al powder. In one enbodi nent, according to this
aspect, the elenental netal powders include Ti and 30 Al powders and the
predeterm ned tenperature of injecting step (a) is between 450 and 550C. In
this embodinment, it is preferred that tshe predeterm ned pressure in the WO
03/ 037552 5 PCT/ SGOL/ 00226 pressurizing step (b) is from 2000 to 3000 psi
and the predetermned tine period in step (b) is from 120 to 480 m nutes.
Thi s enbodi nent, may therefore be si der a splid.state -diffusjo
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descri bedngiesip fory 3 Befffy second” aspects of the invention. 20 Detail ed

Descrijption of ,r ef g iGflc ETHRELIBARAS pressure and temperature to the preform 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.

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.
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alloying treatment at 1400 C v | hr. WO 03/037552 6 PCT/ SGOL/ 00226 Figure 5
illustrates Ti-6Sn el emental blended alloy formed by sem -solid formng
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10 forming followed by alloying treatment at 1350 °C v 1hr.

Figure 10 illustrates Ti-8Al fabricated by semi-solid state diffusion followed by
alloying treatment 1350 °C for 1 hr. (predominated alpha-Ti structure).

Figure 11 XRD analysis results for Ti-9Sn elemental blended alloy formed by
semi-solid metal powder forming process prior to alloying.

15 Figure 12 XRD analysis results for Ti-9Sn elemental blended alloy formed by
semi-solid metal powder forming process followed by alloying at a temperature of 1350
°C.

Figure 13 XRD analysis results for Ti-5A1-2.5.Sn elemental blended alloy formed
by semi-solid state metal powder forming process followed by alloying at a temperature of

20 1450°C.

Figure 14 XRD analysis results for Ti-8 Al 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.



by sem -solid state netal powder form ng process followed by alloying at a
tenperature of 20 1450C. Figure 14 XRD analysis results for Ti-8Al

el enent alwblogngmsaz al | oy forned by solid state diffusion pcassssodns | owed
by alloying at a tenperature of 1250 C. 25 Raw Materials - Metal Powders
The el enental nmetal powders used in each of the aspects of the invention
are Ti, Al and Sn. Many other elenental netal powders nay be added, but
for sinmplicity and clarification, only;the above el enental netal powders
have been the subject of 30 experinental analysis. WO 03/037552 7 Metal
Al'l oys and Their Bl endi ng PCT/ SGOL/ 00226 The above netal powders were
careful |y wei ghed and_rm xe sing an experinental blender. The duration of
the mi xi nyetahsllonsand Theit Blendnehoyrs minimum Various 5 mixtures of the

el emental netal powders were fornmed as indicated below Ti-A alloys Ti-6Al
10 Ti-8A1 Ti-20A1 Ti-Sn Alloys 15 Ti-6Sn Ti-9Sn Ti-12Sn Ti-Al-Sn Alloys
20 Ti - 5A1TIR B8ove Tetdd AdovBiers were 6ajefiglgnweighed and mixed using an experimental

blender. The duration of the mixing was approximately 4 hours minimum. Various

5 mixtures of the elemental metal powders were formed as indicated below.

Ti-Al alloys

Ti-6Al
10 Ti-8Al
Ti-20Al

Ti-Sn Alloys

15 Ti-6Sn
Ti-9Sn
Ti-128n

Ti-Al-Sn Alloys
20

Ti-5A1-2.5Sn
Ti-6Al-5Sn
Ti-6Al1-8Sn

25 Tt 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-2.25A1-11 Sn-5Zr-1Mo



25 It is inpossible to conduct experinents in respect of all possible
conbinations of Ti, Al and/or Sn alloys. However, the first aspect of the
i nvent i onwproesmes advant ages using sem -solid netal formCmEgGoeodms ques
with the incorporation of elenmental Sn powder. In principle, any alloys
contai ning nore than 2% el enental Sn powder can be fornmed in this nethod.
QO her identified commercial and sem -commercial grades of Ti alloys, which
can 30 be processed in this way are gkven bel ow by way of exanple only:

Ti - 6A1-2Sn-4Zr-2Mo  Ti-5A1-2.5Sn-ELI (clarification required) Ti-2.25A1-11
Sn-5Zr-1 Mo WO 03/037552 8 Ti-5A1-5Sn-2Zr-2M  Ti - 6Al-2V-2Sn

Ti - 6Al -29n-47r-6Nb  Ti - 5A1- 2Sn- 2Zr - 4Mo-4Cr 5 Ti - 6Al-2Sn-2Zr-2Mo-2Cr Ti-1
1. SMo- 6z ASR-2r-2M&y. 3A1-3Cr-3Sn Ti - 5A1-2.5Sn Ti-5A1-6Sn-2Zr-1 Mo-2.5
Si 10 Theylixgo8ebsPesi gn PCT/ SGOL/ 00226 Two die sets have been desi gned:
one a Ti-watch case which is used to verify the fornmability of the

mat er i al FiwAl2Gni4re-6Manl y devel oped netal powder sem -solid formng 15

technol o f th irst aspect of the invention, and the other a tensile
bar whi c%}{isg‘l@g&gzz{rﬁﬁ‘vé&ffy t he nechani cal properties. The die set used
for the tgrAlenberroM@scyery simlar to a conventional PMdie set design,
but was conbined with heating facilities generally adopted in conventi onal
Pl M pl astitlcl.SMo-6Zr-4.55n

Ti-1 5V-3A1-3Cr-35n

Ti-5A1-2.5Sn

Ti-5A1-6Sn-2Zr-1Mo-2.581

10

The Die Set Design

Two die sets have been designed: one a Ti-watch case which is used to verify the
formability of the materials using the newly developed metal powder semi-solid forming
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 installed for this

30 project.



20 injection nolding or die casting die set designs. This die set used for
t he wat chcase conponents was simlar to a conventional PMdie set design,
but a fulwopBwo8isse ej ector was applied. In order to m ni mprra/sGoi/ee22en and
possi ble damage to the conmponent, an upper part for accommodating the
extra powders was 25 designed so as to be novable such that the parts
formed could be easily ejected wthout damage. Sem -solid netal powder
form ng 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. WO 03/ 037552 PCT/ SGO1/ 00226 9 The die set
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wher eas t A& ssdval elbopé eslyydtadic prassueds wsadl tosgoguce! thevreqaoedriengildvbdrk batgerisiie The

present invention on5|d rs. a. nunher of di rent form thods se,
Rt oh i neRIEY SOHAGRoRE ! Pieb e theStiall Bobalet PHhSwALy TSP e

sem - s i q&@?FﬁL Rld fof dﬂt 19 53du et ﬂosﬂ’cﬁ"bﬂ@fen&ﬂhrﬁﬂrg %efe%rb@é(&@ ubmghot

pressi ng, deal t \Mt in turn bel ow
this machine as it is very fast and easy to operate (sem1 auto) whereas the small press was

Q

manual and very slow.

Forming Methods

15
The present invention considers a number of different forming methods. These, 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.



Powder Metal lurgy For the tensile bars, predeterm ned netal powder
constituents of the alloy were poured into the cavity of the die set and
pressed uwoas/oarspz essure of 2500 to 2800psi for about 3 t®cCi/sGdboomaUt es.
Tensil e bars were successfully produced. For watchcase conponents,
predeterm ned netal 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 mnutes. It was found thap_ it was very difficult to produce
conpl ete 30 wat chcase conponents using this nmethod. The wat chcases produced
exhi bited defects such as cracks. WO 03/037552 -10 PCT/ SGO1/ 00226 From
this, it can be seen that conventional powder netallurgy processing can
only be used to produce sone sinple shaped tensile bars and is not
appropria guchi ORI gmﬂs el dske

wat chcasegﬁvré %Sbﬁtb%?%%guse g?&g?%ratgggl.fo%ﬁ%gﬁegﬂlgf%f‘g‘?%e&% Povxglgr Diffusion
Process Far piodmsidomebsimple stmpedl tagiside bardianfl is inohapnroprisis fergthamsodysiéen pb
produce articles. of Ti-6A, Ti- 8A and Ti-20A1 enental. | i xed net al
powder al MOYsCOmplRX ?%?Wﬁﬂqgsi§89@g%FﬁF6“i Oiﬁ%eggﬁ cated die at 450 to
600C ard held for about 3 to 6 hours at a pressure of 2500 to 3500 psi. It
was found that once the tenperature was over 550C the die set becane

j amred an8okdBiatsidetaliPdwuder Liglusionrocsich as scrat ches and distortion
occurred. At tenperatures |ower than 500C, the die set exhibited no

obvi ous problens. 15 For the watchcase conponents, solid state diffusion
processi ngom@ssildath, belidNtad diffusictl procdssisg ofas Tredidlprodiice 8Aicland THHAZ,OAL

el enentally m xed netal powder al]oys, these were rodyced under the sane

par anet er $Ahgnd Sed0Abelempriatiy yxedmiial gow _r?él%t Ehg RSWECTRANFL® PRIEERH O
S UCCESﬁ)f u Itﬂegpr%eggﬁ(%ﬁg af 450t {3 @?“%énd %Qldl'_tgf abbut 8o B lRySat adbrBssBRLof 2500 to
res ot grea 0 pp

t enperatu er than at a led pressure of Trom 2500 to 3000
psi for pasdlgs. oft Wasofouid tthatSorive uhs tenzpeeatsrecwes sverl $30°Gribd i sethscame
tensile jammed and various surface defects, such as scratches and distortion occurred. At

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

15 For 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.



bar and watchcase sanples. Sem -Solid Metal Powder Form ng Process 25 For
tensile bars, a group of Ti alloys containing 2 to 12 % el enental Sn netal
powder wawoO opiosrsessed using a sem -solid nmetal powder for®cmgGor/oeess. The
Sn-containing Ti '"alloys were put into the die set cavity which was
preheated to 250 to 300C and held under a pressure of 1000 to 2500psi for
about 1 to 3 mnutes. Tensile bars were successfully 30 produced in this
way. WO 03/037552 -11 PCT/ SGEOL/ 00226 Eqnj .wat chcase conponents, the group of
Sn-containing Ti alloys were put into the watchcase die cavity which was
preheated tenperature of 250 to 300C and held under a pressure of 2500 to

2800psi fgr about 1 to 3 m nutes. Wat chcase sanpl I CesSs I

pr oduced ?‘i’f gt C%ﬁy‘?o%pcm?{lﬁi o RERP Bnglb °Hfaf%rﬁ%?ﬁggﬁ‘%¥|%| ?)’\g\r/(eéd&%yfr#%tt}{e
pressing {hchiliss dRY @RS Swhith a8 Phehleatt® VéRer@lte0yrs2 5086 S0DPC ahd Yeltiamdera i nt o
a sinple shape, simlar to the final geonmetry of the conponents to Ee
made, by prsssenef 25081to PROGnsbfos ghout rie 3 uinpiearWaivhcate pamplab el SBess usi ng
either a semn -sal itd faormng or solid state diffusion process. This process
i s advant Bré’glgff 1 9P ¥ and surface finish can be further inproved. The
preforms were then processed using either a sem-solid formng or solid
state diffusion process. For nore cqonplicated geonetry conmponents, a

si npl e shi¥stal pawdererreiormearming dellopepdychot RESSSIPSI | owed by progressi ve

form ng (several die set together) using either sem-solid or solid state
di ffusion process. Conparison of the form ng methods 20 Conventional powder
net al | ur g¥n thésproeesssiae nietal poodecaloys merefitsdy fotngedbiatosy sitple shepsrsimilardsi | y

enpl oyed to produce sound watchcase sanpl es olid state, diffusi
o D Cons s (ol sibomeny to e, HAICoss 1o BPdgnds ool fipvEhdng M pHREST The

al I oys;g npldighfiwdrie-the proces¥dll udnlseither 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 Sn 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



a long hol ding/processing tinme. This tinme may be from 30 mnutes to 8 hours
in order to achieve reasonably high conpacted density. However, the

sem - sol iwomswaiss2 powder 25 form ng process nmakes it possiPoiTSGIL06206 m
alloys of Ti-Sn, Ti-Sn-x, Ti-Sn-x-x etc. at relatively |ow tenperature and
very short cycling tine. Table 1 attached summarizes the characteristics
of the above three processes. 30 Alloy Treatnent/Sintering The above-forned
tensile bars and watchcases were sintened at a tenperature of from 1200 to
1450C under vacuum and Argon. The holding tine was about 1 to 3 hours. The
WD 03/037552 -12 sintering profiles are shown in Table 2. Property

Eval uation 5 .Densi PCT/ SGQL/ Density was neasured using a
pycnonet e?l?tel?ﬂ%p’éﬂfé%seﬁf’ééo%ﬂﬂg?’?e nsity is given in Table 3, the

densities of the elenmental alloy mxture, green parts and sintered parts
are given in Table 4 and the dinensional characteristics are shown in

Tabl e 5. B@pedty Exalunionseen from Table 4, the green part density is very
close to the sintered density, the sintered density bei ng about 98% of the
t heor etsi cBkngignsi ty, assuming the mxed powder density is the theoretical
density. It is also noted that for sone alloys containing Al el enental

powder, t Pengiynives etkad@Ra i dsing! & plyetveetér ahet dlem@italepovpder tdefsinsiid givehins may
be 15 due to the relaxation of the Al powder during sintering. It is also

confi r medTetlat3, e dausiticaoofathe clamentl plley cuxBEn e patsdh SRS, PATSa3Ct he
Phan t host"5f 1t hidls Adgd RS Rieh TR hitfbsa Rt B R BRI PRAEEE 272, T can bo.
concl uged that:
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-AI-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



The sintering tenperature does not affect the shrinkage once the
tenperature is over 1300C. For sem -solid netal powder form ng, the
shri nkagewbaswsrssts in the range of 0.4 25 to 2.1 % for PcISGoabdeys and
0.25 to 0.7%for Ti-Al-Sn alloys. The shrinkage in both the |length and

wi dth directions are isotropic for sem - sold form ng, but anisotropic for
t he di nensi ons of the conponent nade by PM 30 Mechanical testing WD

03/ 037552 PCT/ SGOL1/ 00226 - 13 Mechani cgk-testing was carried out using an
Instron tensile machi ne. The paraneters used were: speed: 3 nmimn. Mx.
10 tons and the tensile results are given in Table 6. Mcrostructure and

phase di wn fro n
Figur e 1. gl Besig W RS Sheing bl RiskaR §t50s oBhe L o HhlBihe
cConposi tl@@reV\éﬂebd bzenmi/ﬁhaMax 00 @3tisdad tl&ClHndllebéSuuﬁbrd)giM ihiTabke @re met. In
practice, there may be a small quantity of beta or delta phase Ti existing
as the equilibriumconditions may not be reached or phase transformation
may be 1 y phase diagramfor Ti-Sn is given in

Fi gure 24Q%ggcan r@%ﬁd %ﬂ?%gk%g{diagranl t he final phase mﬁll be al pha-Ti,
where $he ori gi nal conp05|t|on contains |ess than 20 wt. under

equi |l ibri n1cond|t|on ai n, racti o beta nd ot her
15 conpouaae Py Toa Wort e P%rf‘%gﬁ‘é A £ ga}%r%ﬁpf F Yy, composttions

M cr oSt r ugdndifin %@w?% mnl 1\é§‘s P eChiRd tcth@b&iﬁ@& wﬁqube é)hﬁﬁfi pravidiSapastivhh - 12Sn
are given in Figures 5~ 20 Figures 6 ure 8 respectively.
As can beca@ginns tane nyek. crlmstalcucﬁt, thers neayi g y smaquventltafoftbwea at gelte mhaspHase

anal'yst s iRt ot Erau Fohlo Bfen PR oo B abitR - BSRERIEM R P, |

the rapgeinebmpRR) to 1450C are simlar. Based on the mcrostructure, there
are still voids

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 TFigures 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



present at a level of 1 to 2% which may be elimnated by optim zing the
process 25 paraneters. The selective mcrostructure for Ti-5A1-2.5S5n is
shown in Wogane7s$2 |t can be seen that the mcrostructur ®ET®Ge1/00226 or m and
predom nated by V-Ti and m nor conpounds identified by the subsequent XRD
anal ysis. 30 The selective mcrostructures for Ti-8Al are given in Figure
10. It can be seen that the grain size is very simlar to the original
particle size, which indicates that no-apnornmal WO 03/037552 PCT/ SGOL/ 00226
-14 grain size growh has taken place. The percentage voids for this alloy
formed by sem -solid state processing followed by sintering is relative

pr ovess. | oo dr RS IEGs BebEihe oSt eulaRF o B e A REFRRRy Bl it 11

pr ocessi ngtdte mpedeaditig eollewedby edntedng rio relatvenldrge aotmpaedr @t theeothbi @lloyd i s
bel ow the nel ting point of Al, XRD Anal ysis, The XRD anaI%%is of selective
conposi t i Gélined %aovenﬂl%rqajﬁ(@mse@atmni Bropgss iasvery faidanor thg fonyertiopd Fgur e
11, there ﬁ&&s§9ﬁ%n‘l}pﬁfe%ﬁ&'e%§%_%ﬁ gtileid iﬂ@regééﬁiffb% I&mmeﬂge&%rmich

conduct ed "at open atnosphere. ver, after alloying or sintering, no

oxi des Werigebélowrthe meltinghpeimafples. It is also indicated that there are sone
conpounds present in the mcrostructures as indicated in Figures 12 to 14,
which is probably due to insufficient holding time for the phase
transf or metRpUWADydigke place conpletely. It should be pointed 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 described herein is

Gescr? bed. T RRR RalR P RARAOP sRBbo R s B Bl B T P CRERRINER by

vari at i@nshareigifedi {,i grtd ars svik Cidicatibnswiof Nixidatibs @&ping fordlinginshisiEopss The
i nvention also includes all the steps, features, conpositions and
conpounds SoBflested apsn gimaspsre.aHewever aligrallepmsior siptaringnno pxdesvergdowad or
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steps or feature
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 dpscribed. It is to be understood
that the invention includes all such variations and modiﬁcaﬁons 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.

25

30



30 WD 03/037552 PCT/ SG01/ 00226 - 15 CLAIMS: 1. A nmethod of form ng an
article froma tin-containing alloy, the nethod conprising the steps of 5
(a) injecwong/ostserent al metal powders of netal constituentETEGOI/h@26l | Oy
into a preheated die at a tenperature of above about 240C, (b) applying a
predeterm ned pressure to the elenmental powders for a predetermned tine
period to produce a green part; and (c) alloying the green part at a
predeterm ned tenperature for a 10 preggetermned tinme period to formsaid
article; wherein said elenental netal powders include Sn powder in an
anount of at |east 2 w % based on the total weight of the elenental netal
powders. thod according to claim1l, wherein said elenental netal
powder s incII‘ at 15 least Ti and Sn powders. 3. A nethod according to
claim1l1, wherein said elenental netal powders include at I|east Ti, Sn and
Al powders. 20 4. A nmethod according.to claim1l, wherein said el enental
metal powders ish&iethed ofdomyagar ariiale Bpmadnrrentyping ey othe snethed ¢pREESn ¢ he
total weight ofgthe elenmental metal powders. 5. A nethod according to
claim1, wherein pressurising step (b) includes applying a 25 pressure of
from 1090 to 2800 pgh) f orinjactirigneepentaladetaf pdwdens Of Metabc@shituentsed thesallok

met hod according to claim1, wherein alloying step (c) includes alloying
the green par tin%gt2 pyehesieg %@t@rt@n@FrW%Hfg%Ba‘?Q}‘t%éég for a time period of

from30 to 150 m n"&)jes' a%&y\@@ 9 %r%?éa%leﬂjﬁessure 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 (¢) 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



PCT/ SGO1/ 00226 7. A nethod of forming an article froma titanium containing
alloy, the nethod conprising the steps of: (a) injecting elenental netal
powder s oWwomswalsszonstituents of the alloy into a preheatred/sdiogoae a
predeterm 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 prggletermned tenperature for a
predetermned tine period to formsaid article; 10 wherein said
predeterm ned tenperature of injecting step (a) is greater than about 100C

if said elenental tal c.powders include Sn " | reat.er n
about 350(—’5(‘a if éAai rﬁqugﬁgﬁ?%mgreﬁnaﬁﬁlﬁgvﬁgrnsaﬁﬁ%ﬁﬁ%}ecoil%%lggu%lro ?’ @% E\leﬁrﬂez)’ia hod
according to Clc@jnpﬁgingvﬁb@t@js@f;sai d el enmental netal powders include Ti 15

and Al powders and said predeterm ned tenperature of injecting step 1(?;)1,) IS
between 450 and 5508 9injectingdierperdelanetali pegvdess of metal gonstifnents of theallo

pr edet er mi ned S It re | .Sl st.e i grtggk Q %@ina000
psi and the prgléfgt%%rﬁg}ﬁéeagb dt :Ei‘rr)?e agear i%g%fejl[e?llhﬂgg %F@Sﬁﬂr)e’ ?l% fro ‘%%go toln 80
m nutess 10. A dertrhined dhsell @nrthegomstitvents iofthe allopm an al | oy, the net hod

conprising the steps of: (.a) introducing. el enental  netal wders of netal
constituents of the(®) | opPPlying %P&?d@tegﬁﬁl%g@’ﬁ?swli‘?gmathﬁrei?%‘i?gag P(S’PVdFTfSon?f 2000

to 3000 pSI  f OlyGiclinc ¥l krioTo BlodbtOforbeh fark WUt es to forma preform
(b) applying appr)rg et erem' ne ;glres(s)groe anzggrt grrger ature to the preform for a

predeterm ned tine geri odlloyingr hdugeeen ppreah paredetenmingd températprendon e

green part at a pyedeterm ned t rature f.or a predetermned tinme period
to form said arptr&{ereémnf?éq]’ﬂe.p%ﬁ’%ggﬁr&S@“fﬁlﬁgd by a nethod according to any

one of 14 he precedi ngyiekdth B®d 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.



