"Title An Alloying System Technical Field 5 The invention concerns an alloying systemfor preparing a titaniumalloy. In particular, the invention concerns

an alloying systemfor preparing a titaniumalloy for cold forging. 10 Background of the Invention Titanium (Ti) alloys are found in a variety of structural
characteristics such as increased tensile strength and

applications. Existing Ti alloys use a wide range of alloying el enents to provide certain desired
ductility. Generally, Ti alloys 15 exist in one or a mxture of two basic crystalline structures: the al pha phase which is a hexagonal cl ose packed (HCP)
structure, and the beta phase which is a body- centered cubic (BCC) structure. Pure titaniumundergoes allotropic transformation fromthe alpha (a) to beta

phase ((3) at about 882C. El enents whigh pronote higher transfornmation tenperatures are known as al pha stabilizers. These include 20 al unmi ni um and | ant hanum
El ements which pronote |ower transformation tenperatures are known as beta stabilizers. Beta stabilizers are classified into two groups: isonorphous beta

stabilizers such as zirconium nolybdenum niobium and vanadium and eutectoid beta stabilizers such as iron, cobalt, chrom umand nickel. One popul ar high
strength Ti alloy contains vanadium as a beta stabilizer 25 and alum niumas an al pha stabilizer (Ti-6Al-4V). This Ti alloy is used in the aircraft industry
and nedi cal inplants. To inprove the strength of Ti, alloying additions such as.alum nium vanadium zirconium nolybdenum are added to the Ti base material.
Al | oying additqgps 30 reduce or elevate the allotropic transformation tenperature of the al pha or beta phases of Ti, or contribute to increase its density.

Hence, alloying additions are added in limted quantities to avoid undesired results. For exanple, alumniumis added to reduce the density and at the sane

time provide inproved ductility #ARiAllgying System

Technical Field
5
The invention concerns an alloying system for preparing a titanium alloy. In
particular, the invention concerns an alloying system for preparing a titanium alloy
for cold forging.
o
) 10 Background of the Invention

Titanium_(Ti) alloys are found in a variety of structural applications. Existing Ti
alloys use a wide range of alfoying elements to provide certain desired
characteristics such as increased tensile strength and ductility. Generally, Ti alloys
15 existin one or a mixture of two basic crystalline structures: the aipha phase which
is a hexagonal close packed (HCP) structure, and the beta phase which is a body-
centered cubic (BCC) structure. Pure titanium undergoes allotropic transformation
from the alpha (a) to beta phase (B} at about 882°C. Elements which promote
higher transformation temperatures are known as alpha stabilizers. These include
20  aluminium and Ianthe_mum. Elements which promote lower transformation
temperatures are known as beta stabilizers. Beta stabilizers are classified into two
groups: isomarphous beta stabilizers such as zirconium, molybdenum, niobium
and vanadium; and eutectoid beta stabilizers such as iron, cobalt, chromium and

et

nickel. One popular high strength Ti alloy contains vanadium as a beta stabilizer
25  and aluminium as an alpha stabilizer (Ti-6Al-4V). This Ti alloy is used in the aircraft
' industry and medical implants.

‘To improve the strength of Ti, alloying additions such as aluminium, vanadium,
zirconium, molybdenum are added to the Ti base material. Alloying additions
. 30 reduce or elevate the allotropic transformation temperature of the alpha or beta
phases of Ti, or contribute to increase its density. Hence, alloying additions are
added in limited quantities to avoid undesired results. For example, aluminium is
added to reduce the density and at the same time provide improved ductility while
vanadium is added as an isomorphous beta stabilizer. However, aluminium

35 stabilizes the alpha phase at room temperature. Additions greater Ithan 5 wi% in
aluminium resuits in formation of intermetalfics in the -alloy which limits its




vanadi um i s added as an isonorphous beta stabilizer. However, alum nium 35 stabilizes the al pha phase at roomtenperature. Additions greater than 5 W% in
aluminiumresults in formation of internmetallics in the alloy which limts its | 2 processability. Excessive additions of vanadiumincreases the density of
the alloy and thereby increases its weight. Generally, the Ti alloy is heated to 900C, above its beta transfornmation 5 tenperature (882.5C) where the

crystal structure changes froma HCP structure wth three active slip systens to a BCC structure with forty-eight active slip systens. Forging is carried
out by heating the billet to about 900C and transferring the billet to the diewhich is kept at a | ower tenperature and the material is forged to the
desired shape. Another nethod is isoth%rnal forging of the Ti alloy where 10 the billet and the die are heated together to about 900C. Specifically, titanium

all oys are highly suitable for bionedical inplants because: they are bioconpatible; they have a high strength to weight ratio; 15 they are about five

tines as stiff as cortical bone (steel or cobalt chrome is ten tines); they are light and nore dense than steel or cobalt chrome; they have a Young's
nmodul us of about 110 GPa conpared with stainless (220GPa), and cortical bone i§ about 18-20GPa; and 20 titanium sintered beads or fibres nmake excellent
substrates for bone ingrowh and ongrowh. Processing Ti alloys incur significant costs as special tools and environnmental chanbers to deal with

ired. There is a_ 25 desire to process Ti alloys cost-effectively and to devel op new Ti alloys previously not

tenperatures in excess af 900C are requ
c ogg eived. Su ?eﬁsaga]ﬁl?yt g)éCEF%\(?éﬁ}q&Fl%]ﬁ o?ganadium i_ncreases the density of the alloy
and thereby increases its weight.

Generally, the Ti alloy is heated to 900°C, above iHs beta transformation

5 temperature (882.5°C) where the crystal structure changes from a HCP structure

with three active slip systems fo a BCC structure with forty-eight active slip

systems. Forging is carried out by heating the billet to about 900°C and transferring

the billet to the die which is kept at a lower temperature and the material is forged

o to the desired shape. Another method is isothermal forging of the Ti alloy where
o 10 the billet and the die are heated together to about 900°C.

Specifically, titanium alloys are highly suitable for biomedical implants because:
« they are biocompatible;
+ they have a high strength to weight ratio;

15 = theyare about five times as stiff as cortical bone (steel or cobalt chrome is ten

times); '
e they are light and more dense than steel or cobalt chrome;
e they have a Young's modulus of about 110 GPa compared with stainless
_ (220GPay), and cortical bone is about 18-20GPa; and
20 e« ftitanium sintered beads or fibres make excellent substrates for bone ingrowth

and ongrowth,

R

Processing Ti alloys incur significant costs as special tools and environmental
chambers to deal with temperatures in excess of 900°C are required. There is a
25  desire to process Ti alloys cost-effectively and to develop new Ti alloys previously

not conceived.
Summary of the Invention

30 In a first preferred aspect, there is provided an atloying system for preparing a
titanium alloy, the system comprising:
a rotating mill to mechanically alloy a mixture of elemental powders in
- predetermined proportions, the elemental powders including titanium particles,
_ alpha stabilizer particles and beta stabilizer particles;
35 wherein the mixture is mechanically alloyed using low impact energy to
layer the titanium parti_cle_s with beta stabilizer_ particles whereby sintering of the




30 In a first preferred aspect, there is provided an alloying systemfor preparing a titaniumalloy, the systemconprising: a rotating mll to mechanically
alloy a mxture of elenental powders in predeterm ned proportions, the elenental powders including titaniumparticles, alpha stabilizer particles and beta
stabilizer particles; H ~ 35 wherein the mxture is nechanically alloyed using | ow inpact energy to layer the titaniumparticles with beta stabilizer
particles whereby sintering of the j 7 3 nechanically alloyed m xture produces alternate |ayers of al pha and beta stabilizer particles. The nixture of

el enental powders may be nechanically alloyed in an inert gas 5 atnobsphere. The typical inpact energy rate of a tunbler mll may be in the range of 0 to 1
Joules/hit and the inpact rate is of sijilar magnitude to the rotational speed. In contrast, high energy planetary nills have inpact energy reaching 200
Joul es/hit 10 depending on the rotational speed, and the inpact rate is significantly higher than the magnitude of rotational speed. The table bel ow gives
the typical kinetic energy of inpact of various mlls used in a nechanical alloying process: Ifmmtsl Ylihralor) mlls PTandn M mEb mlli dt6tor Pulv.O
3PKY Pnis,P3 05 VHR M 1271 1211 PT 1271 td8,191 fi9,14j ..'{tfiswork]. ycdou' tyat 08 044-6.24 s3.0 23-1 024-b5R 028ILU 0.1247 tfie' f~all tmsd Kitic <10

3-70 - c120, , 10 - 0:4-303.2 6:53989 9.190 0O d
mechanically alloyed mixture produces alternate layers of alpha and beta stabilizer

particles.

The mixture of elemental powders may be mechanically alloyed in an inert gas

5  atmosphere.

The typical impact energy rate of a tumbler mill may be in the range of 0 to 1

Joules/hit and the impact rate is of similar magnitude to the rotational speed. In

e contrast, high energy planetary mills have impact energy reaching 200 Joules/hit
\) 10 depending on the rotational speed, and the impact rate is significantly higher than
the magnitude of rotational speed. The table below gives the typical kinetic energy

of impact of varioué mills used in a mechanical alloying proces.s:

15 Tumbler mill impact energy depends on the diameter of the drum used and the
speed. In one embodiment of the present invention, a 100 mm diameter drum with
_a speed of 65 revolutions per minute is used

The rotating mill may be a tumbler mill. The tumbler miill may have a charge to ball

20 ratio of 1:2 in volume or higher depending on the type of phase distribution desired.
The tumbler mili may use Al,O; balis. The balls may have a diameter of 5, 10 and
20mm and are in the ratio of 40:40:20 of ali the balls, respectively. The speed of
the tumbler mill may be 65 to 70 revolutions per minute.

25  The tumbler mill may asynchronously rotate the centre points of the top and bottom
of the drum in an ellipsoidal orbit so that the charge and the balls are forced to
~ move within the drum where the balls impact on a new surface for every rotation.
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i npact energy depends on the dianmeter of the drumused and the speed. In one enbodi nent of the present invention, a 100 nmdianeter drumwith a speed of 65
revol utions per mnute is used The rotating mll may be a tunbler mll. The tumbler m |l may have a charge to ball 20 ratio of 1:2 in volunme or higher
depending on the type of phase distribution desired. The tunbler m Il nmay use A1203 balls. The balls nay have a dianmeter of 5, 10 and 20mmand are in the
ratio of 40:40:20 of all the balls, respectively. The speed of the tunbler mll may be 65 to 70 revolutions per mnute. 25 The tunbler mll may
asynchronously rotate the centre points of the top and bottom of the drumin an ellipsoidal orbit so that the charge and the balls are forced to nove wthin
the drum where the balls inpact on a new surface for every rotation. 4 The path of the drummay be a helix to ensure uniformty. This mnimzes the
tenperature rise due to inpact as the inpacts at the sanme | ocation are not successive thus producing the required distribution of phases. In one exanple, a

| aboratory scale nodel may be used with a 100 nmdiameter x 180 mmcylindrical 5 can with the ends closed used as m xing drum Preferably, the beta stabilizer
particles include an anount of 1 to 5% by weight of zirconiumas an isonorphous stabilizer. Preferably, the beta stabilizer particles include an anount of 1

to 2% by wei ghtrheofaath %Pthieru‘?ﬂn ﬁ]%y%g aeHet!i_Q% %;]sq'resar%rinlﬁiy_z o mﬁfn%;e%rtﬁgl y, the al pha stabilizer particles include an amount of 2 to 4% by weight of al um nium

temperature rise due to impact as the impacts at the same location are not
successive thus producing the required distribution of phases. In one example, a
laboratory scale model may be used with a 100 mm diameter x 180 mm cylindricat

5  can with the ends closed used as mixing drum.

Preferably, the beta stabilizer particles include an amount of 1 to 5% by weight of
zirconium as an isomorphous stabilizer.
. Preferably, the beta stabilizer particles include an amount of 1 to 2% by weight of
L. } 10 iron as an eutectoid stabilizer.
Preferably, the alpha stabilizer particies include an amount of 2 to 4% by weight of
aluminium.
Preferably, the inert gas atmosphere is argon,

15 The titanium alloy produced by the present invention has 650 to 800 MPa uitimate
tensile strength (UTS). The fitanium alloy has an elastic modulus in the range of 40
to 45 GPa. After forging, the elastic modulus of the titanium alloy is approximately
40 GPa.

20 In a second aspect, there is provided a method for preparing a titanium alloy, the
method comprising:

mechanically alloying a mixture of elemental powders in predetermined

proportions, the elemental powders including titanium particles, alpha stabilizer
particles and beta stabilizer parlicles;

25 wherein the mixture is mechanically alloyed using low impact energy to

layer the titanium particles with beta stabilizer particles whereby sintering of the

~ mechanically alloyed mixture produces alternate layers of alpha and beta stabilizer

particles.

30  Advantageously, the mechanically alloyed mixture enables forging of the titanium
alloy below its recovery temperature. Generally, the recovery temperature is less
than 380°C. Preferably, the fitanium. alloy is forged at a temperature between
200°C to 400°C depending on the complexity of the part to be forged and the

preform design.

35
The mixture of elemental powders may be mechanically alloyed in an inert gas

atmosphere.




Preferably, the inert gas atnosphere is argon. 15 The titanium alloy produced by the present invention has 650 to 800 MPa ultimate tensile strength (UTS).
The titaniumall oy has an elastic nodulus in the range of 40 to 45 GPa. After forging, the elastic nodulus of the titaniumalloy is approximately 40 GPa. 20
In a second aspect, there is provided a nethod for preparing a titaniumalloy, the nethod conprising: nechanically alloying a mxture of elenental powders in
predeterm ned proportions, the el-emental powders including titaniumparticles,.alpha stabilizer particles and beta stabilizer particles; 25 wherein the

m xture is nechanically alloyed using |ow inpact energy to layer the titaniumparticles with beta stabilizer particles whereby sintering of the nechanically
al l oyed m xture produces alternate |ayeys of alpha and beta stabilizer particles. 30 Advantageously, the nmechanically alloyed m xture enables forging of the
titanium alloy belowits recovery tenperature. Generally, the recovery tenperature is less than 380C. Preferably,: the titaniumalloy is forged at a
tenperature between 200C to 400C depending on the conplexity of the part to be forged and the preformdesign. 35 The mi xture of elenental powders may be
mechanically alloyed in an inert gas atnosphere. ~I 5 The nethod may further conprise the step of sieving the nechanically alloyed mxture. A 325-nesh
sieve may be used to renove the balls and contam nants fromthe nechanically alloyed m xture. 5 The nethod may further conprise the step of conpacting the

mechani cal ly al |l oyed

The method may further comprise the step of sieving the mechanically alloyed
mixture. A 325-mesh sieve may be used to remove the balls and contaminants

from the mechanically alloyed mixture.

The method may further comprise the step of compacting the mechanically alloyed
mixture into a preform. The mixture may be compacted to tensile bars and 10mm

die pellets.

£
P —

10 The method may further comprise the step of sintering the preform to consolidate
the mechanically alloyed mixture. The preform may be sintered at a temperature
ranging from 1110°C to 1300°C. The preform may be sintered for one to two hours
Sintering may occur in an inert gas atmosphere such as argon.

15 Aforging die may be prepared for the preform. The method may further comprise
the step of positioning the preform in the forging die.

The method may further comprise the step of isothermally forging the sintered
preform into a predetermined shape such as a hip stem.
20  The method may further comprise the step of isothermally heating tooling and the
preform to 200°C to 500°C.
Preferably, the sintered preform is isothermally forged at a temperature ranging
from 200°C to 350°C at a stress rate ranging from 0.5 to 1 bar/second (18 to 37
Kg/second). The sintered preform may be forged at stress rates ranging from 0.1 to
25 10 MPa/second.

The sintered preform may be forged using a lubricant. The lubricant may be

graphite or molybdenum disulphide.

30  Advantageocusly, cold forging of titanium alloys provides a better surface finish,
lower processing costs, reduces expensive tooling costs, improves dimensional

accuracy and achieves net shape forging.

In a third aspect, there is provided a titanium-base alloy consisting essentially of
35 the following alloying components: ' '
an amount from about 1 to about 5% by weight of zirconium;
an amount from about 1 to about 2% by weight of iron; and




m xture into a preform The m xture may be conpacted to tensile bars and 10nm die pellets. 10 The nethod may further conprise the step of sintering the
preformto consolidate the nechanically alloyed mxture. The preformmay be sintered at a tenperature ranging from 1110C to 1300C. The preform may be
sintered for one to two hours Sintering may occur in an inert gas atnosphere such as argon. 15 A forging die may be prepared for the preform The nethod may
further conprise the step of positioning the preformin the forging die. The nmethod may further conprise the step of isothermally forging the sintered
preforminto a predeterm ned shape such as a hip stem 20 The nethod may further conprise the step of isothermally heating tooling and the preformto 200C to
500C. Preferably, the sintered preformjis isothernally forged at a tenperature ranging from 200C to 350C at a stress rate ranging from0.5 to | bar/second
(18 to 37 Kg/second). The sintered preformnmay be forged at stress rates rangihg from0.1 to 25 10 MPa/second. The sintered preformmay be forged using a

| ubricant. The lubricant may be graphite or nol ybdenum di sul phi de. 30 Advant agéously, cold forging of titaniumalloys provides a better surface finish,

| ower processing costs, reduces expensive tooling costs, inproves di nensional
titani um base all oy consisting essentially of

of the invention vM?WaW¥§H € érence to the

Brief Description of the Drawings

5 An example of the invention will now be described with reference to the
accompanying drawings, in which:
Figure 1A is a pictorial representation of a tumbler mill showing the movement of
powder;
p Figure 1B is a pictorial representation of the rotation of the drum top and bottom
< ) 10 centres along an ellipsecidal orbit;
Figure 2 is a process flow diagram of preparing a titanium alloy;
Figure 3 is a table of compositions for titanium alloys and an XRD spectrum of a

specific composition;

Figure 4 is an XRD spectrum of a specific composition mechanically alioyed for
15 forty hours and sintered in argon for two hours at 1250°C, and an illustration of the

microstructure;

Figure 5 is a graph of the average room temperature and elevated temperature

tensile strength and strain of the compositions; and

Figure 6 is a STA thermogram of two compositions showing the variation in DTA

20 spectrum due to phase transitions.

Detailed Description of the Drawings

Referring to Figures 1A and 1B, there is provided an alloying system 10 for
25  preparing a titanium alloy and forging of the titanium alloy at temperatures as low
as 200°C to 400°C. The system comprises a tumbler milt 20. The tumbler mill 20
mechanically alloys a mixture 22 of elemental powders in, preferably, an inert gas
atmosphere such as argon. The elemental powders 22 are weighed in

35 the follow ng alloying conponents:
fromabout 1 to about 2% i ght | FOR: nmount from about 2 to about 4% by wei ght of al um nium
o Faldo B 4 B P el

predetermined proportions. The elemental powders 22 include titanium particles,
30 alpha stabilizer particles (aluminium) and beta stabilizer particles (iron and
© zirconium). The mixture 22 is mechanically alloyed using low impéct energy

- provided by the tumbler mill 20 {o layer the titanium particles with beta stabilizer, .-
particles. Turning to Figure 1B, a series of shots illustrates that the tumbler mill 20
asynchronously rotates the centre points of the top and bottom of the drum in an
35 'ellipsoidal orbit. This is so that the charge 22 and the balls 21 are forced to move
within the drum where the balls 21 impact on a new surface for every rotation. The
path of the drum is a helix fo ensure uniformity. This minimizes the temperature

SR

accuracy and achi eves net shape forging. In a third aspect, there is provided a

an anount from about 1 to about 5% by weight of zirconium 'gl an anount
Brief Description of the Drawings 5 An exanpl e



acconpanyi ng drawi ngs, in which: Figure 1A is a pictorial representation of a tunbler mll|l showi ng the novenent of powler; Figure 1B is a pictorial
representation of the rotation of the drumtop and bottom 10 centres along an ellipsoidal orbit; Figure 2 is a process flow diagram of preparing a titanium
alloy; Figure 3 is a table of conpositions for titaniumalloys and an XRD spectrum of a specific conposition; Figure 4 is an XRD spectrum of a specific
conposition nechanically alloyed for 15 forty hours and sintered in argon for two hours at 1250C, and an illustration of the mcrostructure; Figure 5is a
graph of the average roomtenperature and el evated tenperature tensile strength and strain of the conpositions; and Figure 6 is a STA thernogram of two
conpositions show ng the variation in QTA 20 spectrum due to phase transitions: Detailed Description of the Drawings Referring to Figures 1A and 1B, there is
provi ded an alloying system 10 for 25 preparing a titaniumalloy and forging of the titaniumalloy at tenperatures as |low as 200C to 400C. The system
conprises a tunbler m Il 20. The tunbler m Il 20 nechanically alloys a m xturei 22 of elenmental powders in, preferably, an inert gas atnosphere such as
argon. The el enmental powders 22 are weighed in predeterm ned proportions. The el enental powders 22 include titaniumparticles, 30 al pha stabilizer particles

(aluminium) and beta stabilizer particles (iron and zirconium). The mixture 22 is mechanically alloyed using |ow inpact energy provided by the tunbler mll
bilizes artjcles. Turning to Figure 1 B, a series of shots illustrates that the tunbler mll 20

20 to layer the %#t?niunupan i cles mﬁh@ betq séa gP
asynchr onous| y"Ft'4t%ERefAcBRIMREC 5 HESABP 'RRECT FP "IhCHEt YO D the drumin an 35 el lipsoidal orbit. This is so that the charge 22 and the balls 21 are
forced to noveproducindthe réduiedidisiribulibreofephbdes. Daing sinffing ofplEchecbanialinew surface for every rotation. The

alloyed mixture, aiternate layers of alpha and beta stabilizer particles are produced.

5 Referring to Figure 2, the powders 22 are weighed 30 in their respective
proportions of (1-3) wt% Al, (1-3) wt % Fe and (1-5) wt% Zr and Ti, the balance.
The alloying additions of Fe and Zr is kept lower mainly due fo their effect on the
creep resistance and oxidation resistance respectively. Fe has a higher
interdiffusion coefficient in Ti and has a retained beta phase on cooling. Alloying of
S »‘} 10 Fe contributes to an increase in the proof strepgth of the alloy but decreases the
cryogenic toughness of the Ti alloy. The powders 22 are filled in a plastic container
23 together with Al,O; milling balls 21 with a charge to ball ratio of 1:2 (volume).
The balls 21 have a diameter of 5, 10, and 20 mm in the ratio of 40:40:20%,
respectively, of the total nurﬁber of balls 21. The tumbling speed in the tumbler
15 mixer 20 is set to 65 fo 70 revolutions per minute. The powders 22 are alloyed 31
in the tumbler mixer 20 for a time period varying from eight to forty-eight hours.
This allows an optimum combination of the phases in the biend 22 o be obtained.
That is, to have alpha phase particles coated with a thin layer of beta phase
particles.
20
The tumbler mill 20 does not cause wear particles from the balls 21 to contaminate
_ the blend 22 as this results in inferior properties of the alloy blend. One reason is
p that the tumbler mill 20 uses low impact energy. The tumbler mixer 20 exposes a
new surface of each titanium particle for every cycle of tumbling. This increases the
25 uniformity of the phase distribution. Tumbler milling has very low impact energy to
produce alloying. The tumbler mill 20 produces a thin surface coating of beta
phase on the Ti paricles. During sintering, alternate layers of alpha and beta
phases are created. The beta phase appears predominantly as a grain boundary
~ phase to help in deformation while the aipha phase is relatively unaffected.

30
After mechanical alloying, the plastic containers 23 are carefully opened to avoid
any oxidation of the powders 22. The contents of the plastic containers 23 are
" .sieved 32 to remove the halls 21 and any contaminants, and fo collect the
mechanically alloyed powder blend 22. The alioyed powders 22 are sieved using a
" 35  325-mesh sieve (not shown). The alloyed powders 22 are removed and subjected
~ to XRD analysis and SEM analysis for phase formation and morphological studies.




path of the drumis a helix to ensure uniformty. This mnimzes the tenperature 7 rise due to inpact as the inpacts at the sane |ocation are not successive
thus producing the required distribution of phases. During sintering of the nechanically alloyed mixture, alternate |layers of al pha and beta stabilizer
particles are produced. 5 Referring to Figure 2, the powders 22 are weighed 30 in their respective proportions of (1-3) wt%Al, (1-3) wt % Fe and (1-5) W%
Zr and Ti, the balance. The alloying additions of Fe and Zr is kept lower mainly due to their effect on the creep resistance and oxidation resistance
respectively.. Fe has a higher interdiffusion coefficient in Ti and has a retained beta phase on cooling. Alloying of 10 Fe contributes to an increase in the
proof strength of the alloy but decreases the cryogenic toughness of the Ti alloy. The powders 22 are filled in a plastic container 23 together with A1203
mlling balls 21 with a charge to ball ratio of 1:2 (volune). The balls 21 have a dianeter of 5, 10, and 20 mmin the ratio of 40:40:20% respectively, of
the total nunber of balls 21. The tunbling speed in the tunbler 15 mixer 20 is set to 65 to 70 revol utions per mnute. The powders 22 are alloyed 31 in the
tumbl er mxer 20 for a tine period varying fromeight to forty-eight hours. This allows an optinmm conbination of the phases in the blend 22 to be obtained.

That is, to have al pha phase partlcles coated with a thin | ayer of beta phase particles. 20 The tunbler m |l 20 does not cause wear particles fromthe balls
res | ts, in |nfer|oredg4q erties of the alloy blend. One reason is that the tunbler mll 20 uses |ow inpact energy. The

21 to contanin het
tunbl er m xer dﬂﬁw&%%ﬁgm éﬁ%ﬁfﬁ 8@"%rm gﬁﬁmme%ﬁVﬁ %%rtlc e for every cyckte of tunbling. This increases the 25 uniformty of the phase distribution.
Tunbler mlli n@nwagpepewﬂBwmwmilmpvwmrnem@ﬁ@mwpamb@wmga The tunbler nmikl 20 produces a thin surface coating of beta phase on the Ti particles.

During sinterifaghicah pRifdmide hay®ben)of cahpitorrfidssiet FangPh3dmes40ane created. The beta phase appears predom nantly as a grain boundary
600 Mpa (~25 tons .of' force) The alioyed powders 22 are compacted in to tensile :
5  specimens and 10mm die pellets (not shown).

The compacted mechanically alloyed powders are sintered 35 in argon at 1250°C
for two hours. Alternatively, they can be sintered in a vacuum. The hardness of the
preform is maintained at 280 to 370 Hv depending on the composition used. Figure
0 3 provides a table of the compositions tested. During sintering, the ratio of the
phases is altered fo provide greater uniform distribution. The beta phase is
identifiable by whitish grains while the alpha phase is seen as dull grayish grains.
These are both qualitatively identified by comparison with standard microstructures
as well as spot EDX analysis to see the local composition of the grains. Both the
15 alpha and beta phases were substantially uniformly distributed on the surface. The
intermetallics that formed are seen as dark gray globules on the grains. Referring
to Figure 5, strength increases upon increasing the temperature while the strain
also increases. The increase in strength is in conformity with the STA observation
and the phase changes observed with XRD. Referring to Figures 3 and 4, the XRD
20 spectrum of composition 6 after mechanically alloying is shown, and the

T,
e’

* microstructure of composition 6 is shown.

A preform (not shown) is designed with the basic shape of a hip stem in order to
position the sintered preform in a forging die (not shown). The forging die is
25  designed based on the final shape required and is fabricated. The die and the
heating assembly are housed in a die shoe (not. shown) to be placed between a
ram and hottom platen The die wall surface is Iubricated 36 with a coat of
molybdenum disulphide and allowed to dry during heating. Alternatively, graphite
can also be used as a lubricant for forging. Graphite produces a smooth surface
- 30 butis not a very effective lubricant. Advantageously, MoS; produces defect free
forging. The forging die is isothermally heated 37 using a strip heater (not shown)

to a temperature ranging between 200°C to 500°C.

The preform is then placed 38 over the hot die cavity and positidned to avoid non-
35  uniform distribution of forces during forging. Forging 39 is carried out at stress
rates varying from 0.5 to 10 bar/second (0.05 to 1MPa/second) at different
temperatures from 200°C to 350°C in steps of 30°C. Forging 39 at 200°C and




phase to help in deformation while the al pha phase is relatively unaffected. 30 After nechanical alloying, the plastic containers 23 are carefully opened to
avoid any oxidation of the powders 22. The contents of the plastic containers 23 are sieved 32 to renove the balls 21 and any contam nants, and to col | ect
the mechanically alloyed powder blend 22. The all oyed powders 22 are sieved using a 35 325-nesh sieve (not shown). The all oyed powders 22 are renoved and
subjected to XRD anal ysis and SEM anal ysis for phase formation and norphol ogi cal studies. 8 Next, the powders 22 are placed 33 in a preform (not shown) and
conpacted 34 to tensile specinmens. The nechanically alloyed powders 22 are conpacted using a fabricated preformdie (not shown) at conpaction pressures
ranging from400 to 600 Ma (-25 tons of force) The alloyed powders 22 are conpacted in to tensile 5 specinens and 10nm di e pellets (not shown). The
conpact ed nmechanically all oyed powders are sintered 35 in argon at 1250C for two hours. Alternatively, they can be sintered in a vacuum The hardness of the
preformis maintained at 280 to 370 Hv depending on the conposition used. Figure 10 3 provides a table of the conpositions tested. During sintering, the ratio

of the phases is altered to provide greater uniformdistribution. The beta phase is identifiable by whitish grains while the al pha phase is seen as dull
grayi sh grains. These are both qualitatively identified by conparison with standard mcrostructures as well as spot EDX analysis to see the |ocal
The internetallics that formed are seen

conposi tion of aifre rgq@bg% ng,tgﬂegsh@te;ﬁ-@ Sq,lgg-)s apd aFée(gs%d MRREs okeihe substantially unifornly distributed on the surface.
gure 5, strength increasesiupon increasing the tenperature while the strain also increases. The increase

as dark gray dl rﬂ Les on L&p I ng
in strength i s PH° gﬁf’ﬂ?ﬁ?t?%/d Qf?"f“ﬁ%f%‘ﬁﬁ fBISE'QrtQ/B? F‘é?ﬁess%lhﬂ’”lOH%a%hase changes observed with XRD. Referring to Figures 3 and 4, the XRD 20 spectrum of

conposi tion 6 sdéfeds. imeaitrast) emipleg fahbdyt tagpérstuahgwater tianl 260r€ reqdirer ost ruct ure of ¢onposition 6 is shown.

moderate strain rates to obtain forging.

The microstructure of the cross section of the forging near the base of the hip stem
where beta phase grains (whifish grains) are elongated while the alpha phase
maintains the original shape and size. Near the neck in the forging, the grains are
p relatively underformed where grain boundary sliding possibly dominates the
< ) 10 deformation. While close to the case where the cross sectional area reduces
resuling in an increase in local stress beta phase grains elongates to
accommodate the plastic flow in the materials. This iliustrates that the beta phase
plays an active role in deformation compared to the alpha phase. Thus, this
eliminates the need for very high temperatures for forging.
15

Thermal Analysis
Referring to Figure 6, the compositions are mechanically alloyed for forty hours

and sintered in argon for two hours. The compositions are tested for phase
transformations (25°C) to 800°C using a scanning temperature analyzer (not

20 shown). Figure 6 depicts the STA thermogram of composition 1 and composition 6
and shows the variation in DTA spectrum due to phase transitions.

The thermogram shows that the alpha to beta transformation initiates at
approximately 400°C. This is indicated by a change in slope of the DTA curve while

25 for the rest of the compositions the transformation is possibly gradual from 100°C
onwards indicated by the changing slope of the DTA curve. All the compositions

show an increase in strength up to 100°C with higher strain during failure. The
ihermogram also indicates an increase in the pV until 100°C followed by a
decrease in the pV values due possibly to the precipitation of intermetallics due to

30 the reaction of individual elements with the base matrix and surrounding elements.

But a further increase in temperature resuits in the elements aiding stabilization of

beta phase by dissolving back in the matrix. Besides compositions 1 and 2, the

other compositions had a negative voltage due to the stabilization of beta phase

-and the presence of intermetallic compounds. In order to plot the behavior on a log

35 scale the negative values of pV are converted in to positive values. At the point of
_ .complete transformation, the uV reduces to its minimum value, negative in most
compositions, indicating the transformation to beta phase. Since the log scale for




A preform (not shown)
is 25 designed based on the final
ram and bottom pl at en.

bet ween a

Al ternatively,
Advant ageousl vy,

graphite

The die wall

MbS2 produces defect free

surface is

is designed with the basic shape of a hip stemin order to
shape required and is fabricated. The die and the heating assenbly are housed in a die shoe (not shown) to be placed
| ubricated 36 with a coat of
can al so be used as a lubricant for forging. Gaphite produces a snooth surface 30 but
forging. The forging die is isothermally heated 37 using a strip heater (not shown)

position the sintered preformin a forging die (not shown). The forging die
nol ybdenum di sul phi de and all owed to dry during heating.

is not a very effective lubricant.

to a tenperature ranging

bet ween 200C to 500C. The preformis thgn placed 38 over the hot die cavity and:ipositioned to avoid non- 35 uniformdistribution of forces during forging.

Forging 39 is carried out at stress
30C. Forging 39 at 200C and r
W t hout any defects.

the forging to be successful
forging. 5 The mcrostructure of the cross section of the forging near the base.of the hip stem where beta phase grains (whitish grains) are el ongated while

the al pha phasgy a{@lv%gg
possi bly donlnates t he

%égltMﬁM%c

mat1 on

Sk

rates varying from0.5 to 10 bar/second (0.05 to 1MPa/ second) at different
The stress rates are used in this to obtain
sanpl es forged at tenperatures greater than 250C require

ose

9 230C requires very low stress rates.
I n contrast,

grai ns el ongat BSitygvalugs wighstileRls adiystreenplogefiecting 1"%\?&5@?"1%%“%*@? Bl s.

Tihel SaludshvieSorded on the negative scale. This has been converted to positive
numbers to reflect on the log scale. The deformation or forging of the samples are
able to be conducted at temperatures of 200°C and above based on the

al pha phase.

observations of the thermogram.

Although the present invention has been described with reference to the alloying

components of aluminium, iron and zirconium, the table below lists other alloying

ﬁlav'é'bégn ﬁdﬂ@é{edﬁﬁ?@ neck in the forging, the grains are

e case where the cross ¢

This ill ust

additions to Ti and their properties:
Alloying Element Phase Stabilized Type of stabilizer

Aluminiamn Alpha -

Tin Alpha -

Vanadiurmn Beta Isomorphous {BCC)
Molybdenum Beta isomorphous

tron Beta Eutectoid

Niobium Beta Isomorphous
Tantalum Beta Isomorphous

Silicon Beta Eutectoid

Chromium Beta Eutectoid

Zirconium Beta/Alpha Isomorphous
Palladium Beta Eutectoid

Cobalt Beta Eutectoid
Manganese Beta Eutectoid

Hafnium Beta/Alpha [somorphous

15

20

It is envisaged that Ti alloys made in accordance with the present invention are

used in biomedical implants, mobile phone covers, watch casings, aerospace and

automotive structural components. Other applications include precision fasteners,

Ti diaphragms for microphones, Ti fingers for wave soldering machines, chassis for

hard disk, cameras or notebook computers.

1t will be appreciated by persons skilled in the art that numerous variations andfor

modifications may be made to the invention as shown in the specific embodiments

without departing from the scope or spirit of the invention as broadly described.

tenperatures from 200C to 350C in steps of
control of strain rates during formng for
noderate strain rates to obtain

relatively underformed where grain boundary sliding
resulting in an increase in |local stress beta phase
pl ays an active role in defornmation conpared to the

sectional area reduces
ates that the beta phase




elimnates the need for very high tenperatures for forging. 15 Thermal Analysis:Referring to Figure 6, the conpositions are nechanically alloyed for forty
hours and sintered in argon for two hours. The conpositions are tested for phase transformations (25C) to 800C using a scanning tenperature anal yzer (not 20
shown). Figure 6 depicts the STA thernogram of conposition 1 and conposition 6 and shows the variation in DTA spectrumdue to phase transitions. The

t her nogram shows that the alpha to beta transformation initiates at approxinmately 400C. This is indicated by a change in slope of the DTA curve while 25 for
the rest of the conpositions the transformation is possibly gradual from 100C onwards indicated by the changi ng sl ope of the DTA curve. Al the conpositions
show an increase in strength up to 100¢with higher strain during failure. The :thernogram al so indicates an increase in the pV until 100C foll owed by a
decrease in the pV val ues due possibly to the precipitation of internetallics due to 30 the reaction of individual elenents with the base matri x and
surrounding el ements. But a further increase in tenperature results in the elements aiding stabilization of beta phase by dissolving back in the matri x.
Besi des conpositions 1 and 2, the other conpositions had a negative voltage due to the stabilization of beta phase ="? and the presence of internetallic
conpounds. In order to plot the behavior on a | og 35 scale the negative values of pV are converted in to positive values. At the point of conplete

transfor mati onyhd RRsehy ér@dj,gﬁﬁﬁtsté}el frRrdirdl {SUBR VBhdiRred F0RN | §ektd NDSt  conpositions, indicating the transformation to beta phase. Since the log scale for "I.
| 10 negatlve val ues é:anno be plotted, 'the negative val ues have been converted into positive values with suitable adjustment to reflect the trends.
Conposition 6 HElalye@nd pgiesigiVies recor ded on t he negative scale. This has been converted to positive

S
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nunbers to reflect on the I og scale. The deformation or forging of the sanples are 5 able to be conducted at tenperatures of 200C and above based on the
conponents of alumnium iron and zirconium

observations of the thermpgram Al though the present invention has been described with reference to the alloying
Al'l oyi ng El enment Phase Stabilized Type of stabilizer Al um niumAl pha - Tin

the table below |lists other alloying 10 additions to Ti and their properties:
Iron Beta Eutectoid N obium Beta |Isonorphous Tantalum Beta |sonorphous Silicon Beta

Al pha - Vanadi um Beta | sonor phous (BCC) I\bl ybdenum Bet a | sonor phous

Eutectoid Chrom um Beta Eutectoid Zirc&ﬁiun1Beta/AIpha_IsonDrphous Pal | adi um Beta Eutectoid Cobalt Beta Eutectoid Mnganese Beta Eutectoid Hafnium
Bet a/ Al pha I sonbrphous It is envisaged that Ti alleys made in accordance with the present invention are used in bionedical inplants, nobile phone covers,
wat ch casi ngs, aerospace and autonotive structural conponents. O her applications include precision fasteners, 15 Ti diaphragnms for mcrophones, Ti fingers

for wave sol deri MF ®efdMi nes, chassis for hard disk, canmeras or notebook conputérs. It will be appreciated by persons skilled in the art that nunerous
variations and/or nodifications my be nmade to the invention as shown in the specific enbodinments 20 wi thout departing fromthe scope or spirit of the
i nvention as brogdly gesFrjbed. . ) ) '
: ) n alloying system for preparing a titanium alloy, the system comprising:
a rotating mill to mechanically alloy a mixture of elemental powders in

e i e

5  predetermined proportions, the elemental powders including titanium particles,
alpha stabilizer particles and beta stabilizer particies;

wherein the mixture is mechanically alioyed using low impact energy 6

layer the titanium particles with beta stabilizer particles whereby sintering of the

mechanically alloyed mixture produces alternate layers of afpha and beta stabilizer

10 particles.
7 2. The system according to claim 1, wherein the rotating mill is a tumbler milt.
3. The system according to claim 2, wherein the tumbler mill has a charge to

15 ball ratio of 1:2 in volume.
4, The system according to claim 2, wherein the tumbler mill uses Al,O5 balts,

5. The system according to claim 4, wherein the balls have a diameter of 5,
20 10 and 20mm and are in the ratio of 40:40:20, respectively.

6. The system according to claim 2, wherein the speed of the tumbler mill is

65 to 70 revolutions per minute.

25 7. The system according to claim 1, wherein the beta stabilizer particles
include an amount of 1 to 5% by weight of zirconium as an isomorphous stabilizer.

8. The system according to claim 1, wherein the beta stabilizer particles
include an amount of 1 to 2% by weight of iron as an eutectoid stabilizer.

30
9. The system according to claim 1, wherein the alpha stabilizer particles

include an amount of 2 to 4% by weight of aluminium.

10. The system according to claim 1, wherein the mixture of elementat

35  powders is mechanically alloyed in an inert gas atmosphere.
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considered in all respecfs- illustrative and not restrictive. ~"3 r 12 W CLAIM 1. An alloying system

to nmechanically alloy a m xture of elenental powders in 5 predeterm ned proportions,
wherein the mxture is mechanically alloyed

mechani cal Iy all oyed m xture produces

4p 11 'The present enbodi ments are, therefore, to be
for preparing a titaniumalloy, the systemconprising: a rotating mill
the el enental powders including titaniumparticles, alpha stabilizer particles and beta stabilizer particles;
using low i npact energy to |ayer the titqgiun1particles with beta stabilizer particles whereby sintering of the
alternate | ayers of al pha and beta stabilizer 10 particles. 2. The system according to claiml1, wherein the rotating mll is a tunbler mll. 3. The system

according to claim2;, wherein the tunbler mll has a charge to 15 ball ratio of 1:2 in volune. 4. The systemaccording to claim2, wherein the tunbler mll
20 10 and 20mm and are in the ratio of 40:40:20, respectively.

uses A12CB balls. 5. The systemaccording to claim4, wherein the balls have a diameter of 5,
6. The system accbldi nfe tysemaacaerding ithelaimi I wherein Sixeisthadfentioe rdteintther nill is 65 to 70 revolutions per mnute. 25 7. The systemaccording to claim1, wherein
8. The system according to claim1, wherein

the beta stabili zetatippmdiisth 88 radgdef a4dq Jahlegiount of 1 to 5% by wei ght of zirconiumas an isonorphous stabilizer.
the beta stabilizer particles -include an amount of 1 to 2% by weight of iron as an eutectoid stabilizer. 30

i
i

12. The system according to claim 1, wherein the impact rate of the rotating
5 miliis of a substantially equal magnitude to the rotational speed of the rotating mill.

13. The system according to claim 2, wherein the tumbler mill has a 100 mm
diameter drum.

10 14. The system according to claim 13, wherein the path of the drum is a helix
to ensure uniformity.

15, The system according to claim 13, wherein the centre points of the top and

AN,
bt

bottom of the drum are rotated asynchronously in an ellipsoidal orbit to force the
15 powders and balls to move within the drum such that the balls impact on a new

surface for every rotation.

16. The system according to claim 10, wherein the inert gas atmosphere is
argon.

20
17. A method for preparing a titanium afloy, the method comprising:

mechanically alloying a mixture of elemental powders in predetermined

proportions, the elemental powders including titanium particles, alpha stabilizer
particles and beta stabilizer particles:

25 wherein the mixture is mechanically alloyed using low impact energy to
layer the titanium particles with beta stabilizer particles whereby sintering of the
mechanically alloyed mixture produces alternate layers of alpha and beta stabilizer

particles.

30 18. The method according to claim 17, further comprising the step of sieving
the mechanically alloyed mixture.

19. The method according t_o claim 18, wherein a 325 mesh sieve is used fo
remove the balls and contaminants from the mechanically alloyed mixture.
35
| 20. The method according to claim 17, further comprising the step of
compact_ing the mechanically alloyed mixture into a preform.




9. The Systen1accord|ng to cIa|n11 wherein the alpha stablllzer partlcles include an amount of 2 to 4% by weight of alumnium 10. The system according to
claim1, wherein the mxture of elemental 35 powders is mechanically alloyed in an inert gas atnosphere. 4. 13 |f. The systemaccording to claim1, wherein
the inpact energy rate of the rotating mll is in the range of 0 to 1 Joules/hit. 12. The system according to claim 1, wherein the inpact rate of the
rotating 5 mll is of a substantially equal magnitude to the rotational speed of the rotating mll. 13. The systemaccording to claim2, wherein the tunbler
mll has a 100 mm dianeter drum 10 14. e systemaccording to claim 13, wherein the path of the drumis a helix to ensure uniformty. ), 15. The system

according to claim 13, wherein the centre points of the top and bottomof the drumare rotated asynchronously in an ellipsoidal orbit to force the 15
16. The system according to claim 10, wherein the

powders and balls to nove within the drum such that the balls inpact on a new surface for every rotation.
mechanically alloying a m xture of el enmental powders

inert gas atnosphere is argon. 20 17. A method for preparing a titaniumalloy, ‘the net hod conpri si ng:
al pha stabilizer particles and beta stabilizer particles; 25 wherein the

in predetermn ned2ipr Oﬁﬁé He%é doffencPlo &iFRR b4 Ly ani um particles,
& gedo 3 wIBFéY}ptﬁé%&uﬂ& OrquCtgdrEthe titaniumparticles with beta stabilizer particles whereby sintering of the nechanically

m xture i s nmechanic Il oyed, usi ng | ow I npact ener
al |l oyed m xture 6?"823&%3 QI@%’F]N&@"?tayers of al pha and beta stabl lizer particles.

5 22 The method according to claim 20, further comprising the step of sintering
. the preform to consolidate the mechanically alloyed mixture.

23. The method according to claim 22, wherein the preform is sintered at a
temperature ranging from 1110°C to 1300°C.

10
24, The method according to claim 22, wherein the preform is sintered for one

to two hours

\
i
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25. The method according to claim 24, wherein sintering occurs in an inert gas

15  atmosphere.

26. The method according to claim 22, further comprising the step of
isothermally forging the sintered preform into a predetermined shape.

20 27. The method according to claim 26, wherein the sintered preform is

isothermally forged at a temperature ranging from 200°C to 350°C.

28. The method according to claim 26, wherein the sintered preform is forged
at a stress rate ranging from 0.5 to 1 bar/second.

25
29, The method according to claim 26, wherein the sintered preform is forged

using a lubricant, &

30. The method according to claim 29, wherein the lubricant is graphite or
30 molybdenum disulphide.

31. The method according to claim 17, wherein the beta stabilizer particles
include an amount of 1 to 5% by weight of zirconium as an isomorphous stabilizer.

35 32 The method according to claim 17, wherein the beta stabilizer particles
include an amount of 1 to 2% by weight of iron as an eutectoid stabilizer.
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30 18. ¢The nmethod according to claim 17, further conprising the step of sieving the nechanically alloyed m xture. 19. The method according to claim 18,
wherein a 325 nmesh sieve is used to renove the balls and contam nants fromthe nmechanically alloyed m xture. 35 20. The nmethod according to claim 17, further
conprising the step of conpacting the nmechanically alloyed m xture into a preform } r'a 14 21. The nethod according to claim 20, wherein the mxture is
conpacted to tensile bars and 10mmdie pellets. 5 22. The nethod according to claim 20, further conprising the step of sintering the preformto consolidate
the nechanically alloyed m xture. 23. Thelnet hod accor di ng to claim?22, wherein the preformis sintered at a tenperature ranging from 1110C to 1300C. 10 24.
The met hod according to claim-22, wherein the preformis sintered for one to two hours 25. The method according to claim 24, wherein sintering occurs in an
inert gas 15 atnobsphere. 26. The -nethod according to claim?22, further conprising the step of isothermally forging the sintered preforminto a predeterm ned
shape. 20 27. The¥et Hod medodradéanding to ddimitm @@reivine rphl §tabBzed bati@éed preformis: isothermally forged at a tenperature ranging from200C to 350C. 28. The

nmet hod accor di ng-ip@jd@hahml%ﬁefzvygg%qquvel}’gh@bfQ,Lr%‘%&(_ad preformis forged at a stress rate ranging fromO0.5 to 1 bar/second. 25 29. The nethod according to claim
26, "wherein the sintered preformis forged

34.  Aditanium-base alloy prepared according to the method of claim 17, the
5  alloy consisting essentially of the following alloying components:
' an amount from about 1 to about 5% by weight of Zirconium;
an amount from about 1 to about 2% by weight of iron: and
an amount from about 2 fo about 4% by weight of aluminium,




using a lubricant. 30. The nethod according to claim?29, wherein the lubricant is graphite or 30 nol ybdenum di sul phide. 31. The nethod according to claim17,
wherein the beta stabilizer particles include an anount of | to 5% by weight of zirconiumas an isonorphous stabilizer. 35 32. The nethod according to claim
17, wherein the beta stabilizer particles include an anount of 1 to 2% by weight of iron as an eutectoid stabilizer. 15 33. The nethod according to claim
17, wherein the al pha ttabilizer particles include an amount of 2 to 4% by weight of aluminium 34. A titaniumbase alloy prepared according to the nethod of
claim17, the 5 alloy consisting esseqgially of the follow ng alloying conponents: an anpbunt from about 1 to about 5% by weight of zirconium an anount from
about 1 to about 2% by weight of iron; and an ampunt from about 2 to about 4% by wei ght of alum nium Abstract of the Disclosure AN ALLOYI NG SYSTEM An

al | oyi ngAsb)gﬁg@tnafftﬁé ogpanLng a titaniumall oy, the systemconprising a rotating mll to mechanically alloy a mxture of elenmental powders in predeterm ned
proporti ons, %;pomders including titanium particles, alpha stabilizer particles and beta stabilizer particles; wherein the mxture is

mechani cal | y al I o ed using low inpact energy to layer the titaniumparticles with beta stabilizer particles whereby sintering of the nmechanically alloyed

m xture M SNSTRN | ayers of al pha and beta stabilizer particles. Fig.:2

An alloying system for preparing a titanium alloy, the system comprising a rotating
mill to mechanically alloy a mixture of elemental powders in predetermined
proportions, the elemental powders including titanium particles, alpha stabilizer
particles and beta stabilizer particles; wherein the mixture is mechanically alloyed
using low impact energy to layer the titanium particles with beta stabilizer particles
whereby sintering of the mechanically alloyed mixture produces alternate Iayers of
alpha and beta stabilizer particles.
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Fig. 2
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