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WD 2004/ 099456 PCT/ US2004/ 010758 METHODS OF
PROCESSI NG NI CKEL- TI TANI UM SHAPE MEMORY ALLOYS 5

WEROSBIRE-ERENCE TO RELATED APPLI CATI ONS Not PCT/US2004/010758

applicable. 10 STATEMENT REGARDI NG FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT Not applicabl e.
REFERENCE TO A SEQUENCE LI STING 15 Not applicable.
BACKGROUND OF THE | NVENTI ON FI ELD OF THE | NVENTI ON
The vari ous enbodi nents of the present invention
generally relate to 20 nethods of processin

ni MEd] |HQE%/S ah iPlﬁ?@CéﬁS%N@.NI%Eb-Tﬂ)EANIUU&IAAW M E@E@RﬁMLOYs
enbodi ments of the present invention relate to

thermal |y processing nickel-titanium ,alloys to

predi ctably adjust the austenite transformation

t enper at ur CROGHIRERERBNOHE et RELATEAPFLICATIGNSE
of the alloy. 25 DESCRI PTI ON OF RELATED ART Equi at omi c
and near - eguj at‘ﬂm' § ni ckel -titanium all oys are known
to posses e haape menory" and "superelastic”
properties. Mre specifically, these alloys, which
are commonly referred to as "Nitinol" alloys, are
known to under gol Al REN REGARDINGSFoPERALLY from a
parent phase SRONEPRED BESEHARCHORDBYELRPMETeni t e
phase) to at | east one martensite phase on cooling to
a tenper atNoteapplichble. t he martensite start (or "M")
tenperature of the alloy. This transformation is WO
2004/ 099456 PCT/ US2004/ 010758 conpl ete on cooling to
the martensite finish (or "M") tenperature of the

al loy. FRERERENCE TO ASEQURNCEILIBTINGVEr si bl e when
the material is heated to a tenperature above its
aust eni t e NotdpiceBle, " Af ") tenperature. This
reversible martensitic transformation gives rise to
the shape nenory properties of the alloy. For exanple,
5 a nickel-titaniumalloy can be forned into a first
shape while in thgagycsep I ENS ove t he
austenite finish fgénpergt@lgr@?@)?m? (N(IJYE{\Weégl | oy),
FABHDSOB Sl éNVENTION

The various embodiments of the present invention generally relate to
methods of processing nickel-titanium alloys. More particularly, certain
embodiments of the present invention relate to thermally processing nickel-titanium
.alloys to predictably adjust the austenite transformation temperature and/or

transformation temperature range of the alloy.

DESCRIPTION OF RELATED ART

Equiatomic and near-equiatomic nickel-titanium alloys are known to
possess both “shape memory” and “superelastic” properties. More specifically,
these alloys, which are commonly referred to as “Nitinol” alloys, are known to
undergo a martensitic transformation from a parent phase (commonly réferred to as
the austenite phase) to at least one martensite phase on cooling to a temperature
below the martensite start (or “Ms”) temperature of the alloy. This transformation is
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cooled to a tenperature below the M and fornmed into a

second shape. As long as the material renains bel ow
wOheo4A99456i . €., the tenperature at which the tPamaiSkioanio7ss

to austenite begins or the austenite start

tenperature) of the alloy, the alloy will retain 10

t he second shape. However, if the alloy is heated to a
comem patanadingho tiee triastenkite Iﬁieisha(lolr Oyl Wdrhpermtenet oftiae lalloy.

Fulifet & PahSha it is EverhRIEhS) I pilery i Rt 6 a temperature
abé\f@,elts éU@@nﬁb@ﬁﬁél‘P(erM@P@iﬁﬁ&étLﬁé Wtﬁ%%veﬁ'élb%r}‘nﬁﬁbnsmc

When a nickel-"titaniumalloy is strained at
tram@‘ﬁﬁ@ah@rm giveshisgetoNiBe shaeeaner@prscamp@m gbthe alloyaifor example

[ p t.ransf t] om,. aust t.e .phase, to
a nfeke O ERER  RE R R MR eI R BRE il R (B ERRtsie phase
(i.ewi dﬂovbfthe@uétemte flisth kempardterss ol &, ifane alloyylaharstbegquently
Co(ﬂbgemant of tw nned boundaries w thout the generation

& 1tsemaraivse belowiesMr aad formedinie atwaﬁnssnapsy Asplong as
the@ﬂ?ﬂarrrél %r‘n%fr%ebéﬁwmﬂé baf)gls ?t ("t:i?% Pa ag.Yre% \/ﬂ#léﬁiﬁ% ras13|t|on to

ormati on . €., pernanen
austehibe tiegins cvmrdaa aummgaart tempeemtune)obf thaeallan tablaﬂpy ivdll retain
abl e t.o,al nost ver,t to.ts unstr

the RN P o HowBVEY iR Sl Ao Saenidp s i alise dgue the A the

alloiPivlle vBAHIRRIK toQRe AFstidhale! - tltanl um al | oys, and
ot her shape nenory alloys, is to a great extent

dependentyy, %H%hsféﬂ?ﬁatfo‘?fﬁ@c%bwtﬁé @%géﬂgﬂec%& H‘%ﬁ%ﬁgne phases also

transf ormati ons occur,
glvMs risk tbihe éismwelassc'(/\pddpedsest dnfe‘ncleeigéamﬂrrt alipes: dlVheas nickel-

e oK R ER 2 (RIORTF S Speba s, 1% Al SR Uderdo'a sirain-

|nd®|@§8 SRt PortAB BLSIdHNe! fHaseaBRRAE ?ﬁéﬁéﬂ%ll@f pﬁd%% This

| oy are highly dependent on conpositi on.
tran@‘prrmaqm eombinedawitihsnalylityaflael nnarmnamseoh\ase to deform by

motﬁ%ﬂgeﬁ{t%}fxwm @owﬂgﬁ?g ﬂlg‘{% ﬂ%pé;@%ﬁ‘% a?éﬂ '&és(fcp%ﬂ%%s permits the
nickeRtitasiurm eMoyfto bbsod 4 Brge Seeodfit dﬂsﬂakﬂeml@y'by elastic deformation
Kakeshi a, "Science and Technol ogy 30 of Sha

WAPHERBSUREIY (BevaiepRBRTLY) CalaEnBY: | Wheh ihe sBaimEGamoyed, the
NGRS 2Bt 1Y RVAPBLOPRIREFTA BB 0AARBAT

appreci at ed ose s ed in

the ar t THE L@'{{; R0 Hs%ﬁgl u§Q Bk {rﬁJ un‘ﬂéue properties of nickel-

nlckel-tltanlu o)A n sary 10 ac

titamidi allogb) and btrrshapemhenoryt aitms; i tor #graat eﬁd@ﬂt@i@eyndent upon
difficult to achieye. For exanple, in order

thetemperaliyeg aivhich HesRrNSIRIMAIPNSRRsaN didige Aa aqd Ar, and M
anb R Ghe N6k ks Well HRItHEBRGE 88 femperatures over which these

transformations occur. However, in binary nickel-titanium alloy systems, it has been
observed that the transformation temperatures of the alloy are highly dependent on
composition. That is, for example, it has been observed that the M temperature of a
nickel-titanium alloy can change more than 100K for a 1 atomic percent change in
composition of the alloy. See K. Otsuka and T. Kakeshia, “Science and Technology

of Shape-Memory Alloys: New Developments,” MRS Bulletin, Feb. 2002, at pages
91-100.
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5 after a nickel-titaniumingot or billet is cast, the

transformati on tenperature of the ingot nust be
woreaswmweds | f the transformation tenperature i 8CmaS2600010758

desired transformation tenperature, the conposition

of the ingot nmust be adjusted by renelting and

alloying the ingot. Further, if the ingot is

conposi t Farthet wswgrtmgapmmaw bl ihese skilied 1rfmle art the tight

o AR TS S B 5Bt
tra%ﬁ?maﬁoﬁ%ﬁﬁéﬁu@&s@% gH 8#@6%‘%@669@8( QaEéngle in order

i n each region nust be adjusted. This process nust
to achiewd edlagined) transfernaatidn f@mnefahsem miypnoal mlehepidrtalmurreprooess

oo FEREEH B i M TR EE Y 50 RS o e

inglog rmest deunheadiyreds QﬂtHeCﬂrémST@rrﬁéﬁmptélnﬁp&auﬂéﬁs a6t thet défred
consuni ng, and expensjive. As used herein, the 15 term

trangioghation KINPEHAtUEmYR? SPMPEpLpN qf dhe ingQj emestdel gdjusted by

o ABBrf BN | ST Bt e oHpedEasil seoreoats

whicémmaya:twue(csr)eXanWIeromrihg wjldiﬂeam? ,dhe tehsfdrenation temperature of
I, t tart ,(As t t n

sofaipbEtiots 86T theHadtrafst e essuisdbaid e rbysTgpation

terdPerdpliieqd b B8R RukYbé REfURA. n@hi%rprg ééseﬁﬁx%f‘getr?ﬁeated until

transformation “tenperatures of nickel-titanium al
the.déesited tiansfarmption éarvpsradure ik @ehievied. tAwilbe ameCIated by those

t 8 44 to Flomenblit

swffp 8T g aor e O s welireaabrrre ot Sugerafire by

cofftéiReg BBMPAsItRIA % baitieRe coNQUriRg drt ékwsﬁ*\/eﬂl Ak@lsed herein, the
titaniumal oy into a shape to be assuned in

tergu stansfermatipiaieamperatiretsn rei%rsmwaw 9 any ph@eatraragformatlon
terhé?%? 'srlﬂ fl]esast%{}ga%c{\/éé ﬁeéso{heot BBt“gy&eglgg%%forE]e{tlon

terﬁberattmnd(s)é refensl td a’n@labyom bﬁ’gleaaustbnm stasb(i) boabsiehite finish (Ar)
about to 2.5 hours. Accqrdi to Flonenblit et
tergperaleset thi AUy Clgssapetncaly Nty "shoul o have an
Af ranging from 10C 60C and a transformation
tenperature range (i.e., Af-A5) of 1 Cto 5C
Ther eaf t éﬂethoble oAgeoeralluenqleaelylgrmyda@eeamng tee tragsiormeation

tergg urte%leq tl:’gaet}f—t@%n ym 7 @%gﬁrﬂi[ BP@czﬁsggg gﬁe Rnown in the art.
For eRafrifk,al. s Ha&@@ﬁﬂ@tEBSZWM&bﬁlbmﬁhﬁm ét0al. §ieBlosk® a memorizing
decrease the Af of the al oy. See Flonenblit et al. at

treggmentsior @ imgsway shape memoraliny, edids ivolves forming a nickel-
TR0 558 s e Radic it o hen
pof)@’oﬁiwhg themakoynby kehtihg baab01C & 569°C fordR61te 2s®hbhe, Sblution
treafung the alloy at 600°C to 800°C for 2 to 50 minutes, and finally aging at about
350°C to 500°C for about 0 to 2.5 hours. According to Flomenbilit et al., after this
treatment, the alloy should have an A¢ ranging from 10°C-60°C and a transformation
temperature range (i.e., Ai—As) of 1°C to 5°C. Thereafter, the A;of the alloy may be
increased by aging the alloy at a temperature of about 350°C to 500°C.
Alternatively, the alloy may be solution treated at a temperature of about 510°C to
800°C to decrease the Asof the alloy. See Flomenblit et al. at col. 3, lines 47-53.
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al l oy by exposing the conponent to a tenperature

greater than a tenperature to 5 which it is exposed
woaoshapseset the all oy and | ess than the sol veeT/US2004/010758

tenperature of the alloy for not nore than 10 m nutes

to reduce the Af of the alloy. However, there remains

a need for an efficient nmethod of predictably

controlling the austenite transformati on tenperatures

of i ckel o> AN 6957 4 Bietat et 2 fikelpars a retfod o

tredtif§ @Nidrlp i IO IR EA Fop alfERRRiBHNIR MeY/t8 rde%h@és%r‘ﬂhb%f of the
transfornati on terrperature range. Furt er, there

alley: g iexposingdee copiPanent thedemperatord greatenthaore eonperature to

- he. | L& sfarmat | ratur and
W BN sa B AP ab T el B8 BfVus temperature of
thenaltdeefor niot arore ithan [10ymiNueed rRoredaty ity Apottkel allegnt ent s.
15 BRI EF SUMVARY OF THE | NVENTI ON Enbodi nents of the
present invention provide nethods of processing
i okel - UHAUWY Mo Yembhsf feel fortarf Bfiicle?fl nRUADE Y bFedictably
transformation tenperature. For exanple, one
conwaling e pugtemiietahsidrmetordesiprgatares akélor bustemitertransformation

to bt BRGE et TR 0% 56 ctiave s atfaedsente

treinGRIMTaBOARE PR rata e 8haldi R seMitRthARForpfatRA tehthdrBfire range.
desired austenite transformation tenperature, and

Further.ritaers remnains ssnerd fara methasl of predintably gontglling the austenite

et PPl el SLSlont B PSR H i Bl Biyfe gnce of
nidkreaﬂw‘rmrmwmbgg hbemge\vaiglﬂ@miwelfc@ﬁtémﬁ during thermally

processing the nickel 25 titaniumalloy, wherein the
stabl e austenite transformati on tenperature is

essentially equpleE &\ iifARe O HRUSENTRON.

transformati on tenperature. Another non-linmting
met hod ofErpbodiessite @f thenpseht inveatiou pralidemnetibods of processing

kst Vs IS PRBieer trered SeTeREGRRIRPATER! Sperature. For
ex8RTpN,| SrieNBotlifTHikY RRitR6d bh?«'l?g@gsi\%@ d Rickal-#hARINE alloy comprising

percent nickel, selecting esired austenite _
fram gregter Weni Zhup dedératonnie perpent niskehial providsieor desiredyaustenite

trfpporfBH EhoRLSHE Rl oen SRRy i 88k hudlsRe Hestormation
tefpeldisR) @hdahenhally prddespingthe eickehatamilra)alidyad adit ad amount
stable austenite transformation tenperature

of piskehiscsalich sakgliamisy adiNyphasecdae Aoy RECk dhatet stgble austenite
traflsfoftflatiohttBRIPEMRIL &Y reddiBd HuRBb&hermally processing the nickel-
titanium alloy, wherein the stable austenite transformation temperature is essentially
equal to the desired austenite transformation temperature.

Another non-limiting method of processing a nickel-titanium alloy to
provide a desired austenite transformation temperature comprises selecting a nickel-
titanium alloy comprising from greater than 50 up to 55 atomic percent nickel,
selecting the desired austenite transformation temperature, and thermally processing

the selected nickel-titanium alloy to adjust an amount of nickel in solid solution in a
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austenite transformati on tenperature being essentially

equal to the desired austenite transfornmation
woempavadsar e, wherein the sel ected nickel -titaRCums2004/010758

all oy conprises 5 sufficient nickel to reach a solid

solubility Iimt during thermally processing the

sel ected nickel-titaniumalloy. Still another
TiNigphasendftthaalliogsboll thgt apmtab@austgnltwdraosfaﬁmaﬁon|tellm>lerature is

red A e, P o e G TR Pl B 8 ol Slrestabe
au@te‘ﬁft@'trér@f(%’fﬁti%vxetempéﬁétdré %emgsé@darmauy egosf t@rtﬁétde%i‘red austenite

tenperature conpri ses se ectin desired austenit
tranﬁma@pﬁﬁemﬁra’turﬁaefv‘mr@rrbtheaae%eotgd ickel-itapiemealloy compﬂses

suéﬂu geﬁﬁlq;]él{e a% %(glﬁloﬁgt{)lﬁbﬂwénlg@ ngHS tﬁ%lmﬁ yoﬁr%%ésg ﬁg the

semométehncket—‘a‘tanm alibpys have stabl e austenite
transformation tenperatures, the stable austenite
transformati on tenperatures being essentially 15 equal
to the degjirfbtRasts ickel-
Anot her nonl I mti n(gﬁlrlr@? od o?{dg%@ggﬁﬂﬁw{)%%&e nickel
t|temmmuqysﬂmwngwarylr@ycompomummgomgsmgs‘rmﬁ areatgr thpn 50 up to 55
OSi ti from reater .than up. tq 55
ot GGrarouf Refel Tiachls.e 8RSy kGt HBeBitrifBiohderberature
coftistise8 befstingthé @efsrréa%mtémfé PahAOmh SfMeeAipErature, and

conprises thermally processing the nickel-titanium
sufjactipgttie aigkektitapiim alloys to similar dhenmalipreesssing sueh the after

théﬂﬁ&% eq-Fb%\%sﬂﬁa%ﬁe Z{cﬁég@% %ﬁer ealllflg?g} ﬁ%&? sﬁ%@%%als%mtle%ansformahon

temperfaras) thd bebhd alistenité teamstormationtemperatred béihg essentially
O&%gl ons of the nickel -tltanl um all oy has a stable
eckigh ither eesiiesraysienia iraRsforaaier emperatg: i s
essentially equal to the desired austenite
transformation 25 tenperature. Enbodi nents of the
present iAnaher mn%:hn%g)ntalhdde ofrpiduedsingfa nigkektiiagiung alloy
. r]la el -titani.um al |l oys totach eve .a d&s ired aus enlé(? to 55
ING'H W&f%ﬂlﬁ’é‘ﬁ%ﬂa'%‘@ PRAF é)“r%‘?{BB”S'ﬁ% m@}(QFﬁﬂ gF thgieoU up fo
atﬁﬁﬂ: béfbeht ﬁ&kéﬁémdth@f cBERESSISh Mas AéSikR] addtehité BBhEMrmation
all oy conprising fromgreater than 50 up to 55 atomc
teprmeé@tme appERes thermally drecessieg thesaickelditaniunealloy to adJust an

antté1 Séftdjlcg{ér[].rgg&ﬁ%ﬁ(ﬂg : Lljrﬁg E\llc@ gné gﬁfﬁu rarilgg g@hlrgglon of the

niclesiied sty aldy@wleﬂ@nfa‘fwrltﬁ@%éltycpr’écwlﬁ@% ﬁ&ﬁéﬁﬁamum alloy,
PCT/ US2004/ 010758 800C for at |east 2 hours

eagh fithageaigns wé the piekel-iteniim @HeuNes? q{ggleaapst\e/\rqte fransformation
tofHtRSEA fha | QBSSAHIHMY Rftial RIRRY PsiieR MG RalmBRNElion

temperature.

Embodiments of the present invention also provide methods of
processing nickel-titanium alloys to achieve a desired austenite transformation
temperature range. For example, one non-limiting method of processing a nickel-
titanium alloy comprising from greater than 50 up to 55 atomic percent nickel to
achieve a desired austenite transition temperature range comprises isothermally

aging the nickel-titanium alloy in a furnace at a temperature ranging from 500°C to
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Anot her non-limting nmethod of processing a

ni ckel -titaniumall oy 5 including regions of varying
woaepaed4sson conpri sing fromgreater than 50 upCrawsy®4/010758

atom c percent nickel such that each region has a

desired austenite transformati on tenperature range

conprises isothermally aging the nickel-titanium all oy
800 fafj aldeasir? haumsymtheosinrafiek elgingtheatitkelditdnitimalldyhas an

auriele et de Mo e ratae B GratpE Bl oegi

agi ng the ni ckel -titaniumall oy, each 10 of the
regions of the nickel-titaniumalloy has an austenite
t r ansf or Adother narelpéingtroethodmefgwooéssing grréckeattitaniam alloy

th
inchRling Fgibbs A FhibElg B9 MeesibhicBu it firdl el fRuHad o 55
atamlctpEréénta’ﬂ@k@I(Suphrtﬁ@tréadh &gidn has acdtsted sustsisile ®shsformation
15 austenite transformati on tenperature ran

LerRRRRY I ENOE ORI IRES| 150! Y ﬁ@'nﬂltbﬁalc‘ﬁ"{“g’#ﬂ“@m alloydg adjust an
arﬂd”ur@of Hde@Ffﬁ @Ild"’scﬁut\“o%t W@’TW ﬁh%@@edf%é‘ %ﬁ?ﬁ fh Q&EH ?é’g‘?or?of the

l'e austenite transtornmation te
mqksbtlﬂaellumlallpya\ghe@m aﬁenlsoMrn‘[allyagmgmwl molyelattamum alloy, each

d ture that is different than th
of % Barly o ed BRI Slsar sy SHEENT A gran aimatie

terﬁséﬁm@hre%n@@ df aié#rtﬁanhheom ckel -titani um al | oy
has an 20 austenitie transformati on tenperature range

that is essentially equal to the desired

t ransf or er e r Rl EF DESCRI.P
e eEvEa R TR %@’Bﬁﬂ%\ﬂ%@‘( Blothast A e thartum alloy
comiphie gﬂ?@msgr@btdrhﬁa@&&ﬁmo 55 uRithicQervént nidiesl kt)@bt::lfifeve a desired

25 un stood when read in conjunction with t
augieaierignsfermalianciempsrgture raRoR CerIpERas i&pt@rapﬂily@glm ¢ghe nickel-

tlteﬁwldﬁrefp I{o&ég?@%@&{ 5\,\% ’8&? 29 ng;‘{é‘ﬁﬁf?éréfﬁé téf Sg:ﬁféflg%gétggle austenite
traabforgratiokitgmp2ratsrey snchisothicimatly agfng:hhetdiekeltmdm:am alloy at a
B AT At RS B R i, wrrr
aftér M@n@%ﬁ@%‘%ﬁéﬁd 5%&@%%@%@7@% nlgkélatlté’mhﬁ\ Aloy has an

schemati c graph of "t he austenite transformation
austemiterteansfesnatinnsiesnpayptuge range that g essendially wgual to the desired

trafisfdr a8 (QhpéFhturd fgy um al loys.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING(S)
The various embodiments of the present invention will be better
understood when read in conjunction with the drawings, in which:
Fig. 1 is a schematic graph of the austenite transformation
temperatures versus aging time at 675°C for two different nickel-
titanium alloys.

Fig. 2 is a schematic graph of the stable austenite transformation
temperature versus aging temperature for two different nickel-titanium
alloys.
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Fig. 4 is a schematic differential scanning

calorinmeter ("DSC') plot of a 5 nickel-titaniumall oy
wahv@wrooshour s agi ng at 650C. Fig. 5 is a scherarius20%C10758

pl ot of a nickel-titaniumalloy after 24 hours aging

at 650C. Fig. 6 is a schematic DSC pl ot of a

ni ckel -titaniumall oy after 216 hours aging at 650C.

10 DETAI EiD IESCRLEhatic GraphHbr thaNtisTdrils thengfoenatiars! y

di scusse i.call t he aust eni g ansf or ion |
Cenper at IR EBEBIHIRS VEray s anOva At SAD Ry oot nickel-
adj ust edihigeh é{@tylsng the conposition of the al | oy.
However, because the austenite transformation

tenperat ures of nickel- titaniumalloys are sensitive
to ni nor Fidrpiss? stheraptiy diffsaentish scaaringgpiarirneter ¢ASEY) plot of a

compos { 1HCRLpD TGN HEP 5t FRE BLO%ETum ng-anc
expensi ve. Mreover, where the bulk alloy is

conposi t iFgnal isya seb@naﬂaD@C platiof b riekeldtanium iy after 24 hours

exanple, durin di fication, adjusting the
aust eni t@gfq‘gaﬁg@%q?létl on tenperatures of the alloy can

require numerous conpositional adjustments. In

contrast Fid @i @ 5bRERaBE DT HRE BF Bhitk &t i@Anilihd é“By%ﬂe}(Q'lG hours
al | oys accordlggsto various enbodi ments of the present

i nvent i o@gighabeS04avant ageous in providing efficient
nmet hods of predictably controlling the austenite

t r ansf or mat |[9§T%@_%§r[?¢§é%ﬂ'aﬂ(l Gk éﬁ*@ W[I%ﬁ ION .

transfornation ure range of

aI | oys t Asaslevivusiydidessserl] typi@élsmrteeaustanaé tramsforaation
er at ur and/ or austenite transformation

temg yrglsbg Wis piskel-tiianisn alleyr areagustad bsadjusting the composition
of Q%TEH’%JI PR eAHdLSLEE M gurgrte‘émtg ?fagfsﬁ?ﬁgqgﬁwgggﬁ)teratures of nickel-

accor ng to varlous enbo
titamwraralioya ararsebelttad\tammlagempbsﬁtipnalwwiatignefatter'np’tstto control the

t hods_of redi ctably, controll t he.aust eni
TR e R et eS YiRph E3m IR SV poven to be both
tintd aodLphifBtArRNekSemavat Mofed\RRORhERY thal ISR latiby i2@dPbsitionally
al l oys having varying nickel contents, for exanp

| e
seg@reaatehaevpighicadl eesur Tor ¥ameia, tdtkﬁlnglwdg@gm@aacwstmg the

SIS bt eatle SRy Sy g e e,

are processe aneousl

coﬂfpdsit?rmtétahptiﬁnehts plhccccmr?lsn gha mektfhbdi of pmoem;mlgl rigleel-titanium
accordl n to certain odl nents o t he
allpys @ﬁ@@r@ﬁl&m@ww@ggﬁm%ﬁ ohthepaseat @t P@H@@ 528 h¢

adVahRSBsHh prORdRY &Sient methods of predictably controlling the austenite
transformation temperatures and/or austenite transformation temperature range of
nickel-titanium alloys to achieve a desired austenite fransformation temperature
and/or austenite transformation temperature range, without the need for
compositional adjustments. Further, the methods according to various embodiments
of the present invention can be advantageous in providing efficient methods of
predictably controlling the austenite transformation temperatures and/or austenite
transformation temperature range for nickel-titanium alloys having varying nickel

contents, for example, when the bulk alloy is compositionally segregated or where
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51t wll be appreciated by those skilled in the art

that the As and Af of nickel-titaniumalloys can be
wgoenewddsy adj ust ed by exposing the nickel -tita&aTwse004/010758

alloy to an elevated tenperature for relatively short

periods of tinme. For exanple, if the alloy is exposed

to a tenperature sufficient to cause the formation of
différekealayiscre moeesssmd atm.ﬁtante}aftslw @thélloalammages of the methods of

eratures,.o W ener a i ncrease. In

PR Pkt Bnim aNdys Soarding, Boedan shwopkmpanddhe presont

m@ﬂﬂi&h%aﬁﬂhclﬁ@eqﬁ&t@%sad ‘%&%Weréh‘é?\ rﬁ’éﬁ&'h%‘rﬁtjﬁéd'%s ﬁtﬂteiacl)lﬁys.

di ssol ve, (i.e., ni cke goe into so
in the TiNi phase), the transformation tenperature of

the al | oy, w,l.l . genera decrease, However, it ha

been obsilr\z(/\‘g %ép?ﬁ?&@tﬁéé’ﬁ%‘?% Figlled Hbmﬁ‘@&%matég ?‘h@nd As of
nidkeltimieasMo0s cdadiecgsferally bhﬁs@étﬁb?@kb@smg the nickel-titanium alloy

transformation tenperatures during thermal = processing

to gn|slevripd lemparatdtestosrelptively sbort paiiodgi af gime ufonexample, if the
allbger a)?;fbstceg nt%:)b:’lt%rﬂ%éﬂaﬁ e‘%?,gﬁéggrﬁtotycaﬁfsgttﬁﬁ é&ﬁaﬁédna%ﬂ%ckel-rich

pretammeai iinedrarisforhaiidm tampfamms@émhe oy wmlagﬁﬂafally increase. In
referr oW, t 0 ere is s ot of | ,

cohfiatl 08 PR Purerha i ITpURbTe, SR EaMEP nickelrich

prgtﬁf)ﬁé{%s@@'d%owé"‘gl &l t@ﬁf@kél"doés"?ﬂtc?@olf&! &igliod trf & Hii phase), the

oys, one contai ning 55 atom c percent nick
transipmasionttechpieyatsiod oﬂthe:alicojl wil genetraltyudeerspse.and t he
ot her containing 52 atom c percent nickel (represented
by open circles and squares). As can be seen fromthe

pl ot of Fidveer, mwé@ﬁ@bs@%@wtmm@mﬁmgf% extent of the
hours, the AS and Af for both all oys change

inggpse ahdparaagevn the austandadensigmajion temperpiusse Auring thermal

pré@é%ﬁ@gtﬁe rﬁe%ﬁc?r‘i’%%vgial T??clbg mtcé ; éﬁgmgﬁl\ imhifedGoANe initial A,

and Eofésealied tge oveegall d:orbpogtm)m: bf:‘lﬂ’)e élﬂfyl, aatithe alhll@aﬁd temperature
ncrease in are relative S

to &m%ités expegad. aﬁ@r %@PgF%fefeﬁ'Eﬂ%@Oth%gy%usttwet@ shown a plot of

adsiélfl?@f AEGIRES P IRRp St S AL kaHBWW&sGQ'agtrﬁ {érg@a{%??c for two

fromthe austenite transformation’ tenper
nieksd-ditanddmedlioys, Qe lsontadniod Sogatamic parceot hiskel (ReprEsentad by solid

BB Ss e f el hRdptariaRuR b2 HoRieiprat Mhie! (represented
byl GIEREEIRI0S BRd (Sopbled). AREEh BEseBhGrorg Iﬂh@PI@ﬂ of Afg. Us Yfhen these

herein the term"stable austenite transtormation

alloyspes aged éor 2baHEs, the Aarandexdor befd alloys ishangg subaiandally with

in%%%d %\@ﬁ'fg ‘{%{igﬁ‘%ﬁq&érf8@13'25%’(%&94{33}1%@%&1 18 cRhinges in the A
(rérd641500d Fi. 07 by sqaéhsl \éﬁd Al(ispiresdraada FRY. ACieys 8ir€lgs) for both

devi ates no nore than Fﬁgn thermal Ly processing
alloye Mhhdnéneaﬁe@@}glmgﬁima @r;e g @elytmaléaﬁer gxmaple, @\ﬁt@r 216 hours of

adify, tA8 R it sf8rmation temperatures fluctuate only slightly from the
austenite transformation temperatures observed after 24 hours of aging. In.other
words, it appears that after aging these alloys at 675°C for about 24 hours, stable
austenite transformation temperatures (both As and As) are achieved. As used herein
the term “stable austenite transformation temperature” means the at least one of the

austenite start (As) or austenite finish (As) temperatures of the nickel-titanium alloy
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hours. 5 For exanple, although not |imting herein,

after aging the 55 atomc percent nickel alloy ("55
wakosgmpisy at 675C for 24 hours, the nickel-tiPamiuse04/010758

all oy has an AS of about -12C, and the 52 atom c

percent nickel alloy ("52 at.% Ni ") has an A of

about -18C. After aging the 55 at.% N alloy at 675C

achieve@4ftep thermdl beocmssk'@ deviateamoimord tiah HEC apoifthérimally

about - C ? he 52 at.% Ni alloy has an Af_ of about
pr%*ssmé SpihelttauTeal Qndgrdha gatner gandtiansfones agdditional 8
hofre2C, neither the AS nor the Af of the individual

al I oys deviates nore than 10C fromthe AS or Af of the

all oys observed after 24 hours aglng In this

ticyl | AS and. Af the .
o vt ERerxaPisy eMhevd nh filindde 9is st Ading the agcstomic
peﬂ%\ﬁt Aickel 8RSy *BBALIHNF at %@5%@6@ Mﬁoﬁrs %'?@'ni’éfkepfltahhﬁn alloy has
S observed after hours aging a
et AP 1 25 Grgind theta Atomdl Gercanthvakel Aoy, GB2 a1 % NI*) has an A,

o DR8I 554,000 B A9 19 P L.
titaafmfn/ﬁllowaastéteAad)ﬂ abmtagte,r am%u}w? a{: ‘V@Nhaﬂw;sh@@anb% of about
i nabi | i 0_ac

tribyted to th
%ﬁmﬁ\bwyena ﬁra% ayeﬁ ﬁf@??gﬁ wrZ%a@urécﬁmﬂ%ﬂ Uﬁs’rher the A nor the A
of Pr%lnﬁll'd Vi ! a‘g’ﬁgé‘ HBvLRSSRiofd ttlﬂéhﬂ 64 FBEh #1R Ahq,|sﬁfs (?f the alloys:

ative rt duration process
obsarvebeaftrdd towmadireg. plm‘thlsypartlléu@.r nbn-lishitihg example, the Ag and As

of JB s eV 2LeF 200 e STEReDe Fhiar Ak fapie8ss than about

5°CrfAdHA tIRE !&%tdn@mft(ﬁﬁlﬁ’@%\ﬁéy’é 8b§érvad aflel 2% hdure Mgicat ®15°C.
particul arly useful in making predictable adj ust nent s

to the austenite transformati on tenperature of an

Fr and or A eR SR NS Bl Sl ot WPk ntengipg go be boune

bylany partiailabehexggnit ishisdlidved BuUbERdrior ﬂfaansfnab;nm mQhe As and As
tenperatures of the alloys are dependent

of g pliayet AT 3des el Nours eyba jargayeiibbted e gty to achieve
cog%"itlot?‘%é Eﬁgir |§¥|U|f\gc5er @%ﬁat @;ti\hﬁlf %{m&ﬂ?@é‘ g\@tgﬁg{hgéggaéﬂo?g during

thikirgladivelyrshort dierafion dfiernal Bacesds. % thI aaldawbe aeen fiom the plot of
Af  of he 5 is a C hi

t han .
Figr Wileofonaatiibrug thamal Bictssscaba baSer 18 esgraligerease
(oPgbNBadk) BiE%ustémes fansforinBfor ferfbelétiNe @f'érpéﬂlchﬁ th@y ¥ not
2004/ 099456 PCT/ US2004/ 010758 about 19C h
particullanty vsefthin hakiag enictable egjushiments toﬁbeﬁus&mtaq‘@a%‘ormatlon
tel%tpe?/é’\t”'re of an alloy in order to achieve a desired austenite transformation

temperature.

Referring again to Fig. 1, it can be seen that the austenite
transformation temperatures of the alloys are dependent upon composition when the
alloys are aged for less than about 24 hours. For example, after 2 hours aging at
675°C, the A; of the 55 at.% Ni alloy is about 27°C higher than the As of the 52 at.%
Ni alloy; and the A of the 55 at.% Ni alloy is about 30°C higher than the As of the 52
at.% Ni alloy. Even after 6 hours of aging at 675°C, the A; of the 55 at.% Ni alloy is
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alloy is about 21 C higher than the Afof the 52 at.%
Ni alloy. However, after about 24 hours of aging at

woO6 283/ 099436 di fference between the A of the 55rar/uXedit/010758
alloy and that of the 52 at.% N alloy decreases
dramatically, as does the difference between 5 the Af
for both the alloys. Although not Iimting herein, in

abpui 9 @htghaultlaan theaAp(bfdhaf&Zeat %24i dllmyr whilgiting Aabf thebss at.% Ni

s, R igRE VIR S A BRI o ot

24d10fufr§ bﬁﬁ?ﬁhg@ﬁtWG m@dxf@\a@i@bé@efehﬂhém tcﬁf{ﬁé B@téﬂ%N alloy and

bet ween the two aIons is about 5C. to
thad b dhe S2tatde Niledloy deceanses dramatitallats dnea félﬁphffeltamcesbetween

the{Hof 65 ks oy A RGBS 86 B, i hisiRRG T syampe ater
24d‘fouﬂ§1egaig aYB75°Rs this ei:lfelnenn;ge:1 Eeg’fé?‘ei‘ﬁtg‘sﬁ% @ﬁ()é?pzt@nﬁ*%lﬁtures

begw%%)v r%a@%? %qgkéﬁyogkmla&&mwew Hissdiffergnce between the
auSRMRERiSH fnSéra er‘b%gge El?é‘{m%’?@é AL ea?)foh?‘é ghermal

processing i's wthin
nickel-titaniumalloy simlarly processed and havi ng

fficient nickel h th lid lybility limt -
curt TS RO Bl FRERus et Sobfebh Wbt acnovod
aﬁdﬁh@irﬂg theE@ 'ﬁ\ﬁ@ GBS For.abdut 2ahdies aE6n5¢C are Hb%g%@bn%f overall
al though “rel atively short duration

Comm@é@@e@‘ tbarlipgs.ubedised haikin, fentara “indefansenhof neerad

oot FrddIa B AL B b MRIBHAL 8370 cpusientieh ()

terdperam dfreenigisltahiven tlley after ehinanpio@Bsingtis Wethin 10°C of any
are not particularly useful in makin

ot%r@uq:lgqlﬁ@a@ug}j?lw sigriedy pocassed aidehaving sgfﬁment nickel to reach
thd Eélﬂis%&ﬁgﬁ‘l otu?%etﬁgFrHéle&r eéssrihék% aisbl e BBl iR¥fiore detail.

i n or i‘eve Ja desirad aust
transfornatlon tenperature that is |ndependent of

I f th I 1 oy. 5
i Scuss e & OTRBEN T FeATIDB o fam Pt of i 1 Sithough
rel!éﬁﬁél? ké'h'oi’ttcii/uraﬁk%‘i’ Bt rc%éééeé %'aﬁtbé’ @édd ﬁi‘ﬁﬁ%ke @Hn@?él%ﬁts in the

t her imal processes can be ar attri but ed
austamitedransfematinrciemparpines mc&ebﬂtawurh |aHOY$1(; eaJ g@yerally

N I T

patturehatisei@bin maﬁlngrp@drctatﬂel|a@l§us%%%hﬂottﬁe austenite transformation
transformation tenperatures, can be achieved, by

tempgratarasyobhiskelsianymates lntqrﬁahtwfaev%quaeamswéte
tra@gﬁcﬁﬁiﬁ%‘ ttbﬂﬂ%ratuﬁﬂmét |:? Hdé'b’wgﬁeﬂfe@f ovetd arﬁ'{p})ﬂmonhog the alloy.

e al
10 WD 2004/ 099456 PCT/ U82004/ 010758

As previously discussed, it is believed by the inventor that variability
associated with relatively short duration thermal processes can be largely attributed
to the non-equilibrium conditions achieved within the alloy during thermal processing.
However, the inventor has observed that predictable and stable transformation
temperatures, and in particular austenite transformation temperatures, can be
achieved by thermally processing nickel-titanium alloys to achieve a compositional

equilibrium or near-equilibrium condition within the alloy. More particularly, it has

10
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been observed by the inventor that nickel-titanium

all oys can be thermally processed to achieve a stable
wausismv4se transformati on tenperature that i s PCT/US2004/010758

characteristic of the tenperature at which the

material is thermally processed, provided the nickel -

titanium all oy has sufficient nickel to reach the
be@obbslewetltby thetipvéntor that tickel:itamilrhellloys cBndfe thieerkelly processed

fo ?Cg}\%he Ti IOha e .%;qﬁtl%g?rwer m{q@&%@?@%&jﬁ@hg@%@sﬁc of the
tenﬂ@rbt&élewmeﬁwrr%emal% ¥r]érﬁ'%ll9 rp?éc%gseungrm@déaﬂmé dickel-

believed that the stable austenite tr ormati on
titaﬂmm atay nae§tﬁmemtwd<eift® eeacht thersadid splybility disst (diseuseed below)

of Qe ihs I R AN B mia A B Serglite; Wifingun not
me@ﬁm@[‘o 03] bBUﬁ&@y arﬂ/ partic@lap tHadry oR lidd the ptréé‘eﬁlf'lMentlon it is

ase at the thermal processing tenperature. Although
beliﬁy@dl tha thengtahl@r @uﬁenm@a@ﬁfprméaon temperaivies\@served after

i e
I ERRSIS AN i RnBEH L EKSe 4 BUEHTL AR o
charaktatissiolad binogguilibriume oTnhEr—BQalﬁbnumlrargsum dsﬂhllcléel Iln solid solution
. e [ag ure. er words e soli 15 solubilit
in IR Bhass akbTe oL RORRSIpH ASEPRIAHES "t d
tenperature. As used herein, the term"solid

solubility limt" means the maxi num anount of nickel
that is Adhalighadotiimitingshere, opeeatdiest indhgiaviewill recognize that in

oinefRERBkHefn 348y e A Eieh ARt of sibke! Pt po gxist in a stable
SO|Q:?(S§|UthIﬁ‘ i tHd TN Qiﬁabb%rlbg v&lﬂﬁeﬁid@raﬂﬂésw athet wdtd¥ ethe solid

erature. For exan&é al though not limting
soian bimitf nigheal imtheuh pbaa@darz@s Whttﬁmrgww e Bged herein,

the %‘?m sbhd g?ﬁg{ll@ llklx‘"t’ Hbear%%éqa%”érﬂﬁglahﬁcﬁur{t o'?‘ln ck% hlat is retained

nickel phase i VUus
in #@pﬁmphagetdna divéh tenplerkitide. n Gither3vplias the sallddisolubility limit is

th%ﬁ%&bih@ym%n&g{ <!p gl?eg%q,et nglnagﬁgt\r}]pss%?gé'gﬁ%gm m?he q"nﬁl phase at a
giveRte é' Fot 8R3midle, RABBUGR Aot WMithTY I‘\éreh?ra%t%ll be understood

speci c y i ncor porated by referenc€. A non- ng
by éeseskilled irothe it g«enqxaﬁm dhelisaligt aatubdity mltsiﬁcmmkal m me TiNi

pnps & GBRPy el e e Sndfafy s 5T HEISHN & TiNis phase filds in
a 'ﬁfﬂlllé’ddlliﬂrwm'ﬂFﬂa‘seQﬁagﬂ’bﬁke'SédlASWEMEté\‘ial@E@@me@rﬂnbﬂi@tlonarv JR.

apparent_to those |led inthe art. It wll also be

Dayjspiese AGM dnteynationsd 182 atqppgad 3havhich is Ratebyrspagiically

inc%gﬁg%ﬁ%%ﬁgggfer&&%@hﬁd&ﬁ-ﬁrﬂﬁip@(&a%@ﬁoﬁéc S g%htalg‘é diagram is
shbvnen K.thieuka Nndﬁh&ﬁ&(esﬁlasmwgﬂr &tc&ﬁb%rtéﬂmhat{w Inethods of
at a given tenperature, nick will _ten

deﬁﬁré*dwpgtta@esobdtsoafbﬂ% it Qfm‘@‘%ﬁ‘ﬁfbthﬁ bine p&asw% be apparent to
thodEkBlad IFihaPheCi pitates, thereby 11

It will also be appreciated by those skilled in the art that if the amount
of nickel in the TiNi phase exceeds the solid solubility limit of nickel in the TiNi phase
(i.e., the TiNi phase is supersaturated with nickel) at a given temperature, nickel will
tend to precipitate out of solution to form one or more nickel-rich precipitates, thereby

11
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WO 2004/ 099456 PCT/ US2004/ 010758 relieving the

supersaturation. However, because the diffusion rates
wOonod4#ve9dfs- Ni  system can be sl ow, the supersaParAaSRm@A/010758

is not instantaneously relieved. Instead, it can take

a substantial amount of time for equilibrium

conditions in the alloy to be reached. Conversely, if
relleivmgahhlamlpmaturaﬂoei h-loweher Eeblaumﬂfsedlffasbesstdsharthe Ti-Ni

SYSHPEKERN b o P duipertattrativg i '%F?A‘En SoHIY relieyed. Instead, it
caf @él{éja %Qbé*lké'nltllat At bf ﬂnﬁerf @?@.ﬁﬁbmﬁﬁ %ﬂdltio‘hs‘?ﬁ%é a6 to be

a substantial anmount of brium
reaghedi tCanerselyt i éh@lamguntt of bte:keleadhed' INFmaSaeus lesdthan the solid

co 4 S e e TSR Yo X s un e

solidieolubliitymirn® i$ essdHeR. SAGAROR haﬁftattehg sabb@MtiePEMolALt of time for
i ncreased due to the presence of th

eqRiibReM-Ganeltions iates adipyttcp ppueaehachr oughout the alloy.
This increase in strength is commonly referred to as
"age hardeni ng" or "precipitation hardening." See ASM
Mat eri al §uEhg'r neleemn ng:k@l pxteicmlat@s ant gfahe TAIPphaskbioAerm nickel-

. pre o C the t t on te ur
rieRpretitalek Boiina Haitnens ag0 MU Grass fribiierargts Bk gyaloy can
betlh&eégg@‘aﬁlbttb(iﬁe reéeﬂgeaéf'tﬁé nldk@l- ?édlblféléé‘ﬁistl‘ltt)uteﬁ%roughout the

been observed_t amount of |c el 1n solution in
all@%eThrismhcqﬁaseen streagtii iskcsimmonlyaefarradid ay “agd hardening” or
|nfluenge t he, farmgtian tenpec Iures
A T e R S RS S
M5 of a nlckel-tltanlun1alloy wi || generally 20
decrease with increasing amounts of nickel in solid
sol ut i onAsrprenipusindispugsns, d1e fraasfoamption tempewiurestaf a nickel-
f re
ntd\‘lﬁgrﬂ a@g{ﬁr@ﬁIongh}a@@hgﬁ%@dob%hég’t%p?gmgél?JfgP( oty CiFbarticular, it

hasrbetelmeob'éel}di/ecph%ehefamdlmt@lf hizkel iBeslutidnlin tMéST:Neplsé(se of a nickel-
e and t

tteic gy A PR AP RRCS th@é{%rvqr}w%?@@epem%ﬁ@&&?ﬁ@we alloy. For
exé(ﬁ{ple ! hé@Bééﬁ Ybi8hk i d%ﬁg r@&(%l-tl?aﬁumvﬁlgywiu generally

hough not neant to y any parti cul
decrasseywyith tnqrsasmglamcwus m‘/ nickel ini solid mdutIMIatthaﬁéNi pitase of the
gui | i bri ar riuma nt of . nickel
al A el 1 e 8 PikBltenhiny RIbE IR Soneany Bicfgsse witn
deli&dethg hifoumitd/BT Aickedinaolia saiutien in tiseTANiasHise, oftthe alloy. See
alloy wll have a stable austenite transfornation

R. ﬂewﬁétlawakleettaia ‘Hpmogenity ResngeandstiedVartensitic dirgasformation in
, . h it f
TifETRELA Y Ral TRORGELGRS VRIL 30BrPMfY 1 SPBROSS DB
nickel is present in the nickel-titanium alloy to

reach the solid solubility [imt of nickel in the Ti N .
phase of HWeWE ggthg\,gnglgﬂngyy pegnt to be bound by any particular theory, it is

believed by the inventor that when an equilibrium or near-equilibrium amount of

afhage 339.

nickel exists in solid solution in the TiNi phase of a nickel-titanium alloy at a given
temperature, the alloy will have a stable austenite transformation temperature that is
characteristic of the given temperature, regardless of the overall composition of the
alloy. In other words, so long as sufficient nickel is present in the nickel-titanium
alloy to reach the solid solubility limit of nickel in the TiNi phase of the alloy at a given

12
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12 WO 2004/ 099456 PCT/ US2004/ 010758 ther nal

processing tenperature, all nickel-titaniumalloys
wehoulododsave essentially the sane austenite PCT/US2004/010758

transformati on tenperature after thermally processing

the alloys at a particular thermal processing

tenperature to achieve a equilibriumor near-

thasmal Iprmeasm@hmnp&rahfrenald: higkel-iitaniin dlleyﬂ stowld Havetdsgentially the
Ti Ni

sy Sheeob Sp et e Bl B2 e alloys at
pattroamftﬁéméu &Bceésﬁﬁ@ @émbéfa%ufe%ceim’ev%f & @QuliBBUARL! Mear-

processi ng a ni ckel -tltanIUHIa oy 1S characteristic
equiibaumeziuPHNLRf Rigke)rin selid selytion .umthwmwmase offthaiadagd at the

TS e ol BT ARG B B

terbpastarearhllied @lftbhﬂieﬂmahly dprbd:é@s‘irig@ nieKektitni@® 4l
amount of nickel in solid solution in the TIiNN p ase

chgraciertigialian: equilifriym QFI”@W@QHHIBEB%@T\PH@‘E eluirkeldnisglie solution
in $EHRN phasé of ey atthedtitaral ierhd] plockbsPadblifibrature.

tenperature of the all oy should fluctuate W|th

addi ti on t her rocessin at .te rature. I.n

Siher oo nisaftty, BGEh Hol fating, Aot a6 argant of hickel in
soli®8BRitiah i thd TN d%s@r&reﬁr%ﬁéﬂtﬁéhlﬁnpéll@y éﬁﬁ%‘é%héé %%bqumbnum

equi l i briumor near-e [ 1Tbrium condition wt
amgundyi-evithe splid sokbiliby mm 1at widiveratesaperaturp piheclieas #ie bystenite

eSS Rt Blale bl 132l Bl e

précsReTcpaithat terigeraeirel 11R1CtHER O6rdd0aedsle SRitdriter tratBformation
condi ti ons achieved during t her mal processi ng can be

tempstaturedbab mh?gay‘terlﬁtlc 0§ agemnagitionalequilinpvd eoneasgrquilibrium
Cohaﬁpﬂ'vﬁﬁﬁﬁ thd Ly repgéwg ter thermal processing
Su y

Icrently g UIC he equilibriumor
near - equi | i br| um condi tions achieved during thermal

B oyt Nl BE prsesiaftd Bbuiosg sKiiedingg eetoded;, ater thermal
pr&‘es%irfg %@ﬁ%’ff% Cc?oﬁec?%@érthd“%nﬁ frhib&ratdre, W@é&mﬁ@num or

shown p of stab austenite transfornatl
neaéﬁggﬂlbﬂurrecwm a@nlaged dufieg tharmal peocassing can be lost.

Acﬁiogcﬁrgély,t ﬂﬁ,ﬁ?a&%rﬁpaﬂ}l/ lg%é%?l Rk abmh&%g@%b@%gm al nyyssafPerthermal
procaysiiey swtitienagedickly Kdﬂ@lnltﬁdle@atlmﬁufrﬁﬁfpﬁééﬁétﬁtﬂﬁbﬁmh conditions
about 24 hours in order to 30 achi eve stable austenite

achieaRgbiringt thermaleprseasinge Sor axampie. ates dhenisenl droeersing the
a||§§,a@%eaé|§gﬁéﬁft§€ ARELBRA %Hﬂ‘afcﬁ}e%ﬁéda&eai? HBEACA&S ! stic

um or néa

Referring now to Fig. 2, there is shown a plot of stable austenite
transformation temperature versus aging temperature for two nickel-titanium alloys
containing varying amounts of nickel. The two nickel-titanium alloys were
isothermally aged at the indicated temperatures for about 24 hours in order to
achieve stable austenite transformation temperatures. As discussed above, the

stable transformation temperatures are characteristic of an equilibrium or near-
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13 WO 2004/ 099456 PCT/ US2004/ 010758 equilibrium

anmount of nickel in solid solution in the TiN phase
wohod#vesab| oys at the thermal processing tenpeCcause®4/010758

Further, as can be seen fromthe plot of Fig. 2, it is

possible to 5 thermally process a nickel-titanium

alloy to achieve a desired austenite transfornmation
equikemiem aneuntof nécked ot $oltgl solutien iedhepFidc phasagf the alloys at the

ture avin associated with it a stable

theérﬁ%{)@%) Féswgﬁ@f’& ﬁ'on tenperature essentially equal

to the desired austenite transfornmation tenperature,

and then_thermally processing the nickel-titanium
al | oy atFur@er, Beggerka seen fromithe Rokot . 8t s possible to

thefH3h Brdceep o, BROFIHGRTRL S [ SARAERL Al Mot
trargﬁfﬂﬂnaﬁdsretdmbemtmemmgcﬂr@”raeiﬁ@’mal@r@@é‘ss&h@ tepapkerayure having
oo LB 1 SR St Pl i 5 vl
therlié’s“ﬁ@d édsttéﬁitélﬁ‘hﬁ%fbﬂﬁétlm tddd é@urje)/ aHHQﬁ&?%&%#ﬂE}%rocessmg the

ni ckel -titanium a oys (0] ac | eve COITpOSItIOﬂ
nlcb@fttltanbunm alloyat thehteropaiatier iolanhiewedinei stalslevaLtshemitet he
15, Addi

o a7 9 A S e b R et Bhoerature

for &céfnu@m thdrndl iphbdesding feenpdratural capl e RERIID Bt S FRREA (foF @xample
ected, the stable austenite transforimation

by fsohriimal @gingsihidiasddt s Possikleite pepdiniebht adinstinerAy and As of

nicfGRATE &lodk byl Plpor it ik ML Rt gl SRR gonieve
corapuaruonale@thbmah ot neat-egoibdumedoraiitidrenpithiattne eai;low e

hipn 10C or 20 | ess of each other., Therefore, i
Adﬁ!’“?ﬁab)grﬁ%'@ﬂg @éofhp%e?ppam 9?%% allgy isswHigient fpagach the solid

songmg/a@hﬁ o AR Helrflal érc?dé‘é@ln HenfRE P ngegféw tRe s‘%ﬁl‘f‘hgstenite

other. Various non-1imting enbodi nents
trapsfesmation terapeiatureradhievenwilebe tepentent ofl avenal composition of

thedftiochS SEed ety K5Petr e LnBatior PRy R the torm
“esREARSIN eq@ewemgarh@ tRantheeratidfoingbr t'émgfé?ﬁtw%bké’mtwd hO°C or
a variety of nickel-titaniumalloy systens, as well

lessiai@achiqtogr. Byeretars, alifiough p@tdsgutre@str@r@&f@tmaw taﬁnperatures
thlf oS ep S| dd BT R e bt 2R e B B oasR ot e

vvlth reference to binary nickel-titanium all oy
systens. Although not, limting herej t he net hods

accor di nY AiguseoRdipiting esABRAIMeRE ot e nrﬁée'btrleg%mon will now be
de%c:mr’]cgég ' Rifbe rdh%%gsﬁgsa’ BXQE%% g@.ﬁé@hnotyr%s@g BRIRS Mbthods
aca:mmﬁrrg i cagtain emboohménts' ofaheypresent invention can be utilized in
conjunction with a variety of nickel-titanium alloy systems, as well as other alloy
systems having properties sensitive to minor compositional variations; however, for
clarity, aspects of the present invention have been described with reference to binary
nickel-titanium alloy systems. Although not limiting herein, the methods according to
certain embodiments of the present invention are believed to be useful in processing
binary, ternary, and quaternary alloy systems comprising nickel and titanium in

conjunction with at least one other alloying element. For example, ternary nickel-
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conjunction with at | east one other alloying el enent.
For exanple, ternary nickel 14 WO 2004/ 099456
wWOeCH4982664/ 010758 titanium all oy systens bel Pevas82108/010758
be useful in various enbodi ments of the present
i nvention include, but are not limted to:
ni ckel -titani um haf ni um nickel-titani um copper; and
titamiurk llloy isyatensrbelieredatiol ey ussfst mmearidbislembodiments of the present

. -l imtin nbodi nent, of the present |nyvention, a. .
inVRHRR NIy it 8 Dot pited e kelgianiim-rtiar nickakitgpium-
coppert andnickaMkMiPRLIFANAIGY §f@bmsS thermal Iy processed

to provide a desired austenite transfornation

tenperature. More particularly, according to this

[ . DL ' ' h t hod.. :
conpri el 88r PSR R b Bis v e ERYFBloRa Bk
titainenp edlay woenpriviely froeT gmlater thaf 50rgs 8555 BEbrhideercent nickel is
[-titani um all oy_ﬁtaﬁadj ust an_amount of nickel in

thefiefy PERFeRSesHoIMoWde A fpsifathastanite Hansiareyatien dempreature.
McRe Dol fady c%BFdiﬁ%lttcS ﬁﬂ§%ﬂi if2At %@%ﬁ{@%ﬁ@nve%n‘? Bhe method

Is essenti a’ls%y equ to t esire
compans$ selemtingra desireer ausierite transfoemetien telnperaguteh enddahermally

T A T
TiNil el oF tﬁéfaﬂlbﬁisﬁﬁﬁ thet 4 S@6IL AlteAd ién ﬁrﬁ%'ti?ﬁgéﬁ’lb}érature,

limt at the thermal processing tenperature,

whiglisis casseatiaivnagidiedne dasired agsteaita teansformatioo teenpebature, is

' rall. co ition of the, alloy.
reag BRI s PaP ¥R hinio FupRist FLaReubES BrofFias lopp s the
anmoumt bf nickehgresehom teticke!iieanidiesallosds auilcisit @ reach the solid
ransformatjon tenperature can rangﬁ_ from about -100C

{
solugilign it at toe herpml RrecrssHly ieviperaline, the austenita rapgformation
' f [ ' 1 ,
oS 40 64485 0 p A oGRSt e ety
Additiokelly taltremighmatireqyised, cmprdisg tg ti§ nahdimiting entediment, the

or less nickel is believed to be too small to be R
de%'a%%veﬁeartﬁﬁr Mrmatiofempeiatyre gen .r?m@%hpm@%wto-ggo C to about
10b|ayi ng greater than 55 atom c 25 percent nickel are

believed to be too brittle for comercial processing.

However, those skilled in the art nmay recogni ze

compr 1 i AgHERGP Riednh e BTG P Metir e
pratessinghbrethd austenite treasematibh eymperdtird 6f MkaLiRahi@m alloys
than, 55 atom c percent nickel may be utilized i

CORBRPINCEY BIPTHCLIPTERA /AP IEkekis Sulines & be feoemall to be
coRsSeHily JRERNT WABreaB 5k &ALV alloys having greater than 55 atomic

percent nickel are believed to be too brittle for commercial processing. However,
those skilled in the art may recognize certain applications for which nickel-titanium
alloys comprising greater than 55 atomic percent nickel are desirable. In such
cases, alloys comprising greater than 55 atomic percent nickel may be utilized in
conjunction with the various embodiments of the present invention. Theoretically,
alloys comprising up to about 75 atomic percent nickel (i.e., within the TiNi + TiNi3
phase field) should be capable of processing according to the various embodiments

of the present invention; however, the time required to thermally process such high
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30 alloys conprising up to about 75 atom c percent
nickel (i.e., withinthe TiNN + TiNi3 phase field)
wehoulodo4se capabl e of processing accordi ng to POE/US2004/010758
various enbodi nents of the present invention;
however, the time required to thermally process such
hi gh 15 WD 2004/ 099456 PCT/ US2004/ 010758 ni ckel
niclell Alpys, as wedilds the hritte baiure lof theseunighofickeh eleyd)irghders them

' l..alloys, renders.them. not well suited for nost
oSt o st CRRRBRRA SRieRE on. 1 i ¢ | ng
enbodi nrent of a nethod of processing a nickel 5
titaniumalloy to provide a desired austenite

t r ansf or ARPIHEH rtO@nlﬁ@\tlag@v@b@dm’@n@ phg neethod s pp@@@@nng a nickel-
mahfb‘fﬁ% lb}? &Rﬁé rf% égzrseészli G(‘J[%L @Tﬁ?ﬁé% ge?@%ﬁq%hﬁ‘ a%%ordmg to

then@'esentt mmemlmi complriees, Is@ecﬁm@@ nrokdl Atasign Iallley comprising from
tra for erature, and thermally processing

greafRy ﬁhﬁél@é MG RelReOtMICkE!) 6?‘99’6”%@ iregd pustenite
traﬁﬁBHﬂé’u@rﬁ téHquﬁitur‘en aﬁelthgrnﬁﬁ r’o@@sélﬁ % 3hd kdlecRisiRkALtitanium

| oy, a st e aust &
alIQ}ijU%’&m aomound mp aickelinesalid soluiiﬂmed a:l'ﬁanp@a’sbeuf tiee alloy, such

e prER R Al n wih BBl I Pbe Bl B i 4dhg thermal
proviestingl e étl’aérésé@ét@ﬁ&é fankRIMatioh *&'élﬂper"é’cﬁl@ BéiRg ds8entially equal
this non-linmtin nbodi nent, the sel ected

to thiecdesired; augtenite ganaf@rr@ah@m ferBperaliam® chesardingdréhisten-limiting

enlbBfifef, i SeleRLkardipiTa ol P Hst Rt iskelg reach a

sol&hb@dbiﬁ%nlimltmuﬁlngtthbirﬁalq:usbmlrﬁ@ FuBnsf, @fo?fatdn@@to this non-limiting
nperature can be i ndependent of over al | conposi tion

errt?pdtrﬂ@ntaﬁm%ytab}m aHstenia tiapsiomatigndampsratier; can 68, ingdgrendent of
ovEleR i doR h%ealfg%/anﬁﬁaﬂlgﬁél'lf %Dﬂgglﬂﬁ@ :??ﬁ (\':%cﬁ.urerd A ;t]réee desired

accor ngto |sn imti
au$teoite ataosforniliod tempsevaiuire a@@@dlr@td thisaman-tieniting embodiment can

non=1imti g i ment Jthe present invention, two
range frar - abqy 6]’(@5@?‘? gﬁ?'ﬂﬁrﬁiﬂ E;ys havi ng varyi ng
conposi tions and conprising fromgreater than 50 up

to 55 atom c percent nickel are processed such that
t he al | oyisanaiper aondemiting emhnstiment ef thepresentiavertion, two or

ma & TRERt R e Sarkoceetasiidhs R somptising,from greater

thaau50 epitd &5 stenté penadrit eickebateepioeessed Sucrattdat the alloys have a
subj ect | n% the nickel-titaniumalloys to sim.|lar
8

deﬁlﬁ%qi ﬁgﬁteﬁ densforgrationdgmpesatuse-¢ épC@mmngq this non-limiting
errﬂfo‘&‘ﬁﬁéﬁ [Pige pﬁéiﬁo?‘ ok ﬁgitrlstebts%fédﬂgpac{ $é& Fed; seceﬁfié‘%ﬁsformatlon

austenl ans Ion te atures
terepemmmeahhgzl seipjsdtingdhé mml@estarmﬂnéalﬂsyem sﬂenllar thermal processing

suélg ﬁp% ﬁgtegggérﬁgalﬁgerg rs%%guttgrﬁ ,n&?ﬁeﬂlgr/wlluorgsalll%ys ave %?aebqé austenite
transformation temperatures that are essentially equal to the desired austenite
transformation temperature. As previously discussed, as long as the nickel-titanium
alloys have sufficient nickel to reach a solid solubility limit during thermal processing,
the stable austenite transformation temperature of the alloys will be independent of
overall composition of the alloys. Further, although not required, according to this

non-limiting embodiment, the desired austenite transformation temperature can
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al l oys have sufficient nickel to reach a solid
solubility limt during thermal processing, 30 the
webtealaeaest enite transformati on tenperature oPCTHS2004/010758
all oys will be independent of overall conposition of
the alloys. Further, although not required, according
to this non-limting enbodi nent, the desired
rangesfremi akout-2061G torabowint QM e%auae@ hesein 1l6e DM “snmllar thermal

q%%ggggg?r@%@é%@%ﬁgggéloté a?p? %I‘re];ﬁrl r%%?%éss_e%i together or

prddessedlseparaielys bungsingees safeadr éimﬂaﬂb%@é%shbt@?é#!i@ters
al l oys are either processed together or processed

separately, but using the sane or simlar processing
paranet ehg. oy g W&gé%%hygehﬁ géﬁ(ﬁﬁ??ﬂ%ﬂbﬁ%ﬁlckg' fitapium alloy,

solidification ofsan Fum a

thecalloyberohecomemesnpositicaially seggasgigadj edypitafy cldhycorapeditional
i ve rise to different

soqiPRESh Rl e iBE i SR el i Bualiast deraratiip gyioughout the
allJ}hl $h@ejafeaélllwréoﬁm@srtﬁ§t ihBRidUaD @pr@%ﬁ‘og}%PgHﬁgméﬁE%e made

adj ust mrents be made throughout th |
thraegheutdhe allay o erdernietashiave a waifso enateinga temsformation

orhFERELE, 2B Wbl Ec BB RR b e MBS bes

coMjl@@t@dﬁfdﬁﬁpés}tm&al rRilstinentse 194 hiade tHane\wliby. Howd&r, it has

been found y the inventor that by thermally
beglp Hukb yﬁg"lemm/p@tortth@bw theramelly psocassing alp[gel-tltanlum alloys that

aréﬁgﬂgﬁéﬁlbﬁﬁﬂ/ %éﬁg%@gf r esen?cﬁdi?\‘léj%rv% idfs e?nB’c%h%ﬁ?wf the present

nven 1 on

nnvauhmena Umfbmamrb%ttrmfds%mmtbmﬁeramre tigloaghotihide alloy can
can, 15 gﬁﬁachl ved vvlthou{ t he need for such

CEHHPHLIRB GeAiTBhalchep TRtIFAIRE Sompesitional Agluptments.

certaln enbodi ments of the present invention provide
nmet hods of processing a nickel-titanium all oy
i ncl udi nd\ccetdlingly, egriainembadimenipokthe m'asempvershmgprowde

medhi &R 9658Sbo b REgt Bahu 25 B8 a6 redihas Bt Fabing,
cotnpoBRibAtddNepridibY Erodp geddtécitbh)s0 i o SaRitbREL p@ﬁaht 8ieRel such
thermal | y processi ng t he nickel-titaniumalloy t

tha&ﬁagetreawnahﬁﬁmdeswe HeeREIrmatos demgesaiuig. i More ﬁpacmcally, the
me-{l'ulﬂg1 c?ﬁ‘@?ﬁe rfh@r‘?ﬁ% éf &gfse&lﬁ’é tﬁé‘ﬁlc%ﬂftﬁh é.xtn'\ SR8 t5L8sP¥n amount

ter t ocessin

of nické&leih-goilitl aswilwtioreiin a)'y'"lNlemalsemﬂ ebble re@gnmf?nh@ﬁlckéh&tanium alloy
aIIo has a st ble austenite

[ | -t
suih 18 e MRy GipEs a0 419 Rskor Gapbine Uahiaagh gf the regions of
theeﬂléﬁél ﬁthHFﬁ‘ afléy has % ﬁ%l‘éeéfu énitd ﬁQ@&BFrﬂBﬁbﬁ’fmeerar’_t]urgfthat is

enperature. As” previously discusse precipitatio
esmrdkadiy dquahicstie desicdausienitertrangfermatibn péraperatoref or m
ni ckel -rich precipitates can increase the strength of
t he ni ckel -

As previously discussed, precipitation of nickel from solid solution in
the TiNi phase to form nickel-rich precipitates can increase the strength of the nickel-
titanium alloy by precipitation hardening. Accordingly, in certain embodiments of the
present invention wherein nickel-rich precipitates are formed during thermal

processing, the thermally processed nickel-titanium alloys can advantageously
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titanium alloy by precipitation hardening.

Accordingly, in certain enbodi nents of the 30 present
wonvenw9sn wherein nickel -rich precipitates arectasemdo10758

during thermal processing, the thermally processed

ni ckel -titanium all oys can advantageously 17 WO

2004/ 099456 PCT/ US2004/ 010758 possess increased
possassiinereased igisilessitingth iandfasaseeaned badnessascompparad to the

B S5 AR [ oeeee g, e

ni ckel -titanium 5 alloys according to the foregoing,
non-1imting enbodi ments of the present invention

wi |1 nowSHESRies Baadiaytingsiaibeds ef therdary Processitgeriskelgitanium
alkg} nb%‘(gfor&h %'ﬂ?’é‘\‘cﬂ% ﬂ‘éﬁcfirriqllﬁg teflf)br?tcir}ﬁeﬁ%r 6HH% present invention

Sent i nve ude
wilhioew blei dwa;mado Me’dmdlse)frthérna@Iyngobemngnml@—tmmgncblons

acforgRerBRE vERLUR e RN of RE hrefavintenthy fRide’ But are not

lim@8H RE, lsmmaﬂgglh?tﬁéa’t&én't? s@éd;é&’or* é‘:eépéé!ra@ tréétn@ents and
constant furnace tenperature for a period

copsliageeqoling ty@atmetnés.apgruseddiaseinbihe mgve“lwhenr@@l aging” means

ol ik odAh a (el et 8 SeBRsLP MFbee tfibblu iy ) of tme.
Howavehet will be agprgidteddiynenss skilled v theezativhte due o the equipment
certain enbodi nent of the present invention, thernall

“”}ﬂﬁﬁ%%s{mﬁ‘@rﬂH@UﬁF'@R% in furpace fRmpeTREY e GRR QRfels during isothermal

ag| H‘%—Héy aging the nickel-titanium alloy. As
eV| ously 'di scussed, the tenperature at which the

n| ckel -titani um aIon is thermally processed wll

? :ﬁ;g?ag ur%E etxlf?xe esi{emgzr%drt@;a{}iUSt ghltq?qzﬁtrégrtﬁ%%gsaent invention, thermally

prétférésldgmhbl m&éﬂfﬁ&%ﬁﬂﬁaﬂoﬁ/ |9|Elub|€§ |§Utﬁéﬁﬁ‘é|l th‘{ﬁé‘hidkBI-tltamum
wherein thernmall Yy processmgt e nic e-t ani um al

alipnc Agdweviouslytdissursiedy thaiengparaiira iag waich th%wpkﬁﬁrhtamum alloy is

e sbeess IR BB SR Aol e BApton
terhpbtﬁﬁh@d Tha, fet &xxanple, lirscéﬂf@hmn-l&ﬁltlagldmb@d(ments of the present
enper atures bel ow a out 500C can be ut| i z?d in

'n\é?df'é'@f‘d%(ﬁ@@'wﬂﬂ@f%iy RIgsesung i hekektitanium aligy inchides
lsdtﬂgﬁ%l%élgm%% Hcrl@l- IIUFFI %mo%/ oth@qgﬁtﬁéﬁ'nspé’%hg *?ér'ngg]'éggvre can

umcond | ons at’ aging te
raadronbB0TC G © §edHs.al I y too long to be useful for
many conmmerci al applications. Further, isothernal
aging at tenperatures above about 800C can be

utili zed AjhoRgRHARRGENGhERRIN af isBilieved that although isothermal
aging at temperatures below about 500°C can be utilized in accordance with various
embodiments of the present invention, the time required to achieve equilibrium or
near-equilibrium conditions at aging temperature below about 500°C is generally too
long to be useful for many commercial applications. Further, isothermal aging at
temperatures above about 800°C can be utilized in accordance with various
embodiments of the present invention; however, nickel-rich alloys aged at
temperatures above about 800°C tend to be too brittle to be useful in many

commercial applications. However, those skilled in the art may recognize

18



10

15

20

25

30

30 enbodi nents of the present invention; however,
ni ckel -rich alloys aged at tenperatures above about
woeQo@/mwensd to be too brittle to be useful in MRAY/US2004/010758
commerci al applications. However, those skilled in the
art may recognize 18 WD 2004/099456 PCT/ US2004/ 010758
plications for which aging tenperatures bel ow about
aPB‘G@@OBﬁ famehishaging teoperatures hadlow ebput S5004e or a@bogé wpout 800°C

cal¥ Eg ntkctc%;d lhgﬁlh Bﬁﬁ)%%ﬂ%?hg cﬁ‘%% %P saq(?ﬁi 2;l‘?ﬁ"necontemplate

y processrhg nic
tharmarbye pemctﬂfssmd)ﬁbnw-tﬂbnmn a06fs ar tenﬂi@&(@r@@bétov@ﬁ@&xt %00°C or

I preciated by those skilled in the art
ab?Y?a% Wé%)%?ﬁtl on of the isothermal aging treatnent
required to achieve a stable austenite transformation

tenperature will vary depending, in part, on the
confi gur lstt\d/itblbe(apprecm by titdsersMillechindh avt thish éheatilnayion of the

isollorjel PO et Gp@iied & piieye BaRBReUs IR andtayhation

terﬁ@éraﬁ)féimllQar;ﬁﬂéF@h&hgﬂl@tpdrt fﬁﬁm@g:dhﬁgﬁfeﬂron%?bﬁ)ss sectional
super-fine nickel-titaniumwre (i.e.,; wire Wt

ar%)@&&%all@y (ilee bars, e abaha, ede. msheuam@)mmrature as well s the

o BB Fe| G U y? FOECIEh, BRASREE Sk g porein where
supgr-ine pidkektitanion darcg.evivire estheddisristsr of lebd ehd 8561¢0.03
mchnventl on., Where alloys with | arger cross-sections are

&8} PlenifBe!rifan ke fo'blg.th@rmalweorfsew iRotheearlaging dmes of at
lea{%?é g"ﬁwu r&B8n BALtISel§R Skcordaiey 'i/\ﬁthoélpBBEl fenents T ks by h{ﬁﬁe{/]t

"'oys  having smaller cross-sections are ther
invpntimes y‘élmbretml@yssmtmlargﬁ crags-agcﬁonsaarecmotﬁeemlaégz agedaa\glng time

carp“bgkgg{ag’gq Elgértm gﬁ{ r%ﬂ%rﬁ §1ay ok\égrﬁg&% h ? %‘rtplﬁg n§?m|larly, if alloys
haGiRgRM AR Podd8edfiristhriaahbRhaliyt [Yro'cbgééd Qhe‘isﬁﬁhér’?ﬁél@mg time

processing tenperature and/or relatively |ow therma
capbgdessinay 2 8pPes.ature is enployed to achieve a

desired austenite transformation tenperature, the tine

required to achieve a stable austenite transformation

t enper at Euﬂheanmlb@rel memerélmﬂ@@nm@f tHy nigkeEtitanium alloy is
conmer cj pgl i cations. as been found

VeRyHHCke! v mRared fethe; wdzﬂylut@ufmhnaaa&f@eatbﬁrra@leoracgssmg
OB P PP SR o st
acmlemparcMSmeelsau:sa*enib@traas‘mmdtlbly tempemturey thatisteagegdired to achieve
a stte%e austéJr{lt%Ct(?gr?sfgrsmgt?grﬁ: elrr?pegra uerle%an be longer than desired for some
commercial applications. However, it has been found by the inventors that the time
required to achieve a stable austenite transformation temperature in very nickel-rich
alloys and/or at low thermal processing temperatures can be reduced by employing

a staged thermal process as described below.

More specifically, according to certain embodiments of the present
invention, thermally processing the nickel-titanium alloy to achieve a stable austenite
transformation temperature that is essentially equal to the desired austenite

transformation temperature includes aging the nickel-titanium alloy at a first aging
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More specifically, according to certain enbodi nents of

the present 30 invention, thermally processing the
wai2eka@oo4sst ani um al | oy to achi eve a st abl e ausPemiuse04/010758

transformation tenperature that is essentially equa

to the desired austenite transformation tenperature

i ncl udes agi ng the nickel-titaniumalloy at a first

ter%“i’rﬁé}lr@@W%@QFQgﬂwgelﬂgcthﬁm-ﬂlﬁmwaﬂoytai@semnd aging
tor B aRH SR the AR 2 bRl s NP Mt L'sefort aging

temparpturat Wwordan@ ltcg l:has elrﬂrtmdlmbat ske gadorlgithg temperature is
erature., Acc thj s enbodi nent, the second
NS0k

C“Oasg?rmﬁo e fpareyedn austepiie dansfrrmatios\lempesature as
deﬁ%@e@% RUST SRbGe Thans! Qﬂé?#%ﬁg‘ at m@%&mg lﬁg 1émpeﬁature the

described in detail above er ag
allayewdiieves ﬁ’@bd%ﬁ‘p%flemtartansfdrmatlahltempmaﬁmﬁm laessentlally equal

o B 0 BB D TR B g S

equikipgen atr irear-ca0ilibeina @@lﬁ@flbﬁWltﬁuﬂheaaIW@Qﬁéts'e@Bﬁ@ aglng
equi | i briumor near-equilibriumcondition wthin

temperaiirat the second aging tenperature. 10 Wil e not
i ntending to be bound by any particular theory, a
first aging tenperature that is higher than the

second aWhilg ncﬂmptendtngm bebbbunhrﬂabp\anyhmrﬁ@ljlaumeory, a flrst aging
rature ethallo i S eectedtomcreas

temsHTBILE thtip ap dhe pespndcagingemperatiR t|b@ipw the solvus
tenTﬁ@’%ﬁﬁéto?rthe tall@y q@%b%%@ecﬁgﬁ&@%a%% thé Wﬁélodlﬁaélbﬂ%te of nickel

erature | i eved by aging
W|thungEe|a4Ipyt él'rlmemaf&brl the desmdsmwadlt@gangformmpen aemperature is

8Lty Bory {8 o3 Rl e SeRad Ranbe R ratirS having a

stabRIRestanits ﬁanéiofrﬂﬁ@u@h t8@hefRaH és%bntléﬁ)t/ @huélgﬂortﬁe%tesﬁreé
second aging tenperature, the nickel-titaniumalloy

traggfprmatien Bﬁ‘mlé@{@fﬂllﬁeb rAlmﬁL@lmmttre@tﬂlred @figr gging abihiedsecond aging
r
tongiRr i 8GR P AR oart e Al e ML phRuat B piciet in
solidespetiar inthev'l'eNspbasgl ng time for two nickel-titanium
all oys that were aged using a two-stage aging
process. Al though not indicat ed on the plot, prior to

agi ng at Rafkfin *ﬁ%WtoangOSSt Eg{lo@&%{ktéﬁlte
hours at 675C To increase t init I ffusion
trapgfoematiomiarkperaturet tessas bging ttrhe fceratf/vtoeml(:keietttamam aloys that were
Vel e agae{j at, 566C . o .
aged usinga two-stage aging process. Although not indicated on the plot, prior to
aging at 566°C, both alloys were aged for about 24 hours at 675°C to increase the
initial diffusion rate of nickel in the alloy. Thereafter, both alloys were aged at 566°C
as indicated by the plot of Fig. 3. As can be seen from the plot of Fig. 3, after about
72 hours, stable As and Ar temperatures, which are also independent of overall
composition of the alloy, are achieved. In contrast, had the alloys been isothermally
aged in one-stage aging process (i.e., at 566°C only), aging times in excess of 72
hours would have been required to achieve stable transformation temperatures due
to the relatively low nickel diffusion at this temperature and relatively high nickel
content.
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as indicated by the plot of Fig. 3. As can be seen

fromthe plot of Fig. 3, after about 72 hours, stable
wWO30@d94a6 t enper at ures, which are al so i ndepeRrdemS2@#/010758

overall conposition of the alloy, are achieved. In

contrast, had the alloys been isothermally aged in

one-stage agi ng process (i.e., at 566C only), aging

times i nNeteeRaniMItng erample of avbuo-stage egibggmocess according to

' . chd . nsf.ar QN . ratur

cor S o B A PR BP BR A ermay

agdceate fiett agingistnperatdrevah ingi fedim B00REIto 80ONCeBhd seBséliently

2004/ 099456 PCT/ US2004/ 010758 In one non-limtin

ageéﬁ%% WSELONGANRG iRMABTANYepieps TR &I Crig 8E°C. Further,
£ r i e :

i1 ORI A7 950 8P s

tempgiraigre érpaneasirzhearsgnhaf thensed00 g agin@tithemitare for at least 2

o A el sBB e s GeeS it BER cmodHerighaplebls sustenite
trarfgfohatish tehfiseratursas atbhledBl lér@riﬂblé@rngf(aﬂtrﬁes&%@n%gig@ he

first aging tenperature for at | east 2 hours a
tempesaiyé@ond agi ng tenperature for at least 2 hours. As
previously discussed, according to this enbodi nent,
the stable austenite transformation tenperature is

achi evedt dilf aisg rgapgreziatbd &y Resskibgd Fothiecam ezl 86 the excess
, %& It will also be appreciated by those skilled in the
nickglicon

FRft of fae pickeblitapaum alipy dininidiase e dfivipgdorce for nucleation
) 0 . i mdoni s Ar iy . _
o LR LRSS S {1 4676 thodosrec
ausiemnitenirahgformation hemperdtuie; the diboy isdodehihevmatiherocessed at a

teniarafFe oBh HAESelEs NS GuddBR Y. Be thMEhfaura arand rate of
nuc?'@éiﬂori @ﬁhéﬂi&k@-rkﬁ%}?bﬁtﬂf& Will dhguifd I'oWdurﬁr‘(iﬁtHHrh}é Egocessing.

]
orce for and rate of "nucleation of the nickel-ric
Acenrdiriopl, the Eameniaquingd tquichievieansiabie agstenhite tnainsformation

tenfSeGERS Ikt is BRSPS K 9 I ST ETRIeD AT pBsRimRVg
tengesetitre abhbeclgngbr thart desideisior edmeusdramierdlal applications.
transformati on, tenperature can be | onger than desired

ger .
Hoyigyers driascpffefiing biapsa invartos at bycermplaying a twe-siege thermal
proPESE thawinsk ﬁéqLﬁr'%%i oW th%fﬁéblg)/amif@/ frEﬁsJB{mation
two-'stage theltmal” "process, the tine required to
tengudraeve cahdesteglbiced aMorerspeeificainsdaonding da certain embodiments of

erature[. duced. .More s

the&f}gg(?r&ti RN @Cr'g Elp?br%\e;{ﬁ/ep{gsﬁﬂgm@e Bﬁﬁgli-tfitia%mnlw %Hoy to achieve a

stable austenite transformation temperature essentially equal to the desired
austenite transformation temperature includes aging the nickel-titanium alloy at a first
aging temperature and subsequently aging the nickel-titanium alloy at a second
aging temperature, wherein the first aging temperature is lower than the second

aging temperature.
While not intending to be bound by any particular theory, one skilled in

the art will appreciate that the driving force for homogenous nucleation of nickel-rich

precipitates from a supersaturated TiNi phase can be increased by decreasing the
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the present invention, thermally processing the

ni ckel -titaniumall oy to achieve a stable austenite
woORrengbesseat i on tenperature essentially equal POTUS2004/010758

desired 25 austenite transformation tenperature

|ncludes aging the nickel-titaniumalloy at a first

agi ng n{)erat ure and subsequently aging the _ .
temmewtére of theralloy kalowyhatsolvusdemeratase ﬁgtheeamvefr heuurdercooling

beléggglg% 5By, gﬁﬁé,lp%gé%ge?gf@xﬁ SRS r%%r By HZ' &ﬁ @pﬁglntggt%mperature
thabie Ibeenthdaythemyimptdrhpetailiret fiad, toivhield ﬂhle&!bsméd the
art will apprecjate that the driving force f

trangfeRmrtisuie Merple he refe af eudeatioreaf 1h&rraelfthtc§t Rrecipitates can
{

be ERBA HGHEE BREEIne BGRD OGS iR R BE 7R AR

tenmpempteratgroetobf tHeepr@lcimtémprfﬁjsmrsmﬂ thesitlestpdll acocuremore

rap iy dne Baing tsreRat i 1 crese APl PGT 201G e nickel

tltaﬁlﬂhngnéyﬁgptﬁ%&’!réﬂr @gln? h&inpefatlRV8Re hitkel-iit2@iad a8y is aged at a
tenperature needed To achieve the desired

secongdragfing tempeiaivrertpat isthigeer thas the fiest@ging tareperiadireofMore

ckel-ri
partgRalur e st i T Lt S o8 Supar T sL AT VRIS stage austente
tra rﬁ?@bnﬂatldrﬁm@bw@ regciosd Huehg Bhmgritehe I@lebah@%ging temperatu re is
di ffusion of the nickel will occur nore rapidl
esseRdalhy pAdatieripe dasiipd austanie ansirmaiiande Hi'ﬁﬁj’ﬁ&l}/reaf ter
aging the nickel- titaniumalloy at the first aging
tenperature, the nickel-titaniumalloy is aged at a

second aBy regmleyrpgraail\w stageaging pm@%rusmgaa flrsktagmg st

agin ure elO rticul ar t he,
terirARre dHas U EneS ThR SOEARE AOH RAParHErSr s BRS Deen observed
thaf i forﬂéltéi%mé figRSTeQ iBE O RchRIVBY slablLalistapile taftforiition

agl ng at the second aging tenperature is essentially
tenmgrature esshetialystqual ta asiasiiedaustenits bansiorroation temperature can

tur B a
o LIRS ichis SHegREn R PR TPl i - St BB hapooss
acdd?@m@et@Qﬁi@ arebodinieiTRetRd present Inveatohee hickebavim alloy is
that the total aging tinme required to achi eve a st 881(%
isoipstnally egedrad asfirst adinOdRMPeERyER FANgIRg &9@@595 & (g6 and
| o
sutféelat@grng ggga; r?r %&Wﬁﬂgg&?%ﬁ%ﬁ%ﬂ@fdﬁom 600°C to 800°C.
Funioer, Ialltthlghn gobrequied, tie alckalehtanmge aH@y ogn peageskat the first aging
accor di o this. enbodi ne t he pr.es t
tenapefa%ﬂge gL AP GHTogNG 8t B P A0 19 RgEAf itk fop ot east 2
hour‘sr SAs el él)‘?ﬂ?%gﬂ@ééﬁ & dcBRIhG S fHi® BhiffimbRt, 899 Statid Bustenite
subsequently "aged at a second agi ng t enperat ure
transmgmagom It@npemblﬂet ie adhtryed during aging at the second aging

temperature.

Methods of processing nickel-titanium alloys to achieve a desired
transformation temberature range will now be discussed. As previously discussed,
the utility of shape memory alloys depends upon the transformation temperatures of
the alloy, as well as the transformation temperature range. As used herein, the term
“transformation temperature range” means the difference between the start and

22



10

15

20

25

30

Further, although not required, the nickel-titanium

all oy can be aged at the first aging tenperature for
wakod4massse 2 hours and at the second agi ng tenpecamsem®4/010758

for at least 2 hours. As previously discussed,

according to this enbodi nent, the stable austenite 25

transformati on tenperature i s achi eved during agi ng at
finishienpersiitiea fore giveaiaset iarsfonpatinutor e gipen aliex (irey, Ar— As or

Ms- [@AF)C kﬁ% ubb ﬁﬁtéiﬂt filel ¥R “Ees{éﬁgﬁ? %Vs\fq ﬁ%‘ttnfg\%)vetgmperature range”

anst ormat 1 on tenperat ur
meahsthesgiffdrerts wntmeauheﬁsthrﬁ:bmﬁteﬁmerat&% fdrea givehidivyqf.e., A—

E nmenory | oys depends upon the transformation
As)t HBE%@%%@O@ efiet{bwghwe?pe@gotmsf%@aﬂﬁe temperature ranges, the
terrh r“ét?he?érﬁfa BI”tlﬁé'Q% ﬁ'{agiﬁe {4 %rméﬁoH?&ﬂﬁggéﬁtgte?lhag'g%% are within

ornratlon rrpera ure range
10° éﬁ drflesent eablebtbe:en Ttﬁmemre,ralttmu@hzmtvmmfmmtmaﬁon

PCT/,US2004/ 0 finish te atur or a ve
tempRials PSP AL e Tastialy ERbel Ao R 6in Bk to each
oth®f. M5 M). As used herein, the term ‘austenite

transformati on tenperature range" neans the
di fference between the AS and Af tenperature for a

gi ven al , Fur ;

ot edaBildnotimiipg Mtein Y salfie apBichtR T, Aglditdy gustentte
trarfsfoehaticreeegrdratlre Yarge & demetnSGehatallyfaEnarrow austemte

transformtion tenperatyre ranges are Within

transiQunafforsiemmpeaiiie range iefesicablan Apriipstings tmajd.u‘h;@(jhe
suﬂerré‘l%flgg drfiSs of FHGERUUHENLAN RS s, Rt ex@infole, but not limited to,

essent | y equal to each other C n "be equal to each
antehhewwel@ndxeydagiagm fraoted. |Wh]leng oﬂmreapphcattormmebroad austenite
a, narrow au enlcgeﬁ tra sfo

t
trarglRes L Rah A e ah e & RegredsReharly b iad Sistenite

trar?é#éﬁrﬁé‘ﬂldrﬁterﬁ;ﬁéﬁﬁfr@rrgﬁée %‘déﬁmﬁéfrﬁ Hbﬁlldaiﬁl@ﬂ@ ré§uiring different
desirable in applications that utilize

degrepecé trassiccmetiop it diféarent tenmeeraiurke, for examptﬁnbmt IneY Bmited to,
or ut not limted to, antenna wre and

tenigﬁg@f@é‘g%hfag §. Wiile in other applications, a broad
austenite 15 transformati on tenperature range is

desired. _Generally a broad austenite fransformat
t enper at Beterriag geainstadeig; f aB$ £an Pegsan kemitgaplot in this figures,

as g{”eﬁé‘%nhg Q%‘?irfcfrééseéét thé Sgﬁt%‘ﬁ?te‘?nfan‘s d"rHﬁJb%h By tp%?‘et%?e range for both

eratures, for exa
thetag at. %eNpaltceyt amcthec52 at.06 dli alkoy Ret:masesug Fagekampte, Bftpr aging

e S0 R S S 75 LBl Ay et RERRe eigpmaton
terhSarBRIrarih§e bREBSUT PE° AU after 6 hours of aging, the austenite
transformation temperature range is about 11°C. However, after 24 hours aging at
675°C, the 52 at.% Ni alloy has en austenite transformation temperature range of
less than about 5°C. Further, as aging time increases beyond 24 hours, this
austenite transformation temperature range does not change appreciably. Similarly,
after aging the 55 at.% Ni alloy for 2 hours at 675°C, the alloy has an austenite
transformation temperature range of about 21°C, and after 6 hours of aging, the
austenite transformation temperature range is about 13°C. However, after 24 hours

aging at 675°C, the 52 at.% Ni alloy has an austenite transformation temperature

23



10

15

20

25

30

the 55 at.% N alloy and the 52 at.% N all oy

decreases. For exanple, after aging the 52 at.% N
wabkbayssesss 2 hours at 675C, the all oy has an aBeTaIS2(104/010758

transformation tenperature range of about 13C,  and

after 6 hours of aging, the austenite 25

transformation tergerature range is about 11 C.

rangg e eSS, thantahioup 2° ko iusthesi aryaging tiss ncreasessoeyanda4hours,
Pl aRSoRHEIERIe b AR ABARLER A TRSESh Uobregnh.

i ncreases beyond 24 hours this austenite

t ransfor Qn tenperature range does not chang

appr eci a’ga {5‘:‘”'@ H?{"T&PI yIs. A:eiﬁt geragraghews t%@%ﬁcb@mﬁtlc
drﬁ@e‘n%l $nrind M RnRie S §§C”? E%t@bb@i’n%}?ﬁ)b%nmeg@tt@ﬁhbﬁn alloy

transfor tlonterrp ratu range o
Cormrt%rr\g &5raiamic pércagt nigket hEhe am phutureth dnséeobtdinet from a 55

atop Pl Ay lARg sat AR bethipaly Red ot a50IE oz nours. The

DS@yssER fig. & warsdistainetl sftertisReratiM egraé tN@s%%&h@@Bé%nt nickel
PCT/ US2004/ 010758 range of |ess than about

alloy @t 66 C fas 24 diokes, tanee! BM@@@%ln%go%wa@mhr@@es! after

isoth%trﬁgﬁ)gﬁgﬁ@' the 55 &B@frr?b% 'ﬁrék%FBﬁ‘ ﬁéfé@qf@fb?%%gﬁcﬁﬂs

e ~apprecra err ng n
there are shown three schematic 5 dlfferentla

| t bt d f
o ool | RO Kb, TR heRK. Snaram adigetesas 40,
T
repFEsERf the !é@n%&!n,%?g@a lo?%r?whﬁh"’t’ﬂé rﬁgﬁéﬁﬁﬁgrrégﬂrﬂggég occurs

atom c percent nicke t was | so
on amolmkﬁefailoyz Farexemplaecas 99®&pllpindicatEddn Fig.wWhthe martensitic

trariibariion faiiat 6 Mye ety EdhesaliBgiBtedng 4znand i
coriiSictPhPthe Mét@n%erﬁtumsg@r%réllﬁﬁwl@fté@%sm 0% ‘ﬂié‘ﬁ"cﬁﬁ' The lower

aging the 55 atom c percent nickel | oy at 650C for
pemgen@mlly indirgtas as ﬁg epresents e tanapergpae rpagk over which the

ausSENAE Z?rlaln)éfdr\ﬁ\ﬂéltrgﬂt %%g?ssn%ﬁ ?)eatrrrr %ee ?f@}n oF {J)Fr%yéairﬁg%e g &ﬁ@ §ated in

range over enS|

Frgom m@usgenitéﬂa%fowatlﬁm starnsaamhe Asdempensiued, :cgenerally indicated

ndi cated in Fi the martensitic 15 transfornma

as 40 A1 Issompleta Méew@ur@&mwwnﬂmt%@e&9a§? the alloy.
42, and is conplete at the M tenperature, generally
indicated as 44, of the alloy. The | ower peak,
gener al | Asicadibeehestesnsirar, the &)8 @ pdots én Figs. deddmthttioe enartensite

ane(%vr %ch 1 austenitic transfornat.ion occu
and A0EafY HentRst o orBErabik fariass BT TR B aBiig ading time
at 6?3(130 a7 h|§§1¢oﬁe‘>‘e‘érﬁﬂl'et ﬁpbéraﬁéél% i HQ 5} @réh‘ér@ér AMErmdre narrow

erat ure, ener al i ndi cat e 7, and i s
theacrrmeéuoeamot G?reFJ@‘ %ewmbuaperr reealg@hérnaﬁlgy6) indhespeyantsmore

nar?’c%/v tr%n Bgﬁn %;.l)é)rypeak 40 and upper peak 50. Similarly, lower peak 55 (in Fig.
5) is sharper and more narrow then lower peak 45 (in Fig. 4); and lower peak 65 (in
Fig. 6) is sharper and more narrow than both lower peak 45 and lower peak 55.

As discussed above, along with the austenite transformation

temperature, controlling the austenite transformation temperature range to a narrow

interval is desirable in certain applications. Therefore, certain embodiments of the
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As can been seen fromthe DSC plots in Figs. 4-6, both

the martensite and austenite transformation
woenp@atser e ranges narrow With increasi ng agi RQTAUSEW®4/010758

at 650C. Thus, for exanple, upper peak 50 (in Fig. 5)

i s sharper and nore narrow 25 then upper peak 40 (in

Fig.. 4);.. and upper peak 60 (in Fig. 6) is sharper and
pres@itdnveniaropyoy g‘tqulﬁprcmkg @O‘"@Kﬂi—th’é@m@m @lgykcomprising
frorﬁ% dea‘i*eﬂﬂeﬁ{ 5Y up!tB By atﬁ ng?cérL '?)hcgée?to a@ne{/é ) g%@raustenlte

nmore narrow then

traristovenativeatentiferéiune rénge. E’Dore spebificaley, the dwe!‘tbd)@s Befmphive
| ower_ peak 55. 30 As

'Sotbﬁm&t@gmla%eé"%?at?g"wt loy B 2efiyEra5 qled temperature ranging
frorh HA0SE 6 HRi0F@Mor HEIRBE! AhUles, vﬁ%’r@ﬁ%ﬁérﬁ@oﬂﬁgﬁnéw ngﬁ\\;}t Fne nickel-

transformati on terrperature range O a narrow
titanigmdakay tm on mﬂmﬂ%ﬂanﬁwﬁatum feomperailite rafige ap greater than
in mant of th 4 WO 2004/ 099456
15" e TsdERed AEOuinS; ﬂ&@ﬁﬂ%‘lfﬁ&l&&%‘@bwm the aging

tlm@banrb@c@t%aags heuid, akRast BiHlIrs Bl £4Y b6 @Mt PAthours
fromgreater than 50 up to 55 atoni c percent nickel to

depgoRing/epen.BpRe athridbiagst the desiiest istenitetransformation
ten@%%??é;‘téﬂqees. oﬁw‘glﬁenrﬁgpy g { ﬁ'&ﬁa‘ﬁwetlﬁrﬂfemﬁtoﬂﬂﬂén he austenite

e ni c r'tanum a
trarisrf‘omdtm*n’@moeratmel]'am aahraelved riteg isuthérnial aigirDO4h be no greater
C.f at | east 2 urs, rein after isothermall
thaf JOrG, S0 SoRitER? OrealeEihan e 2 I oRaGain Badt niigisothermal
aglﬁQF @Bﬁggbﬂgu on tenperature range no greater than 15C
Al t hough not required, according to this non-limting

enbodi nent, the aging tine can be at |east 3 hours,
at Ieast 6 hours, and %an be at

4 h
dependl g dn as BroHguRlY I%§Cl{sﬁ?ﬂg§%‘%%lﬁﬁaﬁ'@§?u%E‘Ws can become

e éég@@@ét@blfﬂﬂrin@nsollalﬂc%ﬂﬁﬁf FheféfoféiN@fious embodiments of
urther, ‘according to this non-liniting enbodi nent,

the pesenidnverition alse @ﬁ@fammlate ethedpel progeesingmigkel-titanium alloys

. i e

e PR o OB b e iR 50 o 55

atombaf peraemt hivkel sso«bhehawéacrﬂ@gm hagaidgsired. aubﬁerﬁtmtrémformatuon
reviously discussed, nickel-titanium all

ten}p&g e r%lggﬁjoépgq)rgm qo),thggare@w ionests it %metﬁgé compnses
Isomehhgu}g b AR nidkE ARG an%b%guﬁrmﬁ%aﬁﬂg 8f MitkeltiR%olid

resen entlon al so conte ods o
soltgirartmTﬁ@l phiaskedh-egicharpion Qﬂtheymckal-ntanuﬂnrajloyegheresin after

. fva ing C i ti r|S|n reate
isorihy Bt RaTImHa iR Eedfl or LISHiH Stipeitkel-ttanium
anowgasoéh aagteautéq%rfsmneamnet@hiptréfu@@fﬁéﬁg@@ﬁ h®Breiter than 15°C.
enperature range. According to these enbodi nents, the
Althmtghbr@ptd’@queg,e@ccordmg to this non-limiting embodiment, the’ aging time can
be at least 2 hours, at least 3 hours, at least 6 hours, and at least 24 hours
depending upon, among other things, the desired austenite transformation
temperature range. Further, according to this non-limiting embodiment, the austenite
transformation temperature range achieved after isothermal aging can be no greater
than 10°C, and can be no greater than 6°C, depending, in part, on the isothermal

aging conditions.
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isothermal ly aging the nickel-titaniumalloy to adjust

an anount of nickel in solid solution in a TiN phase
wonoEaoduss egi on of the nickel-titanium all oy, ROEUS2W4/010758

after isothermally aging the nickel-titanium all oy,

each of the regions of the nickel-titaniumalloy has

an austenite transformation tenperature range of no

gr eat er Ashalgo thwsusged AboMeurng awtht@@@usé@nl Qatfamfarmgnon

[
embk 3, SER i ST oy B AL EE 4 0 roso
intehaliissdesirgbl@tin texdain dpplibatiors. Aegeditighg cer:tam erabBdinents of the
ot her th.l ngs, the desi Iﬁg austenite transformatl on
prog A TS/ PHIGMETRGIE 8 PTOGRSSRIGR ALK Hagiidm alloy comprising

f ron’tﬁ‘gfée{témﬁdnnﬁ) Eﬁg&@"é Bch g&%feﬁ{‘ﬁfcﬁgl ’beaétﬁ@{bsé ?iegﬁ‘édi %’&stenlte

nmper ature rahge achi eve ter 1sother agl ng
trangtornatigndatrgreratdite ehdm desdeddnansfarmaiiomtenoperature rahge More

spef ol S Eh e R R RS 55 B9 i fumace at
firstAghfy tHrApeeie® Pheverh eibladvalibtehite trirsf@RidtRn temperature, and
transformati on tenperatures, controlling the austenite

subseauRsTibr aging dhe niaksktitaniine allay gé atsscand reinp tampereiue that is
Iowérst %ﬁ%hé?ﬁ%teac#ﬁ%?%ﬂb%ﬂltu%g Wh'e?&h aﬁgcﬁﬁ{e%&%lymar&lum alloy at

ain e presen
the Eretdmxgblagmfg tenhqeeatiregthea mmkzsl{elltamumldyrhaﬂ :hnmustemte

rangtRaon e dunde et s asentiely suec P destied austente
tran‘sfcﬁ' t@n"@hﬁ&ﬂaﬁﬁé’?ﬁﬁ% UEGrtR&d a@c&md &fthis non Ilmlﬁm%

transtornmation tenper ure range Specl
embcln:bmmlt Hbe tmq&nnnﬂmr‘dgmpyraﬂmee rangeshehievedhboragitg ei/the second

agig e apeatireas ahpdter et an BHsRtS TS bt B Britietalirs achieved

on 841R§ MU kahias Abyldi& st kgingltbhpriratival | oy at a
igéc%nd agi ng tenperyature thgtg h?gg | ower than the

first aging tenperature wherein after aging the

ni ckel - t|.t i
ety A R B s B RAF AR 4998 ogy nventon e
memaatcﬁrprbeesélm@ﬂfé ﬁrcnaltmtemuheaww a@mpasrn@r’fgmtgne@telr $han 50 up to
essenti a u to the desired austenl
55 %@HH%P@F%{ ’6&9{' é‘?rﬁ%'f"ﬁt’% Qsérﬁ&et"a'ﬁﬁ‘i'ﬂ%tfo“ fé@?ﬂﬁ@t%@ range
[ t
conﬁé’rlsté%'ai% g“ﬂhé hiBkki-f | evegggﬁﬂeﬁ furnoleg atttaﬁﬂ%g g |g§ éé%erature to

e range ac n agi ng at
achaayer@ staé:ri@auatemite transforestion tehmperatureuandesibsequently aging the

nickgh RETIURT 2l 21 SPRoRy aving teiperaiifs 11t S ioBRnnandhe it aging
tenpReaties, Wlﬁ’@rém Hﬁél’f g'ﬁ?ﬂ‘i’é %ﬁn@éghb&eﬁp@ﬁzﬁm‘e the nickel-

|nvent|on roceSS|ng
titamuokalloy haaamﬁus@enlt@ytr@mfpwammgtemmﬁfa@,rr@aa@ge thains sesentially

equa'? td the desired austenite transformation temperature range. Further, according
to this non-limiting embodiment, the transformation temperature range achieved on
aging at the second aging temperature is greater than an austenite transformation

temperature achieved on aging nickel-titanium alloy at a first aging temperature.

Various embodiments of the present invention will now be illustrated by
the following, non-limiting examples.
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20 55 atomi c percent nickel to achieve a desired
transformati on tenperature range conprises aging the
waizeka@oo4sst ani um al l oy in a furnace at a firstPagiusgno4/010758
tenperature to achieve a stable austenite
transformati on tenperature, and subsequently aging the
ni ckel -titaniumall oy at a second agi ng tenperature
that is higher than the fEXAMRESg tenmperature,
in after aging at the second agi ng tenperature,
Exat\f\ﬁ@&ﬁli ckel 25 titanium alloy has an austenite
t r ansf orTmd infeketl-titariurataliogs r e eotitairting appssdmbicty b2 atomic
desired. austenite transfornption

equal, t 9 t he .
percapurhel AN o BRMSIRAY REPTOBRISIGDR GOMIS RefPent nickel, were
pre?%‘d‘ A4dIb0E, em@ﬂwéeﬁ\&kelff"rﬁi fitb AT %ﬂéﬁ?ﬁ? ARdition necessary for

on aging a N

enperature range achi eve he secg
eachdiilioy wenrepeeghedandstrapsfatred o baracanmaast remeléng furnace. The

ot SR 6 e, TR B LB eGP s, A casing,

eacHatitidlitenib At las Bherd A6t ROAGRND refMEMé §biMistiuchey
be illustrated by the follow ng, non-limfting

Attespaisprers thee mgde to meesyss thearytesite tansfomegon temperatures
' . gPine |
oA P TS RTP 7 56Y Sbi LTS, | Bl BaelBegayoe tre

cont ai ni per cén

allogs @v&rgmmmsn@?jrmlmsfagﬁgﬁteﬂ yﬁ%m@nﬁi@tra?f?ﬁnégm tdaperatures
re prepar.e a 0 OWS. e pure ni e ang
COUW pahbe ﬁ\esé)mw%g%Qamqﬁ%n%ame@égﬁafhfaﬁipy weaierisethegyally aged

in ARSI IR A diPRASIGRTteL SBaKARHUBIGRC TeMel LI ng

furnace. The oys were then ne subsequent |y
cast into a rectangul ar slab. After casting, each

Theer i SRaTH BhoB it TrpRET R R B b et
terr?%ﬁiéwr@s ot RMSAIRY Wéret d BRI atRifAeTed FERverylfdst, which

oth AS and Af) of the all o%/s prior to any aging
was ceaduetadas fabowseAn ibtiedv flat specimain toybs igstas was cooled to a

tenfiREF ARATNAI SR IO 5y DBy REPeidioyy by mmesging the
spetiraerah liquid rmgogées Théreedieh, thel specieer wasaddfermad liyto an
aged jin a furnace for the tinmes and te ratures

4 1)

invey i ﬁhq%pging_a ﬁ‘?“ﬂf@'ewh@ﬁ‘c\ﬁa%@ﬁﬁ’gcqql by imgiargion in liquid
s HERIBB AL B PR LEIRRIGLUE R0 eI
equetiooh was conducted as follows. An initially flat

specimen to be tested WB§n =cg?_?el _eci_ to a
Where Dn, is the mandrel diameter, T is the thickness of the specimen, and ¢ is the
percent strain desired, here, three percent. Thereafter, the specimen having the
inverted “U” shépe was placed directly under a linear variable differential transformer
("LVDT”) probe in a bath of methanol and liquid nitrogen having a temperature
approximately 10°C below the suspected A; of the alloy. The bath containing the
specimen and the LVDT probe were then and heated using a hot plate. As the
specimen warmed in the bath, it began to revert back to it original shape (i.e., flat)
once the temperature of the specimen reached the As temperature of the alloy. The

reversion to the initially flat shape was complete at the A; temperature of the alloy.

27



10

15

tenperature approximately -196C (i.e., below M5 of the
alloy) by imrersing the specinen in |iquid nitrogen.
wohewumass4ser, the speci men was deformed in to aRCRM@S2004/010758

inverted "U' shape using a mandrel, which was al so
cooled by immersion in liquid nitrogen. The di aneter
of the mandrel was sel| ected according to the foll ow ng

Data gogespandipgmte relalive displgneneemrafitee specimaidwas collected using the

t '
Lvefh BBEsESs e ecii Bt RERBYGnd B8 AR BSOS, bomputer.

A gﬂélphrcﬁaiusmacembat $80s tEmpbmiturgwhs then plotietieahd' tHe As and As
e was pl ace dlrectl under _a I|ne r vari

temeﬁ%) %ﬁ%ﬂ@tsrmm @PEW’"BP Hﬂ% i 30&? Rots of the
T e e

corréapohding tocbm mmerrgglbhe ofeklpxeegrapﬂrn |mdheﬂm~ttelmiemtutﬂaand high
t hen . and heat

temp St eI S Tih T 2p B disa et 8 aseie e St has

relah@elytsn%ll fbpal aﬁ@ﬁ’ﬂ#m(émﬂedlat{e' réb?on \ﬁﬁél‘é %ﬂé@h has a relatively large
tenperature of the specimen reached t enper at ur e

slopsf- wetre useddp. appieximade éh%A@ﬂndd\fttﬁ@pﬁl’ﬁtW% ofithe|specimen.
shape was conplete at the Af tenperature of the alloy.

27 WD 2004/ 099456 PCT/ US2004/ 010758 Data
Tabt®nresponding to rel ative di splacenent of the specinen
—was - collected using the LVDT probe as-the cpar-angn
wasthgsmakd | A@iNBhe data was stored in fa comput er
gr dingf dispiraeenent vebdat% Nhperat ure was 551@h% Ni
Pempeeatueand the As and Af  tenperaturels determ ned
based on an approki matfi on of tAuetenitef | ecti on poi ht sAostenite
the ° curye-olire paagicudqar, Trenséorinaiosr s@ct [ oA, ppiTimansformation
of three lilnear reaqresision-firemp.iReBEe corr esnon nﬂemp\Range

t he 67hr ee rlegidns| o9t hedlaph- 18 e., |22 | ov 21
—t-enperat-ure—angd—htoh efperatureegrons “V'r’iﬁrc the 13
graph of di|spl rrém; veét'sus tenperat uf e”has

refatively srrgﬁl sT.9g€, pnd the ynternediaie.gegion 3
_where graph has ajrelativelly large slppe-|were|used

to approxirat é2t he -26 prdl Af t enper at uf &0 of-16he 4

2SN 55 a N, Peppddture 20 o (67 AT TS
650 2 -88 | -56 32 12| 7 19

6 13 | 4 17 4 | 10 6

24 0 5 5 5 7 2

72 3 7 4 6 | 10 4

216 10 | 12 2 11 | 17 6

As can be seen from Table 1, by aging either of the alloys for 24 hours
stable austenite transformation temperatures (both As and Ar) can be achieved, (i.e.
the As and A;of each of the alloys after 24 hours aging at 675°C does not deviate
more than 10°C upon thermally processing the nickel-titanium alloy under the same
conditions for an additional 8 hours.) Further, the stable austenite transformation

temperatures achieved after 24 hours aging at 675°C are also independent of
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Austenite Austenite C Hours AATf As Af As f Tenp.
Range f Tenp. Range 675 2 -49 -31 18 -22 -1 21 6 -28
WO2004089450 4 13 24 -18 -14 4 -12 -9 3 72 -26P€PUSH004/010758
-20 -16 4 216 -21 -17 4 -16 -11 5 650 2 -88 -56 32
-12 719 6 -13 417 4106 24 055572 723 7 4
6 10 4 216 10 12 2 11 17 6 As can be seen fromT
ovefall ggmpgsitign & ik pickel-titqaium @89y, oAt 154 throbe 8F ﬂ!ﬁ %raé% Ni alloy
é s
is \Aﬁt'i‘nﬁji Eg % ? fge\‘;‘)g\at)f’w@éi af {%ﬂ?ﬁﬁé)ﬁéﬂéﬁﬁle A?Q%}?pl%ceﬁgﬁiwgﬁﬁé alloys at
67&°@efoal2l4dmra;fami thadAdafiithe 580ttty Mtall@?ﬁ@mthem O of the A¢ of the

52 8l Siav alferafeanli piRasr ngis elis BLATARE Fdind fgyrs. itis

beh@@eé@ﬁ’éﬂth@%cr&ééoiwﬁ and il bB&Irad %ﬁe??@bio@r@é@ﬁ@“étt@%% is not

transformation tenperat ures achi eved after 24 hours
repeagemiptive @rbcambe aliribvited tefhectdatiensoin the fumace temperature during
.2004/ 099456 PCT/ US2004/ 010758 overall conposition of
a9%e nickel-titaniumalloy. That is, the AS of the 55
.% N alloy is within 10C of the A of the 52 at. %

Ni alloy after thermally processing the alloys
675C f ornXprpRiisen, athovalk itappsers Aliesagige the ﬁilow fagy hours at

678° E;é%n%}af %na% dknd BS #% ﬁtﬂgﬁ angﬁhg%?%r ?fqy’/ El\ilta?lBy are

dcessing theé a hour's

stablb tre 5u$teh|tevradstdnﬂtatlbhdedmraztam ame ot iadepekident of overall
bsey.ved

af 7
corasisEnFarheE s 2 SR al bR The Subtiite dransiarmation
temperhfife i iﬁﬁﬁ%llb?gﬁ?é AEHRE: StEbleSbr iRGeHEhdEr of overall

conpari son, althdugh it appears after aging the alloys
Corﬁptbslaorhlours at 10 675C, the A. and Af of the 52 at.%

Ni alloy and the AS of the 55 at.% N alloy are

stable, the austenite transformati on tenperatures are

not i ndesm“bﬂl’@@Us@fn|t§\t|f§n%|fcbrméﬂé|m@ﬁ1ﬁdr§me§(ﬁdthWs,and As) can also

after 2 hours aging at 675C, the aust
be ﬁpa@gﬁdﬁ%bcptbralloys %y aging the alloys for 24 hours at 650°C, (i.e. the Asand
Asof each of the alloys after about 24 hours aging at 650°C does not deviate more
than 10°C upon thermally processing the nickel-titanium alloy under the same
conditions for an additional 8 hours.) Further, the stable austenite transformation
temperatures achieved after 24 hours aging at 650°C are also independent of overall
composition of the nickel-titanium alloy. That is, the A of the 55 at.% Ni alloy is
within 10°C of the A of the 52 at.% Ni alloy after thermally processing the alloys at
650°C for 24 hours; and the As of the 55 at.% Ni alloy is within 10°C of the A of the

52 at.% Ni alloy after thermally processing the alloys at 650°C for 24 hours.

In comparison, although it appears after aging the alloys for about 6
hours at 650°C that the A¢ of the 52 at.% Ni alloy and the As and A; of the 55 at.% Ni
alloy are stable, the austenite start temperatures are not independent of overall
composition. Further, after about 2 hours aging at 650°C, only the A; of the 55 at.%
Ni alloy appears to be stable, but neither the As nor the A¢ of the alloys is
independent of overall composition of the alloys.
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tenperature for both alloys are neither stable nor
i ndependent of overall conposition. 15 Stable
wausi@mad4se transformation tenperatures (both ABCamS208f)10758
can al so be achieved for both alloys by aging the
alloys for 24 hours at 650C, (i.e. the AS and Af of

each of the all o after about 24 hour at 650C
does nofli@eyghie ﬁB\’t@Q hergin. 1oie hehgwed ﬁ'@t%? 9’Vt'a| amount of

nickBl RCESHR é?ﬂuti&?mrthégﬁlg {)hé?é“n“tgb%d QYoU008I0 eroﬁ!?ﬁ@in@%as

conditions for an i ona hours.) Fur
closst ththe solisk sotilvititytlinaih of bickek indhe Tuhérmitaﬁ alr@hD &ctnaevfodthe 52

ol e BT R0 AR RIS bl
aus@hﬂb ﬁa?nsfélh’\?auﬁﬁ 1@ zriéwtﬁés for- 1% M5 Y% Rickes alldd %sﬂe&@@ﬁan for

he AS of th oy after thernmally
the 52 @éé’s Sli mgjoy. hblowelvwsaaamdlc@@d:by drabfer 1 haugtsnite fr@nsfesmation

temPrelyssaBatarebal st A intEodhddhehr B it cdriBodtiof kan be

achivea)sy @ding M allofs o 2dbuFs ok B500DP Thiessfore, ahé kapghthermal
it appears after aging the alloys for about 6 hours
prO%tssm@ri Ratsed don gO%\fallqyé vgthoskt regaid tg thenitigl canqitionepf the
allo gnd Af of the 55 at.% N alloy are stable, the
ustenite start tenperatures are not independent of
overall 30 conposition. Further, after about 2 hours

20119 2 $R0E a8 Bkt 057 4Bl e Pah b orgatin
temPBﬁatérLésg(ﬁ dndl A%@!ﬁi@@@& ffer @g rg\ftﬁé%&kémmﬁhi aIRYsTbr 24 hours

2004/ 099456 PCT/ US2004/ 010758
at K6t 6 cuig Howet thlan rthe istaple drasisformationdemperaivueas aehieved after aging

the Rl fartR Hbus In % {Fum G006t SSdlightibtfiebhiip Helbouna by
anytpbrtlélﬂaﬁﬂiddﬂy e priividuisyy disBuigser, tifis ¢é<BéI|eb\mad toeb T aftibutable to
e at 650C than for the 52 at. % Ni

the Hitirenopald aldbilig it far ikl lrw@cwwase@t%asaenmat 650°C.

In Bt maigrfg}bfzfééﬁs{.é%ag B ARG ARRACH BTl P Fdihickel-

tltamhhnalloylsldvmmtg an muﬂmdlunaaeububyoﬂ' aickel if,solid sokuticinen the TiNi

PhasRa pIAHE e gpwek R e SR pHsis LA e ta s EeUaN by

tem%%'ré'tgréh r%'ldk%}’ﬁtafrﬁ’lﬁm%log}é’%'é%n@tar@é @Ilbﬂ%r&ﬁ@ﬁﬁb ofti€kel in solid
same er mal processi ng-can be used for both alloys

solutiarhiodhe ridlyiaplipgeoat $0%Chi ti al condition of the 10
al | oy.

Moreover, as indicated in Table 1, the austenite transformation
temperature range generally tends to narrow with increasing aging time at a given
aging temperature for both alloys.

Example 2

Additional samples of the two alloys prepared according to Example 1
above were aged using the following two-stage aging process. The alloys were
aged at a first aging temperature of about 675°C for 24 hours and subsequently

aged at a second aging temperature as indicated below in Table 2. After each aging
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Further, as indicated in Table 1, the stable austenite
transformation tenperatures (AS and Af) achieved
waho@roosgs ng t he nickel -titanium alloys for 24POoomiss004/010758
at 675C are |ower than the stable transformation
tenperatures achieved after aging 15 the
. nickel-titanium all oys for 24 hours at _.650C. t hough
timer{glervalathe austeRite,Ban Owatlgrmf,er}aa@ﬁ?w&rséi)r ?ﬂ%éﬁ?y a@%’e

d te%ﬁw\éoﬁh’él 11t BEHS $2% rekBlSr %8%hH .

Rt utg%ligét% t he rgi ?Y%r%%%gg%)c%riﬁ)d gaoldj/t?ihﬁiEt)ilaT?lr?i1t

for nickel in the TiNN phase at 675C than at 650C. In
er words, the characteristic austenite

- TablRd)
ablg Znsf or mat i on tenperatures for nickel- titanium

al T n@avl NY AHin Icilw 'Tbriumanmount of [ nickel 1n solid
el

sol W) 11 ! i 20 phagpoan; 675C are 1o .
the chdtact efistic |aust en??éﬁt/? E\lhsf or mat i on "5 STANI

wrac plcal + 1+

tefpefaturesor—nteketrttantypghloys havinmg—an :
equi I ,i.bri um ampunt |of, n ggel ﬁrﬁgét% ltfﬁgn so] utijo imr'?‘h*lé;é?g;eﬁon
Ti Ni &wase af .| Nere fer,T%,leﬁiéeczt in E‘}‘étbl &erp. Range
e 85?‘ e e THansi guiag P 25 GENperat £ 11agge |
generally tends to jnarrpow wijth increasiing agijng tjnme

at a given agi g tlertPer@Burje for2both|al3dys. 3Exanpl e4

2 Additionalsanples—gofthe two—alteystprepared
according to Ex%;rpl e3§' 3 gbove re age@us?%a the 10
fFottowng twg- gel &gl NRPIOCcesSy The [al3®ys WerF 12
aged at a first ‘agijng tenperlature of about 675C fbr 24
hours and subsei@$ent 136 |adRd at a7 second 3@i rg44 9
_t_euper.a.t_ur.e_?s_l_nd-l-c.ai edbelow—in—Table—2—Arter—pach
agi n§660 WO 2004 090486 | Ptr/[Us2002/ 01075833 1 i|né4 11

rhterval—thea tt:'IiﬁTfiéTuﬁor oM [Tegperagyres g
for each allay were etermjned usi ng tlhe bend free

recover test |deggripeid abss g i n BBanpl g 157 TabRke| 2 5
Second Aging lAging Tipel52 %t_%_l\&_éé—-ap.% NH—Tehper
ture Austenitle Adstpiit e 64 [HoursBAs Af| TP&nglf 8mation3
As—AF—Transformptg o gl em, Rangez Tenp.| RaRge 2 1T
%6 15 27 30 g 106 | 58 84 6 8fige gV 5

As can be seen from Table 2, by aging either of the alloys for 24 hours

at a second aging temperature of 600°C, stable austenite transformation
temperatures (both As and A¢) can be achieved, (i.e. the Asand Asof each of the
alloys after 24 hours aging at 600°C does not deviate more than 10°C upon
thermally processing the nickel-titanium alloy under the same conditions for an
additional 8 hours.) Further, the stable austenite transformation temperatures
achieved after 24 hours aging at the second aging temperature of 600°C are also
independent of overall composition of the nickel-titanium alloy. That is, the As of the
55 at.% Ni alloy is within 10°C of the A of the 52 at.% Ni alloy after thermally
processing the alloys at a second aging temperature of 600°C for 24 hours; and the
A of the 55 at.% Ni alloy is within 10°C of the A; of the 52 at.% Ni alloy after
thermally processing the alloys at a second aging temperature of 600°C for 24 hours.
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6 19 31 12 33 37 4 24 30 38 8 33 43 10 72 35 39 4 36

48 12 168 36 43 7 35 44 9 566 2 -2 10 12 33 44 11 6
Wo20B80926643 51 8 24 45 58 13 57 62 5 72 56 64TASHD4/010758

61 3 168 58 64 6 57 62 5 5 As can be seen from Tabl e

2, by aging either of the alloys for 24 hours at a

second agi ng tenperature of 600C, stable austenite

t r ansf ol MEPMPRTISPRPEIQANN IbapperTeIaTies aging thie alloys foe hours at

a seg:%?g;%‘é‘;rgg héﬁ)p&‘atﬁlj.éeof%%oagogg AP of R8> f%tltl\ allo&loérgcy the Asand As

ours agi ng at bes not iate
of thehah aw’&:Nu phoy atehstalvid, Itlye pusieiteishart téraperatures are not

mceRFSEhT 8 SR BoRRli S 82 il chaedina aang
tembE MG ) nERABEARL A &S Af%nhésgdata;otmﬁraé@z il Stk and the

agi ng at the second aging tenperature o are

austanifeséart temperatonesr arel nad imprmandieohoboverad composmon
nickel -titaniumalloy. That is, the As of the 55 at.%
Ni alloy is within 10C of the As of the 52 at.% N

al | oy amumbughefmwwn né@rewsrtmnbb@d #hatame adbowht of nickel in
cond agi ng terrperature of OC for 24 hours; and the

Sollqgowmoeﬁn thee THY maS%lmth%ﬁfS@t °/p Ni gileybsfore@aing ahthegecond

ag;@tg%r%@sr@g\{a@ dbsél o 3}ﬁeagfo‘i;8f lJﬂ"lﬁ#/ “Flltj Jf rﬁ{:l?%%@@e?g:rw phase at

a secon ure o

60022 thawfar.the B2 MZ@MYMWe%J th820Ydg OAe/&86007C required to
rison, ,al.thou he_al

ach?—:& ablg lﬂugteoﬁlte tgargg‘gg’ﬂatlcg{gquﬁgqr@%gﬁg f:hggﬁ a%%oa@ckglsalloy was
lesstt’ﬂﬁn%r fP\fe 5?3’( %Nfiéﬂo@ ’\Ho%\/gﬁy a%ﬂﬁ%&;ﬁ?eda@y F86ieY, au.%ftenlte

% Ni oy are sta e austenite start
trants&zfmatlanaewemteremthat anel bp‘énstehte arid tmd@pahdent of overall

confRgen car s asieyBgiy Aaih g g alGiscor 28 it fbsg. Tyerefore.

the Abmef thbRfiabgroabsdmbicanl Bévusé@fo?twﬂh guaygwth@ut regard to the initial

austenite start tenperatures are not independent of
congifienfiflthe 8Apwsi tion. Al though not liniting herein, it

is believed that the anount of nickel in solid

solution in the TiNN phase in the 55 at.% N all oy

bef ore ag cugn bt seka feaadiable 2, by aging either of the alloys for 72 hours

at a second aging temperature of 566°C, stable austenite transformation
temperatures (both As and Ays) can be achieved, (i.e. the As and Asof each of the
alloys after 72 hours aging at 566°C does not deviate more than 10°C upon
thermally processing the nickel-titanium alloy under the same conditions for an
additional 8 hours.) Further, the stable austenite transformation temperatures
achieved after 72 hours aging at the second aging temperature 566°C are also
independent of overall composition of the nickel-titanium alloy. That is, the As of the
55 at.% Ni alloy is within 10°C of the A of the 52 at.% Ni alloy after thermally
processing the alloys at a second aging temperature of 566°C for 72 hours; and the
As of the 55 at.% Ni alloy is within 10°C of the A; of the 52 at.% Ni alloy after
thermally processing the alloys at a second aging temperature of 566°C for 72 hours.
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10 aging tenperature was closer to the solid

solubility limt of nickel in the Ti NN phase at 600C
wohen/boerset he 52 at. % N all oy. Therefore, thepragiusgoo4/010758

time at 600C required to achieve stable austenite

transformation tenperatures for the 55 at. % nickel

alloy was less than for the 52 at.% N all oy.

However ,In @ompatisoa: edhoyglTilsppears afigitaging éhe alloys for 24 hours at

a sorchB b o BRAGRPE] 4 Ing A2t PeCor b BLERpEThe Avana A
of they 58git19% Nikélo@ldre ytaliler thdhuseshite sthrtGofBerdinrschiRs got
the sane_thermal processing can be used for both

indepansipat Gf eveiall osResitien, Fueher ok to Sdiairsiasingat theesecond
H o ! H H j .. f R
agn?#%é?ﬁ ?r?%r%?dgrﬁzéﬁ gﬂbf éﬁﬁ%;{g?ﬂags@éﬁlgﬁ%ﬁﬁg?ﬁhFé%r ar¥ neither
staltlempe irdependeit 566G raditcabhpositicst. eni t e transformati on
tenperatures (both AS and Af) can be achieved, (i.e.
the AS and Af of each of the alloys after 72 hours

agi ng atr iR, Q@%i@@tbddﬁﬁaeteezrméesté@érhu%@%itéoﬁﬂnsformation
t her nal Ie}/%proces& ng the nickel-titaniumalloy under

templecatyegrel/e@ttl A @vhidved after aging theomiakelgitaoiunsaljoys for 24 hours

at (oo S R AR P G BT Ry agpiere ater aging
the ecskenttzadimalloysier 24 WoarsdHBE620e Altissugh netepeadetdt bebound by
overal | conposition_ of the nickel-titanium alloy

. Th
any; Rartiyar isqsy, anprevigusly disenpsed, o3 i Selipyad o ti@@ttsbgttable to
the differert Sdiid %lﬁgéiﬁfﬁngg"f&" niBkei Gy 17 ‘rﬁ\ii.p}fﬁ%{e%'éob" fhan af 566°C.

processi ng at a second agi'ng tenperature
In dil6&Cvdais, i bloanasieristid duskeniteftrarisfoimeatitn tempBérbturas farynickel-

. s within 10C of the Af of the 5 .% N alloy. aft o
ttanym ALY ORI Aokt 8f Bkl T Sl il nghe TiNi
phadsRMREI L SreQbwab Barl fle ciarBoristic adsieli: 2dtditidieh

PCT/ US2004/ 010758 I n conparison, although it appears

temyferaiures)fargicked-tisdnioysaliays rewingan eqailibriemsamondt aighialge! in solid
tenper.at ur.e. of 566 Af of the 52 at.% N all oy
SOI%WWng%ﬁbﬂéa% a?g@é{tﬁe 55 at. % Ni all oy are stable,
the austenite start tenperatures are not independent

of overall conposition. Further, from2 tq 6 hours |
agi ng atMprrovescanindicaigd iy Tablepdrthe austestitedigtsiommation

i i t AT+ i .
tonBSHER Ko< BRSBTS SIRSL A BErdihd 8L Sime at a given
agifgternperatare fondiotiabiolys. nAS phdviowsly tiseussedd Withaespectito austenite

transformati on  tenperatures (AS apd Af) achi eved .
Rty TRnRsE HPEK e AR el Tigatiofs Rufhecalitentte
traddofhatf P ferip&ratitianbB e hBS540%0 16 AlYaiy SBEOPT is believed

tenperatures achi eved after aging
to be attributable to the alloy having an amount of nickel in solid solution in the TiNi

phase that is close to the solid solubility limit before aging at 600°C.

It is to be understood that the present description illustrates aspects of
the invention relevant to a clear understanding of the invention. Certain aspects of
the invention that would be apparent to those of ordinary skill in the art and that,
therefore, would not facilitate a better understanding of the invention have not been

presented in order to simplify the present description. Although the present invention
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the nickel-titaniumalloys for 24 hours at 566C.
Al t hough not neant to be bound by any particular
woOhewrog94sas previously discussed, this is beli e¢eaStm4/010758
be attributable to the different solid solubility
limt for nickel in the TiN phase at 600C than at
66C. In other words, the characteri.stic austen

5 S, t te -
has begRieseifaed dncorngrion Wit sortaip einbediments.ithpge piardinary skill in

vi o il Cof n . .
the B VYSRGS AEn RAHe REND BERHTINCR, 8o IRATRE
modificatians emidstdriatianstof the imvention feayhipe employashpal atiah egriations
for . .pickel-titanium.alloys havi n equilipriu .
and gt pthahyant0pi4td iniearid o A% ek BY 1 Frageing
des@iptReBMd 1ROFNBIARY 8Bim@s | ndicated in Table 2, the
austenite transformati on tenperature range generally
tends to narrow with increasing aging tinme at a given
agi ng tenperature for both alloys. As previously
di scussed with respect to austenite transformation
tenperatures, the relatively small fluctuations in the
austenite transformation tenperature range for the 55
at.% N alloy aged at 600C is believed 25 to be
attributable to the alloy having an anount of nicke
in solid solution in the TiNi phase that is close to
the solid solubility Iimt before aging at 600C. It is
to be understood that the present description
illustrates aspects of the invention relevant to a
cl ear understandi ng of the invention. Certain aspects
of 30 the invention that woul d be apparent to those
of ordinary skill in the art and that, therefore,
woul d not facilitate a better understandi ng of the
i nventi on have not been presented in order to
sinmplify the present description. Al though the present
invention 33 WD 2004/099456 PCT/ US2004/ 010758 has
been described in connection wth certain enbodi nents,
those of ordinary skill in the art will, upon
consi dering the foregoi ng description, recognize that
many nodifications and variations of the invention
may be enpl oyed. Al such variations and
nodi fications of the invention are intended to be
covered by the foregoing 5 description and the
followi ng clainms. 34 WD 2004/ 099456 PCT/ US2004/ 010758
CLAIM5 1. A nethod of processing a nickel-titanium
all oy conprising fromgreater than
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50 up to 55 atom c percent nickel to provide a desired
austenite transformation 5 tenperature, the nethod
woan@rmwsisng: sel ecting the desired austenite PCT/US2004/010758
transformati on tenperature; and thermally processing
the nickel-titaniumalloy to adjust an anount of
nickel in solid solution in TiNi phase of the all oy
such that a stable aust er@k‘@Mé ansformati on
tenperature is reached during thermally 10 processing
the nickel-titaniumall oy, wherein the stable
1. auétreathoe oftprass$singat nickelitiémpemaalloyecarsprising ftanalgrgater than

" equ to t.he desire ustenite fransformation .
50 B SPE PSS SR RO B BIdAeED AUl Frpgfgrmation
tempbrakire: Hid ATRINGR BbhPYis®@NPr i ses sufficient 15 ni ckel

to reach a solid solubility linmt during thermally

pr ocessiseiecting hhiegi@iredia@tﬁnj‘m tr@psf@gngtpn tenaperetggand
Cr anst oriaITEN bttt DGR BRI RISS to scisy apgpount of

20 4. Theckaeltihedli@kolktian i 3, TiNhphase ofiftieeslldyrerotethby a stable

processing the nickel-titanium allaoy, the stable
aust eni tastenit ranaigrmaton %E@%‘Wﬁe‘sdﬁa@'?ﬁ;durmg thermally
ni ckel -t ' LBt o : .
Corpos: thSoe o e Rtk el ABENheRin MEESBble pustentte
met hod dfardfarmation temeperaturelie essentiallyrestes to thg desired

ni ckel -titaniumall i.ncl udes i.sothermally aging the
ni ckel -t?‘{%ﬂﬂ@%}@ﬂﬁ@ma ON{YUPREAW S of clai m 5,
wherein the nickel-titaniumalloy is isothermally aged

at a tenperature of 500C to 800C. 30 7. The nmethod of |
2. cl dhe methaskekelain Aewheraiy the piskekiitagiumalloy comprises sufficient

o B d SRR o 8 Wb
a||ox_;l_004/ 099456 PCT/ US2004/ 010758 8. The nethod of claim

1, wherein thermally processing the nickel-titanium
all oy includes isothermally aging the nickel-titanium

3. ‘;l l%eﬁm%ih@c{ Rte r&%gfl l1?6vh'%?é15"°the éeg'%rﬁa— %S{H?ﬁt]ﬁ‘%%r%ffor%é}idﬁ‘

rein y processing the nickel-titanium
tempklatyre ramgesdfesmadDaOC teé0BiICkel -titaniumal l oy at a
first aging tenperature and subsequently
4, The method of claim 1, wherein after thermally processing the nickel-titanium
alloy, the stable austenite transformation temperature of the nickel-titanium alloy is

independent of overall composition of the nickel-titanium alloy.

5. The method of claim 1, wherein thermally processing the nickel-titanium alloy

includes isothermally aging the nickel-titanium alloy.

6. The method of claim 5, wherein the nickel-titanium alloy is isothermally aged
at a temperature of 500°C to 800°C.

7. The method of claim 1, wherein thermally processing the nickel-titanium alloy

includes isothermally aging the nickel-titanium alloy for at least 2 hours.
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aging the nickel-titaniumalloy at a second agi ng
tenperature, the first aging tenperature being higher
wohem/dse second agi ng tenperature. 10 10. ThePaeiS2@®4/010758
of claim9, wherein the first aging tenperature ranges
from600C to 800C and the second agi ng tenperature
ranges from500C to 600C. 11. The nethod of claim9,
wherein the nickel-titaniumalloy reaches the stable

8. Tna EURB LGy SbhPeh TR Godsng heiioRd fanium oy

incleded wothermglly %igth ther makélytutanmﬁeamw@rtalmast 24 hours.
ni ckel -titaniumalloy includes aging the

nickel -titaniumalloy at a first aging tenperature and

9. Subsfs gtﬁ%m&&’of A%09, Wherdih ?W@él&ﬁ%é‘éﬁ%l% 'Ll‘fé’ni%kelatltanlum alloy

secon nper at ure t enper a
inchb@emggllngvbbe rnd:mh-tltdmumeaikuydatesgﬁmsgagmgnen'queuatere ald sl.lBsequentIy

.Th f. cl the f t
aginG Gk sans BLoY FCA S SoEaD o ia e e st aging
termpIdd sgngr@@ﬁ@ﬁhéawgsge&esm@me hheRf. 14 The

hod of Cl wherein thé nickel-titanium all oy
reaches the stable 25 austenite transfornmation

0.t or s Beli OHYaY of Acthifisnt SFetaRaRE e kAR e angpe from 00°C

to 800€<E%|rrd'dhbaé@c@ﬁtllefgu@g hrnpstatirieaisabed fioAn5001C & 60g°C.
16. The nmethod of claim 1, wherein the nickel-titanium

alloy further conprises at 30 | east one additional

11.al l'ﬂ"}% H‘f@é iel BPaérm gdwhgvén'{ﬁ%ﬁ%e%teﬁ'h 'BII@)? reé\a?ésefHé stable

one addi tional oyl ng
aust@tlm:m'amfbrmatlcbmmrgpmpﬂecdmng agigg att tteoegeond aglog temperature.
and hafnium 36 WO 2004/ 099456 PCT/ US2004/ 010758 18.
A nmet hod of processing a nickel-titaniumalloy to

12.PT O metnsigst ﬁl@ﬁ'ﬂ qUWh%rﬂélhecheFrﬁélﬁﬁ{)r‘b’cgﬁélh fhe nickel-titanium alioy
t enper at ur e, onprising: selecting a

inclnde& eging Mrrmkalaitarmyrmaliqy atsa fiept Bong ignuearaiure lkamd |Sipsequently

a0itR s misableBhY el 86 RSal Holq el Shperetfat aoing
teniﬂéeétrrvé b¥ingf 16aes HhartHdsecridegding tévnpleltuits. t ani um

loy to adjust an anount of nickel in solid solution
|n a TiNi phase of the alloy such that

13.  The method of claim 12, wherein the first aging temperature ranges from
500°C to 600°C and the second aging temperature ranges from 600°C to 800°C.

14.  The method of claim 12, wherein the nickel-titanium alloy reaches the stable

austenite transformation temperature during aging at the second aging temperature.
15.  The method of claim 1, wherein the nickel-titanium is a binary nickel-titanium

alloy.

16.  The method of claim 1, wherein the nickel-titanium alloy further comprises at
least one additional alloying element.
17.  The method of claim 16, wherein the at least one additional alloying element

is selected from the group consisting of copper, iron, and hafnium.
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a stable austenite transformation tenperature is

reached during 10 thermally processing the sel ected
wai2eka@oo4sst ani um al | oy, the stable austenite PCT/US2004/010758

transformati on tenperature being essentially equal to

the desired austenite transformation tenperature; and

wherein the selected nickel-titaniumalloy conprises

sufficient nickel to reach a solid solubility limt

10, B0 AP NoRRBSESEL SRSk ovid o ifod gt
tranammtlonaén'@eratbm rtiaé Inyethod cessprising:he ni ckel -titani um
o b el RN AR e Bl SRR AR o up o

overal | gggﬁbt depBeminiélg; ni ckel -titaniumalloy. 20
od o

20. A net f '‘processing at |east two
ni ckel - t $eladingrihal degjredravsteanite/ ttapsiogmationieisperadure; and

per cent fiecral PSR fodE icHed Rn@GrlR Ay to adiustan

tr ansf or ambuanot iERSINALLIIE solutienR O pRERES b tHRJalloy such that
selecting the desired austenite transformation

t enper at @rséabl%@usmlt%tﬁr@&rrm@qmt@mn%ﬂwe 1§ tagshgshduring
al | oys tf, ?Hnﬁh Foée*é [ﬁg)’atllr? (Eg(eﬁ’éﬁ&gé'nf&e?'d@?] lfﬁmrbfl‘lbxafhteeétable

t hermal pr 008s% Irtani um
stabl e austbnite trenefowmmtlon naaMperatUmrbemgtasseatlaltyhequal to the

st abl e ayst.en transfo on .t enper.at ures, bein
coonti s asstenls RRBSIEBAISN tRRBId ana o

t2r an_éRinTed ﬁé;e&t%ﬂﬁﬁél@m’wmuﬁpal% co?ﬁ?né‘é%t Qﬁﬁc@f\t filcReMto reach

wherein t l east two nickel-titaniuma
c or s0kk selubflitycliraifduning Kbermally prackssing dhé @el@@mﬁnmkek/‘cnamum
[ ml[% uring thermal processing. 37 WO 2004/ 099456
2004/ 010758 22. The nethod of claim 20, wherein
ther mal processing the at |east two nickel- ti tani um
all oys includes isothermally aging the at |eas
19.ni i rrteith@dwpwaﬁn |1§ywheseln@ﬁerﬁféermleﬁoeeS%mg\thﬁ pigkel-titanium

allo¥>’h étgbfe bty trB{wQ@%ﬁhgﬁ’ télﬂ?ﬁ?attwlee(?ﬁ eth@(\Regltlféﬂﬁum alloy is

anluma osmc es a

mdép@ic@ntbrfbaeraumoahﬁ)waombf ﬁnef mlclsél-tagmlum all@nper at ur e
and subsequently aging the at |east two
ni ckel -titaniumall oys at a second agi ng tenperature,

20.;22%%&5& I bRSL s MRLAAEHEWREHIBRe IR ItaRBM AIEY3 Rding varying

compositions comprising from greater than 50 up to 55 atomic percent nickel to

achieve a desired austenite transformation temperature, the method comprising:
selecting the desired austenite transformation temperature; and
subjecting the nickel-titanium alloys to similar thermal processing such
that after thermal processing, the nickel-titanium alloys have stable
austenite transformation temperatures, the stable austenite
transformation temperatures being essentially equal to the desired

austenite transformation temperature.

21.  The method of claim 20 wherein the at least two nickel-titanium alloys
comprise sufficient nickel to reach a solid solubility limit during thermal processing.
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aging tenperature. 10 24. The nethod of claim 23,

wherein the at |east two nickel-titaniumalloys reach
woheo4gbatsb e austenite transformati on tenperat uPeTaS2H0MY10758

aging at the second aging tenperature. 15 25. The

met hod of claim 20, wherein thermally processing the

at least two nickel- titanium alloys includes aging

the at least two nickel-titaniumalloys at a first

agi [ I e,an bseqguent | [ he .at _|.east .
22. t VVOT“I-% @éﬁ]@%ﬁféﬁlﬁhg@a\ﬂ@@n g?qergal gé%cg%aﬂ%g{l’lﬁgata}easﬁwo nickel-
titarli@mingiods Unicludéd Bothdrdiali§gigity HRMBEeabwe hiekaldithAIR alloys.
than the second aging tenperature. 20 26. The net hod

of claim?25, wherein the at |east two nickel-titanium

23, &l HQSHERE Of &b Qggﬁhgrégﬁiﬁﬁﬁﬁés@ é%’égéb}glﬁ’%g% LPRast two nickel-

tenperature duri ng
titartiempalioysunelud@s ading therattibast tab mclkeltitaniog alloys at a first aging

ni ckel -titanjum al l. oy includi ng regi ons, of .varyin
emPBIAIE ENGAULSHHATEDIAEING i 8F BaLIa REkoEHANIE ey ot a

.  c _ o 3
socEh S PRSP v g Aol 698 MoABRM A e sccon
agingetdmperabwepri sing: thermal ly processing the

ni ckel -titaniumall oy to adjust an anmount of 30
nickel in solid solution in a TiNN phase in each

24.1 egienmethdder elbri 28; whickdiRithéEnag|daey twdBickE-titanium alloys reach
2004/ 099456 PCT/ US2004/ 010758 wherein after thermal |y

the stalle ayptayitedeansfenatian teamaraivae deying @ging et thengecond aging

' of the nickel-titaniumalloy has a stable
teﬁ{ggg%tgn@rt e transformation tenperature that is

essentially equal to the desired austenite
26 51 i G B R e oep et e SRS ricke-
oIS TR bRy a1 o
tempesatess and subeequehtbl agingdiné abieast two nickel-titanium alloys at a
second aging temperature, the first aging temperature being lower than the second

aging temperature.

26. The method of claim 25, wherein the at least two nickel-titanium alloys reach
the stable austenite transformation temperature during aging at the second aging
temperature.

27. A method of processing a nickel-titanium alloy including regions of varying
composition comprising from greater than 50 up to 55 atomic percent nickel such
that each region has a desired austenite transformation temperature, the method
comprising:
thermally processing the nickel-titanium alloy to adjust an amount of
nickel in solid solution in a TiNi phase in each region of the nickel-
titanium alloy,
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10 alloy includes aging the nickel-titaniumalloy at a

first aging tenperature and subsequently aging the
wai2ek@oo4sst ani um al | oy at a second agi ng t enpeParmiSe04/010758

the first aging tenperature being higher than the

second agi ng tenperature. 30. The nethod of claim 29,

wherein the nickel-titanium alloy reaches the stable

15 whetedhatter thesmatly pregassing epueialdianivm aliny, ggch@f the
at e
cl alfeﬁ]%ﬁ e&\(}ﬁer el né1 -?iﬁéerﬁgrrﬂgl %lﬁ)&l%a;%caegfgorl]e EP Eteﬁﬁé'?l%q)s%rmatlon
ni ceetparatuas ithahis aalsberytlallyoéqlmﬁo e d@mdzﬂeaustemte transformation
ni ckel _“{lqam umalloy at a first aging tenperature and
sub - agi ng the nickel -titanium alloy at a
second aging tenperature, the first 20 aging
tenperature being | ower than the second aging
28.t e@“&r eethad o3dainmizd , mieheid tbérnadlbi progassing éhe inickehtitanium
o ?ﬁ -titani um"al I oe{ rﬁzachgs the. s taﬁl e austenite
a tyr”a UeSt ReMIma AN a iR BICKEHRG U PHYY at t he second
aging tenperature. 25 33. A nethod of processing a
ni ckel -titani umalloy conprising fromgreater than 50
29.up the swtredaf @Iaﬁer efthengiakbernalyerpcessing the sigkedttitanium

allo?qﬁélﬁaéé 58 o lbl?(—ﬂ- ft%ﬁ{ Ay t%eé it géglntg{l%{rg@érgﬁge and

ermal 'y agl ng
sut&lehoynﬂlyna@nguhe mmnwmmm&tw secomagading terapelfiife, the first
to 800Cfor at rein after ?lngthe

aging éyeperat ‘t're?rﬁ’?lﬂg 'Qﬁ’tﬁf th%@ “&%S%‘E@"tcgﬁg'f‘é e MRREFHFSrat i on

30 tenperature range no greater than 15C. 39 WO
2004/ 099456 PCT/ US2004/ 010758 34. The method of claim
30.33, Theherethed af Cleimatd, wdrerbie thesu@«e‘l-titanimmrmmrrﬁachmthe stable

h 0C. 35
augiERho ot ograii mBeRdnd AR aoPigies sneons 80be teperature.
transformation 5 tenperature range is no greater than

6C. 36. The nethod of claim 33, wherein the
31.ni cklee mathegof ﬁiaémIZYy w@rambﬂmangllshpmc@ssmguthamlczhﬂl-tltamum

allog)i lbgép_e%%tgﬁfg t@g@ﬂ?@l tﬁ%rqlu%al%yaét"'é first ?ﬂﬁ@rﬁbéa re and

er ‘conprise I"east” one
sutagduentiyabingl th@mlﬂgalﬁitmam alla38at al becoret hgidg Qérmaleaatme, the first
37, wherein the at |east e additional allo
agipg derBReratie Reingdewar ?h%\ﬁ%?r?@cﬁf‘g lﬂ&“’éﬂ)??é‘i‘%?"? eof
copper, iron, and hafnium 15 39. A nethod of
processing a nickel-titaniumalloy including regions
32.0f Ve yatgod of claim 31, wherein the nickel-titanium alloy reaches the stable

austenite transformation temperature during aging at the second aging temperature.

33. A method of processing a nickel-titanium alloy comprising from greater than
50 up to 55 atomic percent nickel to achieve a desired austenite fransition
temperature range, the method comprising isothermally aging the nickel-titanium
alloy in a furnace at a temperature ranging from 500°C to 800°C for at least 2 hours,
wherein after aging the nickel-titanium ailoy has an austenite transformation
temperature range no greater than 15°C.
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conmposition conprising fromgreater than 50 up to 55
atom c percent nickel such that each region has a
wdesidroeghsaust eni t e transformati on tenperature Pangs2004/010758
the nethod conprising: 20 isothermally aging the
nickel-titaniun1al|oy to adjust an anmount of nickel
olid solution in a Ti N phase_ in each regéon of

34.t heTie BIRINO of P o yfhesgin 4066 2SI e aStes Hepgigrmation
tenﬁﬂirgﬂ;ré?&n er‘sﬁg Féétél”fh‘éﬁ’ﬁ Loy, each of the regions

the nic gan im & | oy has an austenite
transfor mation tenperature range 25 of no greater

15C. . 4 had of ai m. 39 V\/nereln
3.1 TP DIRNGR0f ERTmess PaiRes Brafier GG termontante Bopsiogaation
teni;feré@r@f@ﬁ?@fs hdareat@GhaflsecThe method of claim 39,
wherein after aging the austenite transformation 30

tenperature range is no greater than 6C. 40 03 Q4

36." C_Tfﬁésﬁfe‘%@é%%%ﬁ‘%ﬁ g\g{e(g?ih’&p%"@igéel'l-ﬁgarﬁﬁmgaﬁ% i&a bindty nickel-

titaniuekalley.i t ani um al oy conprising fromgreater than 50
up to 55 atom c percent nickel to achieve a desired
austenite transformation tenperature range, the

37. ”Etﬂﬁ’éj nfeétho IOZ 'cﬁﬁps b ERGH R HE&) it di érlfo%hmér bé‘mpnses at

furnace a ‘agl ng tenper ature Ieve
leasttaﬂtfk edditishehalioying aelesientmat i on t enperature; and agi ng

the nickel-titaniumalloy at a second agi ng

tenperature that is different than the first aging

38.1 eNPRE Adth8d oMRRIIRI 3V, AHRBINABE A ISdst IR adkficHY aA8iRg element
terrperature the nickel-titaniumalloy has an

is selpatesfrom the aresposonsisting af @epeentitne andigdnithat i s
essentially equal to the 10 desired transformation
tenperature range. 43. The nethod of claim42, wherein

39.t heAsesibod cEProged<ingp arratkel-Ltdriumanely |h&1aﬂmgtrbglcfrisf(ﬁtvarymg
ag mgptenperature 15 44. The nethod_of claim

COMARSIEPM CORWrisitdbiamagrieate itean sPatniioe5? §tqm'§rr@rcem¢emckel such
that each region has a desired austenite transformation temperature range, the
method comprising:
isothermally aging the nickel-titanium alloy to adjust an amount of
nickel in solid solution in a TiNi phase in each region of the nickel-
titanium alloy,
wherein after isothermally aging the nickel-titanium alloy, each of the regions
of the nickel-titanium alloy has an austenite transformation temperature range
of no greater than 15°C.

40.  The method of claim 39, wherein éfter aging the austenite transformation
temperature range is no greater than 10°C.
41.  The method of claim 39, wherein after aging the austenite transformation

temperature range is no greater than 6°C.
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the first aging tenperature. 45. The nethqd of claim
42, vvhere? the austenite transformation {ggnmperature
achi4aweds dlt eim agi-ng the ni ckel - titani um al | opcamstdvao10758
§dcthid “agi ng"tehpérature is 20 greater than an

austenite transformation tenperature range achie n
42, Afmeﬂwodg:frmocmsmgwadk@elftitarawmﬁﬂowqocb\ypfﬁng %@”I? 9ve er than

50 up 8 935”&&&5’%8&?&&! I §eket o achieve a desired austenite transformation

temperature range, the method comprising:

mEY

aging the nickel-titanium alloy in a furnace at a first aging temperature
5 to achieve a stable austenite transformation temperature; and

aging the nickel-titanium alloy at a second aging temperature that is

different than the first aging temperature, wherein after aging at the

second aging temperature, the nickel-titanium alloy has an austenite

transformation temperature range that is essentially equal to the

10 desired transformation temperature range.

43. The method of claim 42, wherein the second aging temperature is lower than

the first aging temperature.

15 44. The method of claim 42, wherein the second aging temperature is higher than

the first aging temperature.

45  The method of claim 42, wherein the austenite transformation temperature
achieved after aging the nickel-titanium alloy at the second aging temperature is
20  greater than an austenite transformation temperature range achieved after aging the

nickel-titanium alloy at the first aging temperature.
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