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BACKGROUND OF THE INVENTION
FIELD OF THE INVENTION
The various embodiments of the present invention generally relate to
20 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
ransformation temperature range of the alloy.

25 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 fransformation from a parent phase (commonly referred to as
30 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



(i.e., above the austenite finish tenperature, or Af, of the alloy), and
subsequently cooled to a tenperature below the M and forrred into a second
shape. As long as the material remains below the A (i.e., the tenperature
at which t ion to austenite begins or the au ERs
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hi ghly demnylemreman o shd fighshapeat is, for exanple, it has been observed
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al | oyslSneore&mrdWansf@m‘mtmefrqnm ti ausienite phase to the martensite phase. This
transformation, combined with the ability of the martensite phase to deform by
movement of twinned boundaries without the generation of dislocations, permits the
nickel-titanium alloy to absorb a large amount of strain energy by elastic deformation
without plastically (i.e., permanently) deforming. When the strain Is removed, the

20 alloy is able to almost fully revert back to its unstrained condition.

The ability fo make commercial use of the unique properties of nickel-
titanium alloys, and other shape memory alloys, is to a great extent dependent upon
the temperatures at which these transformations occur, i.e, the A and A, and My
and M; of the alloy, as well as the range of temperatures over which these

25 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, temperaiure 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

30 of Shape-Memory Alioys: New Developments,” MRS Bulletin, Feb. 2002, at pages
91-100,



transformation tenperatures is extrenely difficult to achieve. For exanple,
in order to achieve a desired transfornation tenperature in a typical
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20 Methods of generally increasing or decreasing the transformation
temperatures of nickel-titanium alloys using thermal processes are known in the art.
For example, U.8, Patent No. 5,882,444 fo Flomenblit et al. discloses a memorizing
treatment for a two-way shape memory alloy, which involves forming a nickel-
titanium alloy into a shape to be assumed in the austenitic phase, and then

25 polygonizing the alloy by heating at 450°C to 550°C for 0.5 to 2.0 hours, solution
treating 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 shouid have an A¢ ranging from 10°C-60°C and a transformation
temperature range (i.e., As—A;) of 1°C to 5°C. Thereafter, the Asof the alloy may be

30 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 Arof the alloy. See Flomenblit et al. at col. 3, lines 47-53.
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BRIEF SUMMARY OF THE INVENTION

Embodiments of the present invention provide methods of processing
nickel-titanium alloys to achieve a desired austenite transformation temperature. For
example, one non-limiting method of processing a nickel-titanium alloy comprising

20 from greater than 50 up to 55 atomic percent nickel to provide a desired austenite
transformation temperature comprises selecting the desired austenite transformation
temperature, and thermally processing the nickel-titanium alloy to adjust an amount
of nickel in solid solution in a TiNi phase of the alloy such that a stable austenite
transformation temperature is reached during thermally processing the nickel-

25 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-
30 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



4 WD 20041099456 PCT/ US2004/ 010758 Ti M phase of the alloy such that a
stable austenite transformation tenperature is reached during thermally
processing the selected nickel-titaniumalloy, the stable austenite
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Ancther non-limiting method of processing a nickel-titanium alloy
including regions of varying composition comprlising from greater than 50 up to 55
- atomic percent nickel such that each region has a desired austenite transformation
20 temperature comprises thermally processing the nickel-titanium alloy to adjust an
amount of nickel in solld solution in a TiNi phase of the alloy in each region of the
nickel-titanium alloy, wherein after thermally processing the nickel-titanium alioy,
each of the regions of the nickel-titanium alloy has a stable austenite transformation
temperature that is essentially equal to the desired austenite transformation
25 temperature.

Embodiments of the present invention also provide methods of
processing nickel-titanium alioys to achieve a desired austenite transformation
temperature range. For example, one non-limiting method of processing a nickel-

30 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 fumace at a temperature ranging from 500°C to



aging the nickel-titaniumalloy in a furnace at a tenperature ranging from
500G to 5 WD 2004/099456 PCT/ US2004/ 010758 800C for at |east 2 hours,
wherein after aging the nickel-titaniumalloy has an austenite
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nmet hod of processing a nickel-titaniumalloy 5 including regions varying
conposition conprising fromgreater than 50 up to 55 atom c percent nickel
such that each region has a desired austenite transformation tenperature
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has an austenite transformati on tenperature range of no greater than 15C.
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better 25tamskrafifresshgdeimo gadiarthamnbiCiction with the drawi ngs, in which:
Fig. | is a schematic graph of the austenite transformation tenperatures
versus aging time at 675C for two different nickel- titaniumalloys. Fig. 2
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comprising from greater than 50 up to 55 atomic percent nickel to achieve a desired

15 austenite transformation temperature range comprises isothermally aging the nickel-
titanium alloy in a furnace at a first aging temperature to achieve a stable austenite
transformation temperature, and isothermally aging the nickel-titanium alloy at a
second aging temperature that is different than the first aging temperature, wherein
after aging at the secand aging temperature, the nickel-titanium alloy has an

20  austenite transformation temperature range that is essentially equal to the desired

transformation temperature range.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING(S)
The various embodiments of the present invention will be better
25  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 atloys.

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



all oys. 6 WD 2004/ 099456 PCT/US2004/010758 Fig. 3 is a schematic graph of
the austenite transformati on tenperatures versus aging tinme at 566C for two
different nickel- titaniumalloys. Fig. 4 is a schematic differenti al

scanni ng Ca@hdoMhdesss (' DSC') plot of a 5 nickel-titani Bﬁ“n%biog%?gﬁ%tser 2

hours aging at 650C. Fig. 5is a schematic DSC plot of a nic titani um
alloy after 24 hours aging at 650C. Fig. 6 is a schematic DSC plot of a
ni ckel -titaniumalloy after 216 hours aging at 650C. 10 DETAI LED
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austenite transfor ”ﬁﬁér‘ﬁﬂﬁ?ﬂfﬁ/@r atures of nickel- titaniumalloys are
sensitive to mnor conpositional variations, attenpts to control the 15
austenite transformati on tenperatures through conposition have proven to be
both time consuni nd g isessehenetic differentiakscanningraalarimeton(0SO") piot bba

conpositionally seq; . ' r...for | e, during

sol i di f'f’cat i on, adj %@%ﬁéﬁﬁﬂ%’\p@@gf’@ﬁf]?3‘%&&%‘%@%@% tenperatures of the
all oy can require nunerous conpositional adjustnents. In contrast, the

met hods of processi Aggn® ikalschematid DBC2EobdA ayiskalditamidimnalicyaftea i dosirs
enbodi nents of the By lien¥ %Qyéfntion can be advantageous in providing

ef ficient nethods of % 4 @ 'y controlling the austenite transformation
tenperatures and/or austenite transformati on tenperature range of

ni ckel -titani um al | dyig. 6 is acbhematiaD8Esploeol aaniskelrtitheiutr alloyfatomat 6 dwurs
tenperature and/or auste%]é iér ansformation tenperature range, wthout the
need for 25 conposi tFYRAR ﬁ? tnents. Further, the nethods according to
various enbodi nents of the present invention can be advantageous in

providitpg efficient met DEAAICED TESORFTHONOFOHE MIVENTIORe austenite
transformation tenperatures and/or austenite . )

As previously discussed, typically, the austenite fransformation
temperatures of bulk nickel-titanium alloys are adjusted by adjusting the composition
of the alloy. However, because the austenite transformation temperatures of nickel-
titanium alloys are sensitive to minor compositional variations, attempts to controf the

15 austenite transformation temperatures through composition have proven to be both
time consuming and expensive. Moreover, where the buik alloy is compositionally
segregated, which can dccur-, for example, during solidification, adjusting the
austenite transformation temperatures of the alloy can require numerous
compositional adjustments. In contrast, the methods of processing nickel-titanium

20  alloys 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 of
nickel-titanium alloys to achieve a desired austenite transformation temperature
and/or austenite tfransformation temperature range, without the heed for

25  compositional adjusitments. 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



transformati on tenperature range for nickel-titaniumalloys having varying
ni ckel contents, for exanple, when the bulk alloy is conpositionally
segregated or where 7 WD 2004/ 099456 PCT/ US2004/ 010758 different alloys are

processed ﬁ,brgd&tm@ﬁg@usly. Q her advantages of the net hogsy@oesRi@sESSi N9
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I nvention can include increased tensile strength and hardness of the all oys.
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atom c percent. ni cke represen y gpen circles and squares). can be
seen from ?Wfﬁp&fﬁ‘oﬂfte&\pﬁg)atﬂe Whgﬁ "’Wﬂ%@@ g%qr%[)(sé%r%a%ed for 2 hours, the
A. and Af for both alloys change substantially with increased aging tine.
However, after about 24 hours of aging, the changes in the AS 25
(represented in Fi g.Hawexers§has bepn ghaened by éw swentas thatiherytentobieci r cl es)

crarp 3 B8 pRblE RS A B Ao
t enper at ur pcessing wilk depmmidyors ségral fpctors indidcing, dnd hehlimided fathsfipitielbdd on
tenperatur &nd be Srthe & oﬁftﬁg E}Véﬁ%llhc%%psbsﬁfon%ﬁl ithneqélmly? an8 tﬂ‘tlee fime and temperature
to which it is exposed. For example, referring now to Fig. 1, there is shown a plot of
austenite transformation temperature (As and Ay) versus aging time at 675°C for two
20 nickel-titanium alloys, one containing 55 atomic percent nickel (represented by solid
circles and squares), and the other containing 52 atomic percent nickel (represented
by open circles and squares). As can be seen from the plot of Fig. 1, when these
alloys are aged for 2 hours, the Ag and A; for both alloys change substantially with
increased aging time. However, after about 24 hours of aging, the changes in the A
25  (represented in Fig. 1 by squares) and A¢ (represented in Fig. 1 by circles) for bath
alloys with increased aging time are relatively small. For example, after 216 hours of
aging, the austenite transformation temperatures fluctuate only slightly from the
austenite fransformation 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
30 austenite transformation temperatures (both As and As) are achieved. As used herein
the term “stable austentie transformation temperature” means the at least one of the

austenite start (As) or austenite finish (As) temperatures of the nickel-titanium alloy



words, it appears that after aging these alloys at 675C for about 24 hours,
stable 30 austenite transformation tenperatures (both A5 and Af) are
achieved. As used herein the term"stable austenite transformation
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As discussed in more detail below, and while not intending to be bound

by any particular theory, it is believed by the inventor that variability in the A and A;
of the alloys after aging for 2 hours can be largely attributed to the inability to achieve
compositional equilibrium or near—eduilibrium conditions within these alloys during

20  this relatively short duration thermal process. Thus, as can be seen from the plot of
Fig. 1, while non-equilibrium thermal processes can be used to generally increase
(or decrease) the austenite transformation temperature of an alloy, they are not
particularty useful in making predictable adjustments to the austenite transformation
temperature of an alloy in order to achieve a desired austenite transformation

25  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

30 675°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 A; of the 52
at.% Nialloy. Even after 6 hours of aging at 675°C, the A of the 55 at.% Ni alloy is



Referring again to Fig. 1, it can be seen that the austenite transformation
tenperatures of the alloys are dependent upon conposition when the alloys
are aged for less than about 24 hours. For exanple, after 2 hours aging at
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hi gher than the Af of the 52 at.% N alloy. Even after 6 hours of aging at
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processed and having sufficient nickel to reach the solid solubility limt

during t hé&fﬁ@ﬁﬁgﬁﬂgdB@%%IW@a”% faf b 24chavies atAﬁTﬁw"Cr@ﬁeén@%nqident oesaluent |y,
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desired austenjte ansformation tenperature that is independent of overall
conposi ti dhe gelid ﬁ@lugqhtydymt during thermal processing, as discussed below in more detail.

Consequently, as can be seen from the plot of Fig. 1, although
relatively short duration thermal processes can be used to make general shifts in the
20 austenite transformation temperatures of nickel-titanium alloys (i.e., generally
increase or decrease'the austenite transformation temperatures), they are not
particularly useful in making predictable adjustments to the austenite transformation
termperatures of nickel-titanium alloys in order to achieve a desired austenite
transformation temperature that is independent of overall composition of the alloy.
25
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
30 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
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25 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-equilibriumconditions achieved within the alloy
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words, the solid 15 solubility Iimt of nickel in the Ti NM phase varies with
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t enper at ur ginahnRkaeitarRhflaloysNBiesabkithudPaMBUht dhitkeNtiaticBn dxi@ iPqYtdoidri um
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gi ven t enpé&pligt splutionFisy thexdNppiaseararies with taoweratite:. i Ingptherwerds, te salidl be
incer =300 oY KHRRERK) WK bhea o e I eE ACLheLRip LY,
Ti.Ni and Tk teri“Bblil pbiabilityf linsil’”deeans the maximum amount of nicke! that is retained

in the TiNi phase at a given temperature. In other words, the solid solubility limit is

the equilibrium amount of nickel that can exist in solid solution in the TiNi phase at a

given temperature. For example, although not limiting herein, as will be understood

20 by those skilled in the art, generally, the solid solubility limit of nickel in the TiNi
phase is given by the solvus line separating the TiNi and TiNi + TiNiz phase fields in

a Ti-Ni equilibrium phase diagram. See ASM Materials Engineering Dictionary, J.R.

Davis, ed. ASM International, 1992 at page 432, which is hereby specifically
incorporated by reference. A non-limiting example of one Ti-Ni phase diagram is
25 shown in K, Otsuka and T. Kakeshia at page 96. However, alternative methods of

determining the solid solubility limit of nicke! in the TiNi phase will be apparent to
those skilled in the art.

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

11



a Ti-N equilibriumphase diagram See ASM Material s Engi neering Dictionary,
J.R Davis, ed. ASMInternational, 1992 at page 432, which is hereby
specifically incorporated by reference. A non-limting exanple of one Ti-N
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for equilibriumconditions in the alloy to be reached. Further, when nickel
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both the hardness arfthrthas, when migke! prenipitaies sui efitherTidi phare tal fouy nickal- be
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amount of nlckel in solution in the phase of a ni ckel- titanium all oy
will strongly influence the transformatlon tenperatures of the alloy. For
exanpl g5 it has been I il
gener al Fy 20 decreas%gafﬂl&ﬂ%PEggsl?st'ne'geBHﬁgﬁGQ{Sf@m#Htﬁménﬁth%msegIraf% ut ion in
the TIN phiteérofllohare strongly influenced by the composition of the alloy. In pamcular it

has been observed that the amount of nickel in solution in the TiNi phase of a nickel-
titanium alloy will strongly influence the transformation temperatures of the alloy. For
example, it has' heen chserved that the Ms of a nickel-titanium alloy will generally
20 decrease with increasing amounts of nickel in solid solution in the TiNi phase of the

alloy; whereas the M; of a nickel-titanium alloy will generally increase with
decreasing amounts of nickel in solid solution in the TiNi phase of the alloy. See
R.J. Wasilewski et al., “Homogenity Range and the Martensitic Transformation in
TiNi,” Metallurgical Transactions, Vol. 2, January 1971 at pages 229-238.

25
However, although not meant to be bound by any particutar theory, it is
believed by the. inventor that when an equilibrium or near-equilibrium amount of
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
30  characteristic of the given temperature, regardless of the overall composition of the
alloy. In other words, so long as sufficient nicke! is present in the nickel-fitanium
alloy to reach the solid solubility limit of nicke! in the TINi phase of the alloy at a given
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all oy; whereas the M5 of a nickel-titaniumalloy will generally increase
with decreasing anounts of nickel in solid solution in the TIN phase of
the alloy. See R J. Wasilewski et al., "Honbgenity Range and the

Martensiti g, T, rmation in TiN," Mtallurgical Traﬂéﬁg ' ol . 2,
January 19??%&@%%@5 229-238. 25 However, although not rreag'nzlto&ghgmgée/ bound by
any particular theory, it is believed by the inventor that when an
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af t er thergmidition within the alloy will be observed.

it will also be appreciated by those skilled in the art that if, after thermal
processing, the allay is cooled too slowly to room temperature, the equilibrium or
20  near-equilibrium conditions achieved during thermal processing can be lost.
Accordingly, it is generally desirable to cool the nickel-titanium alloys after thermal
processing sufficiently quickly retain the equilibrium or near-equilibrium conditions
achieved during thermal processing. For example, after thermal processing the
alloy, the alloy can be air cooled, liquid quenched, or air quenched.
25 '

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

30 achieve stable austenite transformation temperatures. As discussed above, the
stable transformation temperatures are characteristic of an equilibrium or near-
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processing, the alloy is cooled too slowy to roomtenperature, the
equi libriumor 20 near-equilibriumconditions achieved during thernal
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solubility limit at the thermal processing temperature selected, the stable austenite
transformation temperature achieved will be independent of overall composition of
the alloy. As used herein with respect to transformation temperatures, the term
"essentially equal” means that the transformation temperatures are within 10°C or
20 less of each other. Therefore, although not required, fransformation temperatures

that are essentially equal fo each other can be equal to each other.

Various non-limiting embodimenis of the present invention will now be

described. i will be understood by those skilled in the art that the methods

25  according to certain embodiments of the present 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 afloy systems. Although not limiting herein, the methods according to

30 certain embodiments of the present invention are believed to be useful in processing
binary, temary, and quatemary alloy systems comprising nickei and titanium in
conjunction with at least one other alloying element. For example, ternary nickel-
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transformati on tenperature achieved will be independent of overall
conposition of the alloy. As used herein with respect to transformation
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Additionally, although not required, according fo this non-limiting embodiment, the
desired austenite transformation temperature can range from about -100°C to about
100°C.
20 _

Although not meant to be limiting herein, the effect of thermal
processing on the austenite transformation temperature of nickel-titanium alloys
comprising 50 atomic percent or less nicke! is believed to be too small to be
commercially useful; whereas nickel-titanium alloys having greater than 55 atomic

25  percent nickel are believed to be foo 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,

30 alloys comprising up to about 75 atomic percent nickel (i.e., within the TiNi + TiNis
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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15 solubility limt at the thermal processing tenperature, the austenite
transformati on tenperature achieved can be i ndependent of overall
conposition of the alloy. Additionally, although not required, according to

this non-1lip.ti odiment, the desired austenite tr far i
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50 up to 55 atom ¢ percent nickel, selecting esired adstenite
t r ansf or mat9 8¢ dasirgd eaistanite tansfarmatipa ieperatites dcagrdiniosthisgrrnelimiting
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t enper at ur gcficselehititydhnit dofimg tHenmahpdoceseimy:. eBwithng, atduedisyabtids aosdiaiirnge
transf % mteim%%dtlnggﬁ?{haet é{églebaeds? iteest?a%g&)irl%lakign ?&H;%rature can be independent of
overall composition of the alloy. Additionally, although not required, the desired
austenite transformation temperature according to this non-limiting embodiment can

range from about -100°C to about 100°C.

20 in another non-limiting embodiment of the present invention, fwo or
more nickel-titanium alloys having varying compositions and comprising from greater
than 50 up to 55 atomic percent nickel are processed such that the alloys have a
desired austenite transformation temperaturs. According to this non-limiting
embodiment, the method comprises selecting a desired austenite transformation

25  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 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 fimit during thermal processing,

30 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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to the desired austenite transformation tenperature. According to this
non-limting enbodinent, the selected nickel-titaniumalloy conprises
sufficient nickel to reach a solid solubility limt during thermnal

processi NgwlithldRlse according to this non-limting 15 papaeidBibhisst he
stabl e austenite transformati on tenperature can be independent of overall

conposition of the alloy. Additionally, although not required, the desired
austenite transformati on tenperature according to this non-limting
enbodi nent range froraabeut 41007 @ltwabout HOOET 1 Asalsedthetif Ghe i BimiGtthémal

non-limting enmbodi nent of .the | nt. i nyention, two or nmore

ni ckel -t i t@ﬁ%?ﬁ"?ﬂ |'B9§”%§\ﬂt&!be Vg@ﬁﬁ@w&’wms}ﬁ Areppithel piocesspe itegatlierdrom
greater thaBedRdirdlately, BLOBIAG BRI 416 oPbipliRk pPd@sBiGGRESRdistyiCh that the
al l oys have a desired austenite transformation tenperature. According to

this non-limting enbodinment, the nethod conprises selecting a desired

austenige transformaid %Vg%rs} il ﬁfsgw,r&rin%%gt[ﬁeéﬁﬁgf?chpgl-@éfﬁhm élfo. tani um

alloys to simlar ther Ssi ng ' suc ermal processi ng,
t he ni ckel theiallapicambeicbomgscdmpasitiinally segregatedi tTeypidallg s fobraompasitional

t enper at ures ar ssentially equal to the desired augtenite

tr anst or s sBROarp .S S0 cibotit ety Pl B b Seds B uict the

ni ckel - ti t gy Mhighboylip aaquirkfihaidhdvidual cinepoditbrist agjisingas be nagdaibi ity
limt during thermal processi nqe 30 the stable austenite transfornmation

t enper at ur BreHghoNEthg g‘lﬂ)/si“\ﬁ"ﬂ?r achieya gdHieRT aysterdpdransiora@ipbsi ti on of the
al | oysypn Fu t ' ' ' zLimting
ot hant iR RSN b8 Bhplited 8 inAUEHIUIA the ahoinks rediles ' 16 o
2004/ 0994 56éorREats composiignad adjustyentsrio beabads to theGloy o Hobmver, 08B, As used

herein the_ term"siim,[lar._thernal ocessi ng” nmeans. that, the nickel -titani um
o oys ar ePbst fupd b8 lnlet ol Bus nEiBGRaN) MleetTRbRckiBiablf Al et 1t he
same or si gid ﬁmmmkrsggm’yavémé@fo'ﬁdinétcﬁarmsve‘muédiime%ts‘p‘@ﬂmé%semri ng
solidification of a njckel-titaniumalloy, the all o.\/ can becone

conposi t i ofYPIYENs agiiipamer1stanjis traisfgrmadine ferppeisdyethyghouiibg @ligueadn can
give rise X : ' Rl al | oy.

Thi s ggierg Iash%{el%%%gﬁgﬁgﬁ Gﬁ(ljglg f/?%ha coﬁn:%om tﬁ%%%mda}%}g%g%d%@f?gs'be made

t hroughout the alloy in order to achieve a uniformaustenite transformation

Accordingly, certain embodiments of the present invention provide
methods of processing a nickel~titqnium alloy including regions of varying
composition comprising from greater than 50 up to 55 atomic percent nickel such

20  that each region has a desired transformation temperature. More specifically, the
method comprises 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
such that after thermally processing the nickel-titanium alloy, each of the regions of
the nickel-titanium alloy has a stable austenite transformation temperature that is

25 essentially equal to the desired austenite transformation temperature.

As previously discussed, precipitation of nicket 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

30  present invention wherein nickel-rich precipitates are formed during thermal
processing, the thermally processed nickel-titanium alloys can advantageously
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10 tenperature. As will be appreciated by those skilled in the art, this
requires conplicated conpositional adjustnents to be nade to the all oy.
However, it has been found by the inventor that by thermally processing
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various enbodi nments of the present invention, a uniformausten
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non- 1 1 i t | RGHeN RO fuEREHngs INEraSedSuPnEtwe Gal oqatt dHMTgSORiemRl, o
accordi ng i@ng feafres@eoi ng, non-limting enbodi nents of the present

invention w1l now be discussed. Methods of thermally processing
ni ckel -titaniumalloys according to the various enbodi nents of the present

i nvent{on include, hy, e%ﬁgﬁ@,tin cbHHht &d?mehtsé%‘ttﬁégF@éenﬁmvﬁﬂﬁéﬁﬁﬁérﬁ%ﬂgS’
staged or stepped aging treatnments, an controlled cooling treatnments. As
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alioy. As previously discussed, the temperature at which ihe nickel-titanium alloy is

thermally processed will depend upon the desired austenite transformation

temperature. Thus, for example, in certain non-limiting embodiments of the present

20  invention, wherain thermally processing the nickel-titanium alloy includes
isothermaily aging the nickel-titanium alloy, the isothermal aging temperature can

range from 500°C to 800°C.

Although not limiting herein, it is believed that although isothermal

25 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

30 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
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10 holding the alloy in a furnace at a constant furnace tenperature for a
period of time. However, it will be appreciated by those skilled in the art
that, due to the equipnment I|imtations, mnor fluctuations in furnace

t enper at ur § RNy during isothernmal aging treat rrerwgérmgzgmlfo%ﬁgxarrpl e,
in certain enbodi nent of the present invention, thermally processing the

ni ckel -titanium all oy includes isothermally aging the nickel-titanium
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al loy, the isothermal aging tenperature can range from 500C to 800C.
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invention, Where alloys with larger cross-seciions are Isothermally aged, aging time

15 can be greater than 2 hours, and may be least 24 hours or more. Similarly, if alioys
having smaller cross-sections are thermally processed, the isothermal aging time
can be less than 2 hours.

Further, where the overalt composition of the hickel-titanium alloy is

20  very nickel-rich as compared to the solid solubility limit at the thermal processing
temperature and/or refatively low thermal processing temperature is employed to
achieve a desired austenite fransformation temperature, the time required to achieve
a stable austenite transformation femperature can be longer than desired for some
commercial applications. However, it has been found by the inventors that the time

25 required to achieve a stable austenite transformation temperaiure 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
30 invention, thermally processing the nickel-fitanium 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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tenperature will vary depending, in part, on the configuration (or
cross-sectional area) of the alloy (Le, bars, wire, slabs, etc.), the aging
tenperature, as well as the 10 overall nickel content of the alloy. For

exanpl e, %% 42(]39‘{% t limting herein, where super-fi %ﬁbﬁbﬁ%l‘gfﬂ ani um

wire (i.e h a diameter of |ess than about 0.03  inc
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austenite dquamﬁmmieawequmﬁaﬁmwdmdnnmm thenaldyeltthé ebeord 4glg and/ or  at
| ow t her rral pr o%es& ng tenperatures can be reduced by enploying a staged

t hermal priBCOEEME. descri bed bel ow. More specifically, according to certain
enbodijents of the present 30 invention, thermally processing the

ni ckel -titaniumalloy to achieve a stabl e austenite transformation
tenperature that isVéikomtiatiendingdadle toond by anypardeuianibeery, adirst aging

st agl norea g 6ar i it RoI0b PolibTelive Bl oty 88’ ©

subs equenttbmfpemtn@ défitee en@keé stlebtud {o m@ééwthetlmaalscﬂﬁmdn agtend mdkem)er ature,
wherein the

t enper at ur'®th '%E:‘i%? E%:‘\g 969? er s gréﬂﬁ‘% %értagg gﬁ%‘g?‘%ﬁgg@ %r'sat ure is
T e
t enper at ur@ablgtgaistenite transformation temperature essen gtially equal o the desired arng
transformation temperature. Although not required, after aging at the second aging
temperature, the nickel-titanium alloy can have an equilibrium amount of nicke! in
solid solution in the TiNi phase.
20
Referring now to Fig. 3, there is shown a plot of austenite
transformation temperature versus aging time for two nickel-titanium alloys that were
aged using a two-stage aging process. Although not indicated on the plof, prior to
aging at 566°C, both alloys were aged for about 24 hours at 675°C to increase the
25 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 Ag and As 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
30  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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alloy will have a stable austenite transformation tenperature that is
essentially equal to the desired transformation tenperature, and
characteristic of a conpositional equilibriumor near-equilibriumcondition
Wi t hi n t hey) Joypodtlsst he second aging tenperature. 10 Wies20Rin1478¢ ending to
be bound by any particular theory, a first aging tenperature that is higher
than the second aging tenperature, but bel ow the soivus tenperature of the
alloy, is selected to increase the initial diffusion rate of nickel wthin
the all oy. Ther eaf tlargne ten-timdingeskaayde oha tveo-stagesdgimgrptdcess besgreingttor e i s
15 achi ev ! .ckel -titaniumallo a.second. agi t enmperature
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t he desir aded &t affirdt @it teopdralipe FaidiiEfro 60000 86 800LC ! sttsdiRdquahtyer agi ng
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equi | i bri GHPARDAMWYTSEFPRR @uinttempsratyramngtnadrom v0PHe tooRP Gnigdher2o
Ref er 1k ng gpRMdrOndiirgquifed, the h%#bﬁtitéhﬂwalﬂ:ﬁaﬂtbéjé%@dﬁéf-ﬁg'fﬁ& aé{iﬁns“ ormat i on
time tor t e

tenperature versus agdi ng wo ni ckel -t1tani um all oys t were aged
usi ng a t irweeratise e atdent Echays andtah thegseoood aging iempetatne foret paast 2 pri or

to aging 5 : f : r o]

I ncr ease th ﬁérSZ% f:?]ﬁe'tg %gp'lygﬁil% U%Pgﬁé(?cg?@ﬁgltg ﬁ-\'sc%gﬁ%irﬁﬁ.ﬁgt%éﬁ%%@é aﬁ%@%&%f ter,
bot h al | oyrsnsfermatigettmperabf€is ashievedi daingdading dhibe@ecbndtagiigys. 3, As can be
seen fromcthe ot of Fig. 3, after about 72 hours, stable AS and Af

t enper at ur¥BOPEIFHBL are al so i ndependent of overall conposition of the

all oy,jpare achieved. In contrast, had the alloys been isothermally aged in
one-stage agi ng process (i.e., at 566C only), aging tines in excess of 72 30

hours woul d have belWill gl§aibecaprreciatedi i bose skilled i thparbihahtasdhe ©¥agssr at ur es

due to't | we ' ' | Srivi G :

relativel 3%%%}%?%@(;#& @}(%ta Ie{r;]tfg ﬁiuﬁéw@@%%ﬁ%&r J%é%&%@f 5758 1 'n one

non- | i m t iohgickslanigh precipitatesvaiss dhinjeishgs.n drupthet, éfsie caderdodiahipviedhe desired
austenite transformation temperature, the alloy is to be thermally processed at a

15 temperature near the solvus temperature of the alloy, the driving force for and rate of
nucleation of the nickel-rich precipitafes will be quite low during thermal processing.
Accordingly, the time required to achieve a stable austenite transformation
temperature that is essentially equal to the desired austenite transformation
temperature can be longer than desired for some commertial applications.

20  However, it has been found by the inventor that by empioying a two-stage thermal
process, the time required to achieve the stable austenite transformation
temperature can be reduced. More specifically, according to certain embodiments of
the present invention, thermally processing the hickel-titanium alloy to achieve a
stable austenite transformation temperature essentially egual to the desired

25 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.

30 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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certain enbodi ments of the present invention, a nickel-titaniumalloy is
Isothermally aged at a first aging tenperature ranging from 600C to 800C,
and subsequently aged at a | ower second aging tenperature ranging from 500C

to 600C. Flw(?%gmgésﬁalthough not required, the nickel 'th?)ﬁbgﬁl/@o#ﬁy can be
at t

aged at the first aging tenperature for at |east 2 hours an e second
aging tenperature for at least 2 hours. As previously discussed, according
to this enbodiment, the stable austenite transformation tenperature is

achi eved diempegatmgi ofghatlityhieciewdhe doﬁvgis lt@nb@ﬁtlﬂ’eaif teealloy] Qe) Ginddrédoliagso be
appreciat t ho il1led in fhe he e ni ckel  content
of the n| {het%ﬂwﬁﬁé e ufﬁ’ﬂ\t P‘ erli'st{yFWQQﬁrrsgéngrteWGETaélHﬁ on

of ni ckel 1matq§am@qhmtrfé@§n lté?rﬁpﬂamré'n%ﬁééd t&uéﬁ:&%thedesn@dorder to achieve
the desired austenite transformation tenperature, the alloy is to be

t her nal | y tanstasmstign igmperpiire ethgapta fefrrwc{e@éapnpﬁﬂﬁ@s@pwgrdﬂd?fp@lpmf@s@aaf t he
al | oy, sthgy %gmeépﬁa%f Pifo%vé%nﬁaghé ﬁ&aeP%]rg rd%ﬁ&aﬁé& bPtheX rsttéﬁiﬁ\@' ckel -rich

precipitates I"ow processi ng cordingly, the
time r eqwtemnetactu:@c grcwtb of tha ajtelc@tatesttmﬂiffes'mm ahifeariokdl vdlhoctrmpeneat ur e t hat

I's essenti gl t I red aust n|t an r.oat | e rature
can be Ior{é iﬁg}? é\(? é@?&frgﬁjsrgbwc@ gq)rdg}g&f agtg{ Pgﬁ@n‘h%b qrgg&ever '
has been fthmballoylmthenmehaglhgtt@m‘pem;(u@mﬂe(mww-tlmrﬁm-ﬁlb&@a@éﬂa&w|

process, the tine required to achieve the ﬁ] | e ausiﬁenlte transformation

t enper at uriecRaY agingteapetaurabakisdjigharithan fhefirstaging rﬂﬁerlag-"@e APn
embodi jgentsarfdulady) hd s Ml adi %?ﬁ;bé}ﬁtur% ﬁ?&ﬁﬂ%’elﬂéu@ﬁ YeAI[E @fbb‘]é‘ﬁustemte

ni ckel -titani um al'l oy to achlieve a stable austenite transformation
t enper at urtersfymationltemperiiie reache\:bdt@rm aging abtherecend egingrtampesatues iSon

L emper at ur oA R afRLAR s s Bhit KR R ety 5t 2 Cecona

agi ng tenperature, wherein the flrst aging tenperature is |ower than the
second aging tenperatur not jntending to ound by any

e
particul ar theory, &Y@@R‘PV'I“S@%“S?% aging WP?SS&W%@?ﬁ%{@Q’%t the driving
for ce f5or {BATRAANAUAANIILRS! IR 1o sec@rkfpég;ﬁ%eémp@%ﬁ%pa has 88eh bBERTed

supersaturated TI'Nl phase can be I ncreased decreasing t

that the totai aging time required to achieve a stabie austenite transformatlon
temperature essentially equal fo a desired austenite transformation iemperature can
be reduced. In one specific non-limiting example of a two-stage aging process
according to this embodiment of the present invention, a nickel-titanium alloy is

20  isothermally aged at a first aging temperature ranging from 500°C to 600°C, and
subsequently aged at a second aging temperature ral;ging from 600°C fo 800°C.
Further, although not required, the nickel-titanium alloy can be aged at the first aging
temperature for at least 2 hours and at the second aging temperature for at least 2
hours. As previously discussed, according to this embodiment, the stable austenite

25  transformation temperature is achieved 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,
30 the utility of shape memory alloys depends upon the transformation temperatures of
the alloy, as well as the transformation temperaiure range. As used herein, the term
“transformation temperature range” means the difference between the start and
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21 WO 2004/ 099456 PCTI US2004/ 010758 tenperature of the alloy bel ow the
sol vus tenperature of the alloy, he, undercooling belowthe solvus
tenperature of the alloy. Thus, by utilizing a first aging tenperature that

is |ower tRamdlifongi Ng tenperature needed to achi eve tpergesnhlfbss
transformation tenperature, the rate of nucleation of the nickel-rich

preci pitates can 5 be increased. However, once the nuclei are generated at
the first aging tenperature, growh of the precipitates by diffusion of the
ni ckel wi fihisbdemperabures foomgiven phiase wanaipirmgtioreforer given alloys(ijencieased.

Fenper ar oMM 58 1sBE e h e Spusbhl P A okl rag™”
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particul arly, _the i ng tenperature is chosen such that the stable
austenite ASi‘/ r FaHfg'ferSf_r Ambseh ﬁg‘&‘fg\é’%?‘gﬂ@q densiomaAticRgeBrRjuE ranaes dbe ond
agi ng_§ eRGRte4LEntally e%aﬁmﬁ%éﬁé t%a?ﬂfé?tlraﬁs‘ﬁeréﬁoH%érhgét%tlﬂ‘é%ﬁgéé Sre within
transformation tenperature. By enploying a two-stage agi ng process using a
first agi Ng§°@sriasesdeachotharndineraforewhougranotiraguisest dratnstgimagion enper at ur e,

aust oni to TPEReTAE rang s et B et Aol R b FEhbaT B it Bl 8" =1 ©

aust eni t eothheansf ormati on tenperature can be reduced. In one specific
non-limting exanple of a two-stage aging process according to this
enbodi nent of the present invention, a nickel-titaniumalloy is 20

i sothepmal 'y aged apjtRoddH Bt IRSItNG hERIFPSH sbmeSpbicktions, & hamohlilistdmiet00C,
and subsequently aged at a second gg ng tenperature rangi ng from 600C to

800C.  Futhensiormaliemtaaperabire rangs lsclesirete Generally-a narseWw aus@nitey can be aged
at the fig | Eﬁﬁ? r : ; ; second agi ng
terrperaturt'e%'tiﬂlfg)?ﬂng'?0‘I1 t(taas %%ﬁéﬁﬁi@&@ﬁlg‘\%ﬁéaé‘)y F’E%ﬁ{s%e F‘Zéag%ordi ng to

t hi s enbosupersgsticipeopriibs ef thestiekd!titarfim taflays ffor erampla, buetmupd fisited éo,i s

achi eved during aging.,at the second i n enper.ature. t hods of .
pr 0cesst ng LR A RVEHASE By eo: SO AN M bSAGUEN G aFaRsiRas on
t enperat un@insRMGRLIBA ldmporatie rahGes IsstRited AG epieplyUBloaddisteriged, 30 the
utility of shape nmenory all oys dep,ends,uBon the transfornmati o% t enper at ures
of transformation termperature range is desirable in applications requiring different

degrees of transformation at different temperatures, for example, but not limited to,

temperature actuators.

20 Referring again to Fig. 1, as can be seen from the plot in this figures,
as the aging time increases, the austenite fransformation temperature range for both
the 55 at.% Ni alloy and the 52 at.% Ni alloy decreases. For example, after aging
the 52 at.% Ni alloy for 2 hours at 675°C, the alloy has an austenite transformation
temperature range of about 18°C, and after 6 hours of aging, the austenite

25  transformation temperature range is about 11°C. However, after 24 hours aging at
675°C, the 52 at.% Ni alloy has an 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

30 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 fransformation temperature
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the alloy, as well as the transformation tenperature range. As used herein,
the term "transformation tenperature range" neans the difference between
the start and 22 WD 2004/ 099456 PCT/ US2004/ 010758 finish tenperatures for a

gi ven phasgyd seasbgsmation for a given alloy (i.e., Af-pASuSoosdyfrshf). As

used herein, the term"austenite transformation tenperature range" neans
the difference between the A5 and Af tenperature for a given alloy (i.e.,
Af- A5). Further, as used herein with respect to transformati on tenperature
ranges, t RN ofdess thepsahouk 51 Cy Fodber, 'as mgingstirid irtcrédeestieyos tl @4ntaguirg n

2t thougn dit 2RRRffe Bafotrkatch e B Fifysdiondial e apomiienic

essentially equal to each other can be equal to each other. 10 Al though not
limting herein, in_sonme agg‘l\(i cations, a narrow austenite transformation
tenperature range i RoiRSENG Baw teskigs: 4r9.hererpie shawa faiesnsehematiGanst or mat i on

t enper gt UGEFARRE sEanfsg hél@ﬁh@t&ﬂ"‘ QP*)i s ioﬁfhﬁnéc?ﬁ}g a‘ﬁi&%éiiﬁaﬁim alioy

superel astic properties of the nickel-titaniumalloys, for exanp but not
limted t 60MpHANSHTaatamiepealicentyicktiadheD3@wiot iMAid. ¢ was oblagreddpphiackd i ons,

a broad a [ : Lon: ¢ ture.r ' | [.ed—.Cenerally
2 broad adnRAetoertrIgier I RLNEE ol doFuRERSTC Brattiafe i

appl i cat i @BC pledqin Fign§ vvlltis‘ cblﬁa'meﬂ aﬂﬂ.e@bm tesmafly bgiagthe Souitomie pdrceitf rfiﬂ{eentz .

t enper at ures, d ut iJhted. to, .tenperature_actuators.
Referring aﬁ%ﬁ%&#%%@‘@’“&% a@ﬁ%%gi&@ﬁgf'} ‘g'ﬁh @M@Sgﬂ%ﬁ?m?ﬁ #fls figures, as
the agongiédth@nidll/?r_ e 89gofHiS pEidehEnitke 2RbY ENBSD Qo 2ABSoatdlr € range for
both the 55 at.% Ni alloy and the 52 at.% N all oy decreases. For exanpl e,

after aging the 52 at.% N alloy for 2 hours at 675C, the alloy has an
austenite transt of TRefding W FREUDK peR o Aor@Rlind Beadub G Lor 6 hours
t r anst or oA t€

of aging, the austenite 2 eratare range 1s 'about 11C.
However, aépresedis theterspargiurg range 6V eyhitththespadensiticdrangfoogatasoenurs

S o L o QTSRS - TRA I S AR koo BT HRED. RSB ot
t enpenat uk@nsRNG@tICE StarlRadt tid AMaempeRiieel gdherallySindidatdd ¥s 42, and is
complete at the M; temperature, generally indicated as 44, of the alloy. The lower
peak, generally indicated as 45, represents the temperature range over which the
austenitic transformation occurs on heating the alloy. For example, as indicated in
Fig. 4, the austenite transformation starts at the A; temperature, generally indicated
20 as 47, and is complete at the A¢ temperature, generally indicated as 49, of the alloy.

As can been seen from the DSC plots in Figs. 4-6, both the martensite
and austenite transformation temperature ranges narrow with increasing aging time
at 650°C. Thus, for example, upper peak 50 (i‘n Fig. 5) is sharper and more narrow

25 then upper peak 40 (in Fig. 4); and upper peak 60 (in Fig. 6) is sharper and more
narrow than both upper peak 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. 8) is sharper and more narrow than both lower peak 45 and lower peak 55.

30 As discussed above, along with the austenite transformation

temperature, controlling the austenite transformation femperature range to a narrow
interval is desirable in certain applications. Therefore, certain embodiments of the
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after aging the 55 at.% N alloy for 2 hours at 675C, the alloy has an
austenite 30 transformati on tenperature range of about 21 C and after 6
hours of aging, the austenite transformation tenperature range i s about

13C. Howev fter 24 hours aging at 675C, the 52 at. 9(,% | as an
austenite S&%ﬁ@?@@ I on tenperature 23 WD 2004/ 099456 é ‘8@%7%10758
range of |ess than about 5C. Further, as aging tine increases beyond 24
hours, this austenite transformation tenperature range does not change
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is conplete at the t emperat ure, general y I'n ated as 44, of the aIon
The | ower dQ@eadmggmwr amoylguotmrdbma,&@dwlredapst@géet@nsﬂmmaﬁ@perature range

over | C S ti For
xarpl . - deABe e aBbr, bR R OB IR O e MR Rt "t e
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the DSC pl Bee TDHCFTsLLambE noisesier REniics SRPRUNG.dnosh,en 43 Pthermal |
transfornvéd chfdliRsiat ure ranges narrow with increasing aging time at

650C. Thus,” f'or exanple, upper peak 50 (in Fig. 5) is sharper and nore
narrow 25 then upper peak 40 (in Fig. 4); and upper peak 60 (in Fig. 6) is

S oy lower pedtrBEn d¥ tengLoy ks AEHEP BRI BRSS BFfe e | | ouer
peak 45 (iconipasitichally aegregateel dyremksdhidification. Therefore, vanous embodiments of
the present invention also contemplate methods of processing nickel-titanium alloys
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

20 temperature range. According to these embodiments, the method comprises
isothermally aging the nickel-{itanium alioy 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-fitanium
alloy has an austenite transformation temperature range of no greater than 15°C.

25  Although not required, according 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 achigved after isothermal aging can be no greater

30 than 10°C, and can be no greater than 6°C, depending, in part, on the isothermal
aging conditions.
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Fig. 6) is sharper and nore narrow than both | ower peak 45 and | ower peak
55. 30 As discussed above, along with the austenite transformation
tenperature, controlling the austenite transformation tenperature range to a

narrow i Ny M@dndbissdesirabl e in certain applications. dhpgehfiRerssertain
enbodi nent s of ?1 24 WD 2004/ 099456 PCT/ U82004/010758 present invention
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i ncl udi ng regions of var osi t1on onprising fromgreater than 50 up
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required, I's non-limting enbodi ment, the aging tinme can
on aging mckel-tltanlum alloy at a first aging temperature.

in another non-limiting embodiment of the present invention, the
method of processing the nickel-titanium alloy comprising from greater than 50 up to

20 55 atomic percent nickel to achieve a desiréd transformation temperature range
comprises aging the nickel-titanium alloy in a furnace at a first aging temperature to
achieve a stable austenite transformation temperature, and subsequently aging the
hickei-titanium alloy at a second aging temperature that is highér than the first aging
temperature, wherein after aging at the second aging temperature, the nickel-

25 titanium alloy has an austenite transformation temperature range that is essentially
equal to 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.

30

Various embodiments of the present invention will now be illustrated by

the following, non-limiting examples.
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be at least 2 hours, at least 3 hours, at least 6 hours, and at |east 24
hours dependi ng upon, anong ot her things, the desired austenite
transformation tenperature range. Further, according to this non-limting

enbodi nment , nite transformation tenperature ra i after
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6C, depending, in part, on the isothermal aging conditions. 25 WD
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at the sesguhchiggiifitalignRAbR WHsaheh Ret WbAdka!to rifirthErgrainl siuchas, an austenite
transformation tenperature range that is essentially equal to the desired

aust eni t e_Aﬁtﬁraﬁf@fvwﬁéhe@quﬁmgn%ﬂw@heawgéenimwﬁé@cm trdempegaAtESt hi s
non-1 1 1q ti @ ﬁg@ﬁ@h@gﬂ?g%? %gt?y[st (A% ShTBLIGrdABRI2 N GoVeh B aReB iy ed on

aging at the second nperatu lé;reater than an austenite
t r ansf or nealloya weresenyositionaliyhsenregatednthegiustenite diesisfarimadinn tempelabyreat a

i nvent on, € MBRAERIeRained, SRBeRiey BableF ckepeh SIS RbIBmeliaiE g
f rom gr eatigra fubhsatebor the firaes aAd Sempéretares BRowe M Tablekel to achieve a desired

transformation tenperature range conprises aging the nickel-titaniumall oy
in a furnace at a first aging tenperature to achieve a stable austenite

oy BT Lo one ool et A0, SHASANAN otk LiRonsk L (20

temperatures for each alloy were determined using a bend free recovery test, which
was conducted as follows. An initially flat specimen to be tested was cooled to a
temperature approximately -196°C (i.e., below M; of the alloy) by immersing the
specimen in liquid nitrogen. Thereafter, the specimen was deformed in to an

20 inverted “U” shape using a mandrei, which was also cooled by immersion in liquid
nitrogen. The diameter of the mandrel was selected according to the following
equation:

Dn=Tl-T

Where D, is the mandrel diameter, T is the thickness of the specimen, and ¢ is the

25  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

30  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 A temperature of the alloy, The
reversion to the initially flat shape was compiete at the A; temperature of the alloy.
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tenperature, wherein after aging at the second aging tenperature, the nickel
25 titaniumal l oy has an austenite transfornmation tenperature range that is
essentially equal to the desired austenite transformation tenperature
range. Fur{/ahes@eserding to this non-limting enbodi ’E‘?ﬁl‘mszﬁ&lﬁ)m 8
transformation tenperature range achieved on aging at the second agi ng
tenperature is greater than an austenite transformation tenperature

achi eved on aging nickel-titaniumalloy at a first aging tenperature. 30
Vari ous dbdtadiomespsndihg td eslptivesdisplacementt ofdine spddimeowdrecallcctest usihgetheby t he

f ol | ow ng, n-limtjng exanples. 26 2004/ 099456 PCT/ US2004/ 010758
ExAVPLES R RIS 45 HECEREERED Sk o 4 (66 SotoNas SENPRh ARG B oxi mat el y
52 at om cA gpshesidisplacdméntarisienengRiritarewag ttaoplotedrahd tiye ADaf8 @i ¢ per cent
nickel, were 5 prepared as follows. The pure nickel apd titaniumalloying

addi ti onseHPEERINEmsdeteimingd dAsed PBPNARPEOXRRERR 8T BiRdNEFARemaHEST e a vacuum
arc 1 el &Il Irbdagar, The idlsbech ERE drifBaTRbACR R ISHSRRCNL |y cas!

into a rectangular slTab. Arter casting, each nickel-titaniumalloy was then
hot wor kezbriesppedingdo tieethyearegions ofdhegeaphat.eetipe owianeparatme eaddigho nmeasur e

t he aust en| nsf | on erat.ur. 10 ..and_Af the all oys
prior ¢ o PoRg RO e bR S ERR R OBt B et el

corrpgsi fj i refzively eﬁm‘er ﬁgpé,@]ici-nd ﬂhbemteuﬁiediaiet t?gtd?ﬂﬂlﬁh rlelrgmbrh bas fa_eratafa':f]@igxwrlg[s couljd
not be determ ned. ereafter, sanples of each allo re isothermally age
in a furndleReTHReYSE ttpﬁgr%aéégg@@ﬂr%ée@ﬁ%ﬁﬁ”rﬁgo\ﬁﬁ%O%lm%- Af ter each
agingiginme interval, the austenite transformation tenperatures for each

all oy were determ ned using a bend free recovery test, which was conducted
as followkabldd initially flat specimen to be tested was cooled to a

10600 (.

erper o e EFERRETET g 195C (17 _berow o st o7y by e i
(ne, pect el N Ertul i fooen. " Bjeaijer. Ule sbectmy by ot orfed
| mer si on ."emg‘&'@twe Austenite Austenite
C|Hows | A | | Toomsin | &, | & | Tt
675 2 | 49 | -31 18 22 ] A 21
6 | 28 | 7 11 S 4 | 13
54 | 48 | 14 4 95| 9 3
72 | 26 | 21 5 |20 -6
516 | 21 | 17 4 6 | 11
650 5 |88 | 56 32 2] 7 19
& [ 13| 4 17 410 6
24 | 0 ] 5 5 5 | 7 >
72 1 3 | 7 3 & | 10 3
516 | 10 | 12 3 197 5

As can be seen from Table 1, by aging either of the alloys for 24 hours
stable austenite transformation temperatures (both As and As) can be achieved, (i.e.
15 the Asand Asof 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
témperatures achieved after 24 hours aging at 675°C are also independent of
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nitrogen. The dianeter of the mandrel was sel ected according to the
followng equation: DreT/s - T Where Dmis the mandrel dianeter, T is the
t hi ckness of the specinmen, and s is the 25 percent strain desired, here,

three per cg,@tﬁom'}'dggggzafter_, the speci nen having the |nvle(rjt,§§3004;d'm§§1ape was

pl aced directly under a linear variable differential transtormer ("LVDT")
probe in a bath of nethanol and liquid nitrogen having a tenperature
approxi mately 10C bel ow the suspected A5 of the alloy. The bath contai ning
the specovasall aomipobition Yhthepnioke-tilwriemtdilon. dhelt isctiecht afsha@satioNiplat e.  As
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t enper at urapresantaiiverans! can bel atiributed éo Agctuatibns in the fiyvace tereperdbire doting:d
based on a& apprOX|nat|on of the inflection points of the 5 curve. In
particul ar?Y the intersection points of three linear regression-fit |ines
corresponding to the three regions of the graph- i.e., the |low tenperature
and high tenperat |pns ere the h of dis r sus

|
t enperat ure has Lj‘F"Sthrr“ Fo8ng O@de@pgeég’gaﬁ?fea@'?ﬂm B‘ér e’lgap'ﬁrﬁtv\here

gr aphihaseas1c|tRé Ay ahy A; aF g ssz%ewl M%Pr%nu&ﬁé A, oF 85D 4t wPRRalldyarés and At
tenperatures of the speci men. 10 Tab | sot hermal Agi agA ging ' Time 52 at. %

N 55 at.gtakie, tieppeieaite ransggnation @nmﬁ@f@rﬁ& are not Mﬁp@n ntagf opiegalls f or mat i on
As Al Tr agskahERbh ORurther, after 2 hours aging at 675°C, the austenite transformation

temperature for both alioys are neither stable nor independent of overall
composition.

15

Stable austenite transformation temperatures (both As and Ay) can also

be achieved for both alloys by aging the alloys for 24 hours at 650°C, (i.e. the Asand
A;of 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

20  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 ailoy. 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 A: of the 55 at.% Ni alloy is within 10°C of the A; of the

25 52 at.% Ni alloy after thermally processing the alloys at 850°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 afloy and the A and As of the 55 at.% Ni
alioy are stable, the austenite start temperatures are not independent of overall

30 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 A nor the As of the alloys is
independent of overall composition of the alloys.
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Tenp. Range Tenp. Range 675 2 -49 -31 18 -22 -1 21 6 -28 -17 11 -9 4 13 24
18 -14 4 -12 -9 3 72 -26 -21 5 -20 -16 4 216 -21 -17 4 -16 -11 5 650 2
.88 -56 32 -12 719 6 -13 4 17 4106 24055572 723746 10 4 216

10 12 2 11 44 830 §g4g@n be seen from Table 1, by agi ngtﬁ:yy}ﬁ{% 4/I9|{02§H al | oys

for 24 hours & austenite transformation t enper a and Af)
can be achi eved (i.e. 15 the AS and Afof each of the alloys after 24 hours
aging at 675C does not devi ate nore than 10C upon thermally processing the
ni ckel -ti tanl um al IAuhmuglemottlllrmtlmglh‘erelmmdbelmlmi tha’rth&nnmdmmb@maif 8 hours.)
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Furtheg, afibgr 2 hours aging at 675C, the austenite transformation

Further, as indicated in Table 1, the stable austenite transformation
temperatures (As and Ay) achieved after aging the nickel-titanium alloys for 24 hours
at 675°C are lower than the stable transformation temperatures achieved after aging

15 the nickel-titanium alloys for 24 hours at 650°C. Although not meant to be bound by
any particular theory, as previously discussed, this is believed to be attributable to
the different solid solubiiity fimit for nickel in the TiNi phase at 675°C than at 650°C.
In other words, the characteristic austenite transformation temperatures for nickel-
titanium alloys having an equilibrium amount of nickel in solid solution in the TiNi

20 phase at 675°C are lower than the characteristic austenite transformation
temperatures for nickel-titanium alfloys having an equilibrium amount of nickel in solid
solution in the TiNi phase at 650°C.

Moreover, as indicated in Table 1, the austenite transformation
25  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
30  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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tenperature for both alloys are neither stable nor independent of overall
conposition. 15 Stable austenite transformation tenperatures (both AS and
Af) can also be achieved for both alloys by aging the alloys for 24 hours
at 650C, (wy200i/0450s and Af of each of the alloys aftgg /?Qﬂqu%shours

agi ng at 650C does not deviate nore than 10C upon thermally processing the
ni ckel -titanium all oy under the sanme 20 conditions for an additional 8
hours.) Further, the stable austenite transformation tenperatures achieved
after 24 thogiingenigh g aystesieiransiomnation tethpeeatuwstfoneadvaliay wWereconposi ti on of

t he ni ck I t.ank yoa.al | ; %N, alloy is
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alloys at 650C for 24 hours; and the Af of the 55 at.% Ni alloy is within
10C of t Af ,of the 25 52 at.% N alloy after thermally processing the

al l oys at #¥9€ for 24 hours. In conmpari son, although it appears after aging
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at 650C t hamfor—the 52 YN a gy —Thegefore—4ah PNyt at—650C
required tjo achi eve statl?df': J%?en?’?e t ransf or rti?i)gn fe oératup s for the
55 at. % nickel alloy was |ess |tBan Bor! the452 af. %B6N |48 ay. Hopever

I ndi cat ed by—Table1; a] t epi-tletrlansf ormation—ten bot h
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al l oys for[ 27 NQEes—ar 450G 1 Lr'rg[efq T SSameT Tt rocessingtan be
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, as

6 11 | 37 26 43 51 8
24 45 | 58 13 57 62 5
72 56 | 64 8 58 61 3
168 | 58 | 64 6 57 62 5
5 As can be seen from Table 2, by aging either of the alloys for 24 hours

at a second aging tempetature of 600°C, stable austenite transformation
temperatures (both As and As) can be achieved, (i.e. the Ag and A;of 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

10 additional 8 hours.) Further, the stable austenite iransformation temperatures
achieved after 24 hours aging at the second aging temperature of 600°C are also
independent of overall composition of the nickel-itanium 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 a second aging temperature of 600°C for 24 hours; and the

15  Ayofthe 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.

i
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10 alloy. Further, as indicated in Table 1, the stable austenite
transformation tenperatures (As and Af) achieved after aging the
ni ckel -titaniumalloys for 24 hours at 675C are |ower than the stable

transfornma ratures achi eved after aging 15 the ni um
%g&ihh 04/9BS56 p04 4 gu 4;610’&5@
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al l oys for ours at 650C. Although not neant to be bou
particul ar theory, as previously discussed, this is believed to be
attributable to the different solid squbiIity limt for nickel in the TiN

phasef at 675C t han iatcoﬁﬁiﬁsop] altreduighrit a!mredss aftémgiﬂ@tl*@élmyisi‘@ri@hmmni te
t t t
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are | ower of tharps ste, MNiaillag aes bl tie sl RBhitEsthFiadmberafBidsite ribemper at ures for
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sol uti on indeppadentqf operad ComPasEve: ﬁtﬁmebxﬁéteri‘é@urﬁamaataé@e secraplaging t he
aust ens ! edhaliahps BREOET, %éuhsm%r Mr%fbm%zg B diby i€ 9Bl dhd' @ OW Wi T

i ncreasing aging tine at 'a given aging enpera e for) oys. Exanple
2 Additi oaa*stesaerpiaelstenfperataraweandtwieppnd@améovatadimmhp@tﬁm Exanple 1 30
above were aged using the follow ng two-stage agi ng process. The alloys were
aged at a first aging tenperature of about 675C for 24 hours and

subsequently aged At&hcm ghatsilichiag Rerelre MSbalidved tAst thedink@lrR &f ArkeMni n Tabl e
2. After eaﬁcgﬁggl ng, 3 \I:/l_\l?}l20041099456 PCT/ US2004/ 010758 tinme interval, the

aust eni t eSP pipmhithe d INipRasedh e 35 pbye Hibglloyefere a@ngat tersecanted u5| ng
;gleng?ggl fggﬁgltéﬁ@@vaquretﬁéé cl%%éP{o' th@%oﬁépeeﬂab m@/ érﬁﬁgﬁfﬂé’@/&%s‘? ter%a?ie\ﬁAﬁg%m nd
Hours AS APOYG thesrfor the at. %stHovr Jm@fafamth&)agmg time at 600°C required to

achieve stable austenite transformation temperatures for the 55 at.% nickel alloy was

less than for the 52 at.% Ni alioy. However, as indicated by Table 2, austenite

transformation temperaturss that are both stable and independent of overall

15 composition can be achieved by aging the alloys for 24 hours at 600°C. Therefore,
the same thermal processing can be used for both alloys without regard to the initial

condition of the alloy.

As can be seen from Table 2, by aging either of the alloys for 72 hours

20 at asecond aging temperature of 566°C, stable austenite transformation
temperatures (both As and Ay) can be achieved, (i.e. the A; 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

25 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 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 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

30 thermally processing the alloys at a second aging temperature of 566°C for 72 hours.
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Tenp. Range Tenp. Range 600 2 11 26 15 27 35 8 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 11 37 26 43 51 8 24 45 58 13 57 62 5 72 56 64 8 58 61 3 168 58 64 6 57

62 5 5 As Gahelfes@en from Table 2, by aging either of ghieahdiRYssd or 24

hours at a second aging tenperature of 600C, stable austenite
transformation tenperatures (both A and Af) can be achieved, (i.e. the A
and Af of each of the alloys after 24 hours aging at 600C does not deviate

mor e thag 10C up?nlnbbﬂpgﬁbdé%, aoﬁhoogﬁaialpgeaﬂs@f;ar@gmgthétema'slmr&ulrfzwryaﬂer t he
sanme conditions for an 1 i ti ousrs. )...Fur r, the stable stenite
transfor n%??%ﬁﬂ‘dtw%ﬂmf@@r e&n& ﬁggiéﬁ%&l{ @{%Q?Ztétﬁ’gﬁ@apﬁéngtth% g‘ea%cggbnd
agi ng t engrahe B8R D Ni B art §ables the ém&merydmterﬁﬁer@gﬂétalalre geMposi tion of

t he nickel -titaniumall Oﬁ/. That is, the AS of the 55 at.% N alloy is
wi t hi n 10icdependeat alovrall gempositiphodNthen, fregh 21 8 hourreagiag @Y thesaseBdsi ng t he

the 5 a1 G RETERTTalL B o568 oSty naREhfiorf ErioRure £ Aot > 1L 7'
t her mal | ystpbleswss snidependentadfll miesalbtorapasitiond agi ng t enperature of 600C for 24

hours. 31 WD 2004/099456 PCT/ US2004/ 010758 I n conparison, although it
appears after aging the alloys for 6 hours at a second agi ng tenperature of

600C, the Af of thebthenrtad/mbiicatdd inyradiei2tihe stibl@adsthite @ansfoembfiorat . % N
all oy are stabl e,r the austenite start tenperatures are not |ndependent of

overal | cEARSERtIeSHAs ARt A AChigyeGalter Seqiehrrtianiymallose B4Ry 5
 enpefat UL CEHE fowdieihbAghe shRId oo mAtion temberatdradlackidVed HreP¥ging St abl e

the nickel-titanium alloys for 24 hours at 566°C. Although not meant to be bound by

any particular theory, as previously discussed, this is believed to be attributable to

the different solid solubility limit for nickel in the TiNi phase at 600°C than af 566°C.

In other words, the characteristic austenite transformation iemperatures for nickel-

15 titanium alloys having an equilibrium amount of nickel in solid solution in the TiNi

phase at 600°C are lower than the characteristic austenite transformation

temperatures for nickel-titanium alloys having an equilibrium amount of nickel in solid

solution in the TiNi phase at 566°C .

20 Moreover, as indicated in Table 2, the austenite transformation
temperature range generally tends to narrow with increasing aging time at a given
aging temperature for both alloys. As previously discussed with respect to austenite
transformation temperatures, the relatively smail fluctuations in the austenite
transformation temperature range for the 55 at.% Ni alloy aged at 800°C is believed

25  to be atiributable 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
30 the invention that would be apparent to those of ordinary skili in the art and that,
therefore, would not facilitate a better understanding of the invention have not been
presented in order fo simplify the present description. Although the present invention
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austenite start tenperatures are not independent of overall conposition.
Al though not Iimting herein, it is believed that the amount of nickel in
solid solution in the TiNi phase in the 55 at.% N alloy before aging at the

second 10 agphRhfosdiBer ature was closer to the solid sol Withidbipahighd Of
nickel in the TiNN phase at 600C than for the 52 at.% N all oy. (ﬁ%eref ore,

the aging time at 600C required to achieve stable austenite transformation
tenperatures for the 55 at.%nickel alloy was |ess than for the 52 at.% Ni
al | oy. HoWesbeen desehitcciatcamnegtionawitte certain gsthagiments; thase fof ordinanyrskill in

tenperatu ] t I conposition
can be ac%ﬁ%@gﬁ Eﬁé’g|é§§%{aﬁ§h§fe¢%§°§%&wg§&ﬁ@ﬂ§ﬁ rgte B%@%%EI‘?AF% fore, the
sane t her meddiffoatiors ahd yaraiiorizeofithe thveatiorboisly kel ¢roployedt Wdstich @geaatibriso t he
initial conditipon. of t alloy. As can he,seen from Tahle.2, by aging

el ther  of SHanSifEBns of gl Srodfiandsd KRS raveigi ke rendfar e of sesc
st abl e saugfgstigt®ntdrNBEILIMIhg Rlaitheper at ures (both As and Af) can be
achieved, (i.e. the AL and At of each of the alloys after 72 hours aging at
566C does not deviate nore than 10C upon thermally processing the

ni ckel -titanium all oy under the sane conditions for an additional 8 hours.)
Further, the stable austenite transformation tenperatures 25 achi eved after
72 hours aging at the second aging tenperature 566C are al so independent of
overal | conposition of the nickel-titaniumalloy. That is, the A of the 55
at.% N alloy is within 10C of the AS of the 52 at.% Ni alloy after
thermally processing the alloys at a second agi ng tenperature of 566C for
72 hours; and the Af of the 55 at.% N alloy-is within 10C of the At of the
52 at.% N alloy after 30 thermally processing the alloys at a second agi ng
tenperature of 566C for 72 hours. 32 WD 2004/099456 PCT/ US2004/ 010758 In
conparison, although it appears after aging the alloys for 24 hours at a-
second agi ng tenperature of 566C, the Af of the 52 at.% Ni alloy and the AS
and Af of the 55 at.% Ni alloy are stable, the austenite start tenperatures
are not independent of overall conposition. Further, from2 to 6 hours
aging at the second 5 aging tenperature of 566C, the austenite
transformation tenperatures are neither
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stabl e nor independent of overall conposition. Further, as indicated in
Table 2, the stable austenite transformation tenperatures (As and Af)
achieved after aging the nickel-titaniumalloys for 24 hours 10 at 600C are
| ower than the stable transformation tenperatures achieved after aging the
ni ckel -titaniumalloys for 24 hours at 566C. Although not neant to be bound
by any particular theory, as prev{jﬁxg\lgg di scussed, this is believed to be
attributable to the different sol} ubility limt for nickel in the Ti N
phase at 600C than at 566C. In other words, the characteristic austenite
transformation ten*%er atures for nickel 15 titanium alloys having an

equi | i bri dm amdumethed ofhpreressing g nikel-dtasigmalioy somnarising frppmgreatpthaneSht 600C
are | owner tenperatures for
okl -1 CRRS b e SHAE AR bRELAL b MS) e Cd RS L BT 31 SR Cl

sol ution |tﬁnﬁdﬂﬁur‘5lflﬁnpdnlaﬁecoatprﬁﬁl@(: 20 Moreover, as indicated in Table 2,
the austenite transformation rrperatdure range. geneE_aI Ity tends to narrow
with increasing aging time atSsecngty desigrdysinitpissnstammaieniempeieling) | oys. As
previously discussed with r esgﬁpﬁleﬁﬁn?#gc@ggh{gqhe hi-ROSiiRtII8P 1] KIFRET at ur es,
the relatively small fluctuations in e austenite transfornation
tenperature range for the 55 atar%nmtO’thbbﬁ}lrag:éxdsatutlﬁﬁmTé\h@bsemfd@ 25 to be

attributable to the alloy havi t,.of nick i sJid solution in
the TINL phase that is close l?ogsflﬁb%gg?ggﬂgglf%%nﬁrta?Sfﬁ ]tonbef ore aging at
600C. It is to be understood feh@terahhelsgeme@auﬂ%&ﬁémﬁulygmdegshﬁgsthéat es
aspects of the invention relevant to a clear understanding of the

invention. Certain aspects of niclsd-tisgum allen therein hastaplsaugenee apparent to
those of ordinary skill in thgm%% %ﬂ&feﬁ@&aﬂﬁ@ﬁregge%ﬁiy%‘d t‘atﬂé)t facilitate

a better understanding of the Rvent | on ented in order to
sinplify the present descript d@medAlstdmumg’anstfdstmapbﬁmﬂament| on 33 WO

2004/ 099456 PCT/ US2004/ 010758 ha been descrjbed i.n connection with certain
enbodi nents, t REEET, e&%ﬁi{ﬁhﬁm lloy CPWPflieﬁé“%ﬁ’cenWF'Féi 5Bt e dering the

f or egoi ng descrsblagﬂlammﬂt%ﬁg@th%ﬁnmm;m&@ﬂﬂq theReikEl-G@hiugNglognd vari ations of
the invention nmay be enpl oyed such variations and nodifications of the

invention are intended to be covered by the foregoing

2. The method of claim 1, wherein the desired austenite transformation temperature

ranges from -100°C to 100°C.
3. 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.

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

includes isothermally aging the nickel titanium alloy.

5. The method of claim 4, wherein the nickel-titanium alloy is isothermally aged at a
temperature of 500°C to 800°C.

6. 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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5 description and the following clainms. 34 CLAAIMS 1. A nethod of processing
a nickel-titaniumalloy conprising fromgreater than 50 up to 55 atomc
percent nickel to provide a desired austenite transformation 5 tenperature,
the nethod conprising: selecting the desired austenite transfornmation
tenperature; and thermally processing the nickel-titaniumalloy to adjust
an anount 7of ni

kel . olid solution in.a Ti N .phase of the alloy such
That & ot dbl e APt STEIRdF Shifin bR pEr S any GeReAREam APy g
thermal |y ipdlegRssokiRgmhieagind Gk @lckblfiamumalal feat ldaheXaioard he stable
austenite transformation tenperature is essentially equal to the desired

austenite transformati on tenperature, wherein the nickel-titanium all oy
conpri ses suf fi-gi i . t;0 , i LLitw m(g i ng
thermal |y Sgr ocg‘ég?%tcﬁh Og%%l%llgéfvﬁ?ll%&glﬂ%@ﬁﬂgwo% %&H#hgkﬁé%o (#Hgl aim1l,

wher ei n t hacldésiagiad teusitlebititaiim aihsf anrfatgngttenpestatannd subsggeslyf r om - 100C

to 100C. 3. 'Thﬁ‘? rr.e‘t(ffod of cl aim1l, erein after thermally processing the
ni ckel -t i tagHeths nigkglgiantam alley afn seo 18 tEEP SRR 5 e 38HIE PRRPANER ur e of

the ni ckelyeljotiRdted MaftheOMchiR agipdeppadent of overall conposition of the
ni ckel -ti taenigt}?hé}igl | oy. 4. cTheagllm::t hog of claim1, wherein thermally

processing the nickel-titaniumalloy includes isothermally aging the nickel

titanium g| !l oy.5. Th hod, of claim.4, wherein the nickel-ti ium al | oy
5" ot hertml | g OTR ot G, e ety RS LEREliE el Bomloon Bl o
claim1, vdoer@uml thbesoval hyinptaeRsaingaddee ioinc30erC td s@Cum al l oy incl udes
isothermally aging the nickel-titaniumalloy for at |east 2 hours. 35 7. The
met hod of claim 1, wherein thermally processing the nickel-titanium all oy

I ncl udes i got hefImldiNod@fH 8m N & nBleflRE fckliARAHI ALY Yeal Qs 1R sthiff@st 24 hours.

austenite transformation temperature during aging at the second aging temperature.

1. The method of claim 1, wherein thermally processing the nickel-titanium alloy
includes aging the nickel-titanium alloy at a first aging temperature and subsequently
aging the nickel-titanium alloy at a second aging temperature, the first aging temperature

being lower than the second aging temperature.

12.  The method of claim 11, wherein. the first aging temperature ranges from 500°C
to 600°C and the second aging temperature ranges from 600°C to 800°C.

13.  The method of claim 11, wherein the nickel-titanium alloy reaches the stable

austenite transformation temperature during aging at the second aging temperature,

14.  The method of claim 1, wherein the nickel-titanium is a binary nickel-titanium

alloy.

15.  The method of claim 1, wherein the nickel-titanium alloy further comprises at

least one additional alloying element.

16.  The method of claim 15, wherein the at least one additional alloying element is

selected from the group consisting of copper, iron, and hafnium.
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8. The method of claim1, wherein thermally processing the nickel-titanium
alloy includes aging the nickel-titaniumalloy at a first aging tenperature
and subsequently aging the nickel-titaniumalloy at a second agi ng
tenperature, the first aging tenperature being higher than the second agi ng
tenperature. 9. The nethod of claim8, wherein the first aging tenperature
ranges from 600C to 800C and the second aging tenperature ranges from 500C
to 600C. 10. The nethod of claim8, wherein the nickel-titanium all oy

reaches the stAbhdhodsfSr@itkdis & hrRAtRIm®h Dby loaiFpanat Uesreddhdtaigteagi Ng at the
second aging tenperature. 11. The nethod of claim1l, wherein thernmally
processi niaRsfEmatio emperaiup, theqngthod gomprsingides agi ng t he ni ckel -tit ani um

alloy at a1l Lot Aglia L PIREIA WIS AN SHDSRAHERLEY RS N (e

ni ckel -titanium al Foy at a secon nperature, the first aging
tenperature hpitmfd htowdr pdrbmnnickd; second agi ng tenperature. 12. The net hod

of claim 11, erein the first. aging tenperature ranges frgm 500C to 600C
and the secon\égﬁﬁinﬁgh‘i‘iﬁ“?ﬁé‘; Q‘ISEF_r“éte &?@@?#ﬁ%?ﬁ%@%@o@dgﬁm 3. The nethod of
claim1l, whepgcBssifiandidéedd dibkadatdamnahll@Mo h8Rs IRSnidMat St BdlePin Ut enite
transformation tenperature during aging at the second aging tenperature.

14. The et hodolgtioring FiNi phygisef Siernllpy suchithatalstable ansienie iranstorpiatien y
ni ckel -titani T. t of ¢l aj , inathe .
ni ckel -titani Eénaj%eﬁtlé%{? Il:?l‘% ???&@8%"9‘2@?’ I{ar?gesﬁlég}sl% Sgl\rél%%ggl(f??li tto}%%l}lmal | oyi ng

el ement. 16. THhey, e duabde afstepitaimhstoomanbe teeiprrdtire baing leeratialbnrualdditie onal
alloying elenent, is selected fromthe group consisting of copper, iron, and

haf ni um 36 171?31‘}@(‘1&8?%@ EPSIPFBERESPHECT AT €Rel - titanium al oy to provide a
dosi 1 ed aust eRiicRn HEABSHOI FRILANHENRAD AL Sised RRTBNRAFRTDT 51 NG

selecting a nickel-titaniumalloy conprisin romgreater than 50 up to 55
at om ¢ per centeash alselid scdwttibiytlinmiyy durive thewiallg gramessingthe selecteainst or mat i on

t enper at ur e; aﬂ% t her.mal | processing the selected nickel-titaniumalloy to
adj ust an anoffEeHHERIANOY; b solid solution in a TiNi phase of the alloy
such that a stable austenite transformation

18.  The method of claim 17, 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.

19. A method of processing at least two nickel-titanium alloys having 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.

20. The method of claim 19 wherein the at least two nickel-titanium
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tenperature is reached during thermally processing the selected

ni ckel -titanium alloy, the stable austenite transformation tenperature
bei ng essentially equal to the desired austenite transfornmation
tenperature; and wherein the selected nickel-titaniumalloy conprises
sufficient nickel to reach a solid solubility limt during thermally
processing the selected nickel-titaniumalloy. 18. The nethod of claim 17,
wherein after thermally processing the nickel-titaniumalloy, the stable
aust eni t ealldye d&hpR B utRer AIHREN 18 4R a @blid BybTliG Rt diridedRérm al [ oy i's

i ndependent of overall conposition of the nickel-titaniumalloy. 19. A

met hod of PigF@ed@Esi ng at | east two nickel -titanium alloys having varyi ng
conpositions conprising fromgreater than 50 up;to 55 atom c percent nickel
to achieve a desired austenite transformation tenperature, the nethod
conpri si ngl. sellecmethgd vhaaite 89, e redn ticemal tpeocksshrpstho nintast ovo hiekger at ur e; and
subj ecting the i ckel -titaniumalloys to.simlar thernal ocessi ng such
hat “af t ot S Shiges ke Breitbs Sl il Blroys Bi¥se st abl o
austenite transformation tenperatures, the stable austenite transfornmation
t enperatures being essenti al l equal to the desired austenite

t ransf or né2.i onThempbedricleim P9 whhein thetrhadly rodcessing the a0leasiéwenivkelhe at | east

two nickel.-titanjum_ 37 all.o C rise_suffici.ent nickel.to reach a solid
ol ubi 11 & Jeerioh e e heip fhe SR CRE oty AR BB S o T T,

wher ei n t haipeRiurg bRE bSéquentlNaift the ablkhst tv@nidkelkRhmuhiallapy dtmsadon@ys i ncl udes
isothermally aging the at |east two nickel titaniumalloys. 22. The nethod
of cl ai m 2808 iwHweEyethe firphraipe ysedwr heing highgt thpp Higseqdnd agingkel - tit ani um
al loys inglydes aging the at least two nickel-titaniumalloys at a first
aging tenperature and subsequently aging the at |east two nickel-titanium
alloys at a second aging tenperature, the first aging tenperature being

hi gher th t he secon i.n t ergture. 23. The met.hod of claim 22,
Mharein B8 b ThERER0s aB NI e e e e e ) kSO Bah ot oni 1 o
t ransf or makb1e Aud &R Rt fuFRati té Mk AdicEriab afile «6@6 9Rdnd ding tdnSTRREBL Ur €.

24.  The method of claim 19, wherein thermally processing the at least two nickel-
titanium alloys includes aging the at least two nickel-titanium alloys at a first aging
temperature and subsequently aging the at least two nickel-titanium alloys at a second
aging temperature, the first aging temperature being lower than the second aging

temperature.

25.  The method of claim 24, wherein the at least two nickel titanium alloys reach the

stable austenite fransformation temperature during aging at the second aging temperature.

26. 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,
wherein after thermally processing the nickel-titanium alloy, each of the regions
of the nickel-titanium alloy has a stable austenite transformation temperature that

is essentially equal to the desired austenite transformation temperature.
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24. The nmethod of claim 19, wherein thermally processing the at |east two

ni ckel - titanium alloys includes aging the at |east two nickel-titanium
alloys at a first aging tenperature and subsequently aging the at |east two
ni ckel -titaniumall oys at a second aging tenperature, the first aging
tenperature being | ower than the second aging tenperature. 25. The nethod
of claim24, wherein the at |east tw nickel titanium alloys reach the

stabl e austenite transformation tenperature during aging at the second agi ng
tenperat u2g. ZTGe mAthdtolioldim 26 princes shengally procdseihg thet ackelmitaniunoyllayncl udi ng

regi ons of (n C osi tjon, ri.sing fromgreater than 50 up to 55
atomic peﬂ‘@l‘ﬁ{e ﬁp%ﬁgpﬁg&gppgt ﬁPICﬁéngﬁll?‘Bdﬂ% has a desired austenite
transformation tenperature, the nethod conprising: thermally processing the

nickel -titaniumalloy to adjust an ampunt of nickel in solid solution in a
Ti N phas@8i n dhemethediodplaish 26 rehes¢inkibermally aricassing the pickelifierivingllay t er
thermal | y.progcessing th L.ckel - it ani allo each of .the regj,ons of the
i ekl -t (RARESRERY B ket B Pl T M BB B o ORDERNE 2t wre ¢ e
i s essent iagink Yheaqelad-tit@idnh gllsles iarsecbnd Wging MdrhRerdtu@N gk Girsragingethguriarcat ure. 38
27. The rret_hog_ of claim26, wherein thermally processing the nickel-titanium
al l oy i nbFigaaighesthamthesatqnl agEeiemPREULS: ckel -ti tani um al l oy. 28. The net hod
of claim 26, wherein: thermally processing the nickel-titaniumall oy

i ncludes aging the nickel-titaniumalloy at a first aging tenperature and
subsequen2Py  dbe ngthodef niaok 8- whareinithemickel-Gianaum aloyoeahds tgistablet enper at ur e,

the first aqging.tenperature being,higher than the,second aqging tenperature.
20. The metNBHRGTIEPEM HoS e mRH R B PR AL e ek EF ST AP AT L Peachos. ¢ he
stable austenite transformation tenperature during aging at the second

agi ng tenperature. 30. The nethod of claim 26, wherein thermally processing

t he ni ckePdt it Ah¢ meihediodglaim g6, wlepsein Aigrmplly precossiag de tickektifanimplicy at a

first agir r 1 i i - L jum al | oy at
@ second AeidETRERELIFIATHEHER BRER phee o8 M B Skl L 7
t he secondgagitloghitledqenany tiboy &4 .seddnd apiag honpavdtue] die fird Qginghangiratutehe ni ckel
titani um %I | oiqre ches the (gtabl e austenite transformation tenperature

[

during agi®Rg8aWFHRANLEE SHTANGIFRY CPWErSt ur e.

31, The method of claim 30, wherein the nickel titanium alloy reaches the stable

austenite transformation temperature during aging at the second aging temperature.

32. A method of processing a nickel-titanium alloy comprising from greater than 50
up to 55 atomic percent nickel to achieve a desired austenite transformation temperature
range, the method comprising isothermally aging the nickei-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 alloy has an austenite transformation 30 temperature range no greater

than 15°C.

33.  The method of claim 32, wherein after aging the austenite transformation

temperature range is no greater than 10°C,

34.  The method of claim 32, wherein after aging the austenite transformation 5

temperature range is no greater than 6°C.

39



32. A nethod of processing a nickel-titaniumalloy conprising from greater
than 50 up to 55 atom c percent nickel to achieve a desired austenite
transformation tenperature range, the nethod conprising isothermally aging
the nickel-titaniumalloy in a furnace at a tenperature ranging from 500C
to 800C for at |east 2 hours, wherein after aging the nickel-titanium alloy
has an austenite transformation 30 tenperature range no greater than 15C
33. The nethod of claim 32, wherein after aging the austenite transformation

t enper at une, r aTgemiethod Of glaBABRIwhdiéh theQfickeBhtaniinealiBtibeBimaty Gtldlm 32,

wherein after aqlng the austenite transformation 5 tenperature range i s no
greater tfsHwedlleye 35 The nmethod of claim 32, wherein the nickel-titanium
alloy is a binary nickel- titaniumalloy. 36. The nethod of claim 32,
wherein the nickel-titaniumalloy further conprises at |east one additional
al | oyi ng 8beneithe m@thod Bfi elaire 8 Hoshapéin theaiickeB Gtanivealbiyrfutthe catmplieast one

addi ti onal aIonig el egent | sel ected fromthe group consisting of

copper, i}%ﬁvnﬁﬁalﬁQWH? ﬂ*n%gémﬁmhethod of processing a nickel-titanium
all oy including regions of varying conposition conprising fromgreater than
50 up to 55 atom c percent nickel such that each rﬁgion has a desired

aust eni t e 3¥r andhe doh clabpperahaein theayh drast qnp @ddiiord @lloipaplemsntiy:

i sot her mal ' ' | ' just an anount of nickel
in solid Sé%?%‘?f‘"@‘% ﬂ:I“pngrém’ ‘!’r?ﬁﬁhﬁ‘h%@%ﬁ@égrlé‘#f%%‘el%‘?%‘ﬁg%f the nickel -titanium
all oy, wherein after isothermally aging the nickel titaniumalloy, each of
the regio of th i ckel-titaniymall.o as . a ustenite.transformation
t enper at arb raﬁ\gleetﬁ?3 f rog@@&@_@@#ﬁ’aﬁ%ﬂ%&éﬂ L) 3n°$+¢§n%swa80%‘farw&i m 38,
wher ei N alh@poR\GpiEiRURIP Bichfer hRAB6 LHTAIB kibkic felmehiRkd el @R0C | S nO

greater than 10C. 40. The nethod of clai m 38, erein after aging the
aust eni t e eaghangibo hawa desived neitqrise dansfernrating éenipsratere ganggt e mefend 6C.
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.

39. The method of claim 38, wherein after aging the austenite transformation

temperature range is no greater than 10°C.

40. The method of claim 38, wherein after aging the austenite transformation

temperature range is no greater than 6°C.
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40 41. A method of processing a nickel-titaniumalloy conprising from
greater than 50 up to 55 atom c percent nickel to achieve a desired
austenite transformati on tenperature range, the nethod conprising: aging the
nickel -titaniumalloy in a furnace at a first aging tenperature to achieve a
stabl e austenite transformati on tenperature; and aging the nickel-titanium
all oy at a second aging tenperature that is different than the first aging
tenperature, wherein after aging at the second aging tenperature, the

ni ckel -titanium all oy has an austenite transformation tenperature range that
is essentially equal to the desired transformation tenperature range. 42.
The met héb of Adneihed efprosgisnep pickelditendwn sHoneempyisingiseat ure i s | ower than

the fi r%%a{ég{hgﬁ’Sé‘ﬁg?f?g%tg@?ﬁ%e;}%n%%l]_igﬁel??%%? e%fdeEiL i m41, wherein the second

agi ng tefperature | aging tenperature. 44. The
met hod ofhustdnite adstornvidtien einiperdtereaargic ctht nestHodansieringt | on t enperature range

achi eved after .aging,the nickel-titaniumallqQy at the second aging
t enper at ur e i%g“@ﬁ@ﬁg‘épﬁ‘el“tt“ﬁﬁlﬁmaﬂloé(d%?gﬁﬁcéaﬁ‘gﬁéforrrati on tenperature range

?g%g;’g?u?z e!ﬂ@@@eﬁ@&aﬂﬁe B &hflve ablabRALMENA dR¥foRhatidiBefblifur&Ghd 9
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 desired transformation temperature range.

42,  The method of claim 41, wherein the second aging temperature is lower than the

first aging temperature,

43,  The method of claim 41, wherein the second aging temperature is higher than the

first aging temperature.

44.  The method of claim 41, wherein the austenite transformation temperature range
achieved after aging the nickel-titanium alloy at the second aging temperature is greater
than an austenite transformation temperature range achieved after aging the nickel-

titanium alloy at the first aging temperature.
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