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0HYSICAL฀-ETALLURGY

4HE฀0HYSICAL฀-ETALLURGY฀OF฀.ITINOL฀FOR฀
-EDICAL฀!PPLICATIONS
฀฀฀!LAN฀2�฀0ELTON�฀3COTT฀-�฀2USSELL�฀AND฀*OHN฀$I#ELLO

/VERVIEW

฀ 4HE฀PURPOSE฀OF฀THIS฀PAPER฀IS฀TO฀REVIEW฀
THE฀ CURRENT฀ PROCESSING฀ AND฀ RESULTANT฀
PROPERTIES฀OF฀.ITINOL฀FOR฀MEDICAL฀DEVICE฀
APPLICATIONS�฀4HE฀MELTING฀AND฀FABRICA

TION฀ OF฀ .ITINOL฀ PRESENT฀ A฀ NUMBER฀ OF฀
UNIQUE฀ CHALLENGES฀ BECAUSE฀ OF฀ THE฀
STRONG฀SENSITIVITY฀OF฀THE฀ALLOY฀SYSTEM฀TO฀
CHEMISTRY฀AND฀PROCESSING�฀4HE฀lRST฀PART฀
OF฀THIS฀PAPER฀WILL฀SUMMARIZE฀THE฀EFFECT฀
OF฀ ALLOY฀ FABRICATION฀ ON฀ KEY฀ MATERIAL฀
PROPERTIES�฀VACUUM
MELTING฀TECHNIQUES�฀
HOT฀ WORKING�฀ AND฀ COLD฀ WORKING�฀ 4HE฀
EFFECTS฀ OF฀ THE฀ lNAL฀ SHAPE
SETTING฀ HEAT฀
TREATMENTS฀ON฀TRANSFORMATION฀TEMPERA

TURE฀ AND฀ MECHANICAL฀ PROPERTIES฀ FOR฀
MEDICAL฀DEVICES฀WILL฀ALSO฀BE฀REVIEWED�฀
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฀ 4HE฀GROWTH฀OF฀ THE฀USE฀OF฀.ITINOL฀ IN฀
THE฀ MEDICAL฀ INDUSTRIES฀ HAS฀ EXPLODED฀
IN฀THE฀PAST฀TEN฀YEARS฀DUE฀TO฀INCREASING฀
DEMAND฀FOR฀MINIMALLY฀INVASIVE฀SURGICAL฀
AND฀DIAGNOSTIC฀PROCEDURES�฀.ITINOL฀IS฀THE฀
ENABLING฀ COMPONENT฀ IN฀ AN฀ INCREASING฀
NUMBER฀OF฀DEVICES฀SUCH฀AS฀ENDOSCOPIC฀
INSTRUMENTS�฀STENTS฀�SEE฀&IGURE฀�	�฀lLTERS�฀
AND฀ ORTHOPEDIC฀ DEVICES�฀ EXAMPLES฀ OF฀
THESE฀ MEDICAL฀ APPLICATIONS฀ ARE฀ RICHLY฀
ILLUSTRATED฀ IN฀ OTHER฀ PUBLICATIONS��n�฀
4HE฀ PREFERENCE฀ FOR฀ .ITINOL฀ OVER฀ MORE฀
STANDARD฀ENGINEERING฀ALLOYS฀IS฀BASED฀ON฀
ITS฀ UNIQUE฀ COMBINATION฀ OF฀ MECHANICAL฀
PROPERTIES�฀ INCLUDING฀ SHAPE฀ MEMORY฀
AND฀SUPERELASTICITY�฀COUPLED฀WITH฀SUPERB฀
BIOCOMPATIBILITY��

฀ 4HE฀PHYSICS฀OF฀THE฀PHASE฀TRANSFORMA

TIONS฀THAT฀GIVE฀RISE฀TO฀THE฀SHAPE
MEMORY฀
EFFECT฀IN฀.ITINOL฀HAVE฀BEEN฀KNOWN฀SINCE฀
THE฀����S฀AND฀HAVE฀BEEN฀THE฀SOURCE฀OF฀
MANY฀ TECHNICAL฀ ARTICLES฀ AND฀ BOOKS��n��฀
(OWEVER�฀.ITINOL฀PRODUCERS฀HAVE฀ONLY฀
RECENTLY฀FOCUSED฀ON฀OPTIMIZING฀PROCESSES฀
FOR฀ A฀ FEW฀ STANDARD฀ ALLOYS฀ RATHER฀ THAN฀
PURSUING฀A฀MYRIAD฀OF฀hBOUTIQUE฀ALLOYSv฀
WITH฀ NICHE฀ APPLICATIONS�฀ 4HE฀ INDUSTRY฀
WORKHORSE฀ALLOY฀IS฀����฀AT�฀NICKELn����฀

AT��฀ TITANIUM�฀ HEREAFTER฀ REFERRED฀ TO฀ AS฀
.I����4I�����฀4HIS฀ ALLOY฀ IS฀USED฀ IN฀MANY฀
THOUSANDS฀ OF฀ KILOMETERS฀ OF฀ WIRE฀ AND฀
MICROTUBING฀ FOR฀SUCH฀DIVERSE฀PRODUCTS฀
AS฀CELLULAR฀TELEPHONE฀ANTENNAS�฀EYEGLASS฀
FRAME฀COMPONENTS�฀GUIDEWIRES�฀UNDER

GARMENT฀ SUPPORTS�฀ AND฀ ORTHODONTIC฀
ARCHWIRES�฀
฀ 4O฀ENSURE฀THE฀QUALITY฀AND฀CONSISTENCY฀
OF฀THE฀.ITINOL฀MATERIALS฀USED฀IN฀MEDICAL฀
DEVICES�฀ IT฀ IS฀ IMPORTANT฀ TO฀ UNDERSTAND฀
SOME฀ OF฀ THE฀ FABRICATION฀ PROCESSES฀ AND฀
THEIR฀EFFECTS฀ON฀THE฀lNAL฀PROPERTIES฀AND฀
PERFORMANCE�฀ 4HEREFORE�฀ THE฀ PURPOSE฀
OF฀ THIS฀ PAPER฀ IS฀ TO฀ SUMMARIZE฀ .ITINOL฀
PROCESSING฀METHODS฀FROM฀THE฀SELECTION฀
OF฀RAW฀COMPONENTS฀AND฀MELTING฀PRACTICES฀
TO฀ HOT฀ WORKING฀ AND฀ COLD฀ WORKING�฀
!DDITIONALLY�฀THE฀METALLURGICAL฀INmUENCES฀
OF฀TIME฀AND฀TEMPERATURE฀FOR฀SHAPE฀SETTING฀
WILL฀BE฀ILLUSTRATED฀WITH฀EXAMPLES�฀
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฀ 4HE฀ UNIQUE฀ SHAPE
MEMORY฀ AND฀
SUPERELASTIC฀PROPERTIES฀OF฀.ITINOL฀ARE฀DUE฀
TO฀A฀DIFFUSIONLESS฀PHASE฀TRANSFORMATION฀
BETWEEN฀A฀HIGHER
TEMPERATURE฀AUSTENITE฀

PHASE฀ �"�฀ STRUCTURE	฀ AND฀ A฀ LOWER

TEMPERATURE฀ MARTENSITE฀ PHASE฀ �"��|฀
STRUCTURE	��n��฀4HE฀HYSTERESIS฀CURVES฀THAT฀
CHARACTERIZE฀THE฀THERMAL฀AND฀MECHANICAL฀
BEHAVIOR฀ARE฀EXPLAINED฀IN฀GREAT฀DETAIL฀IN฀
THESE฀ PUBLICATIONS�฀ &OR฀ MANY฀ MEDICAL฀
DEVICES�฀ THE฀ TEMPERATURE฀ AT฀ WHICH฀
MARTENSITE฀FULLY฀TRANSFORMS฀TO฀AUSTENITE฀
�!F	฀IS฀THE฀MOST฀IMPORTANT฀TRANSFORMA

TION฀ TEMPERATURE฀ SINCE฀ IT฀ DICTATES฀ THE฀
TRANSITION฀ BETWEEN฀ SHAPE฀ MEMORY฀
AND฀ SUPERELASTIC฀ PROPERTIES�฀ !S฀ WILL฀
BE฀ DISCUSSED฀ IN฀ THIS฀ ARTICLE�฀ THE฀ !F฀
TEMPERATURE฀ CAN฀ BE฀ ADJUSTED฀ THROUGH฀
THERMOMECHANICAL฀ TREATMENTS฀ IN฀ ORDER฀
TO฀OPTIMIZE฀DEVICE฀PERFORMANCE�฀
฀ .ITINOL฀CAN฀BE฀CONSIDERED฀AN฀ORDERED฀
INTERMETALLIC฀ THAT฀ HAS฀ AN฀ EXTREMELY฀
NARROW฀ COMPOSITION฀ RANGE฀ BELOW฀ THE฀
��� #฀EUTECTOID฀AS฀SHOWN฀IN฀THE฀BINARY฀
PHASE฀ DIAGRAM฀ �REFER�฀ FOR฀ EXAMPLE�฀ TO฀
2EFERENCE฀��	�฀4HEREFORE�฀ANY฀DEVIATION฀
FROM฀THE฀STOICHIOMETRIC฀�����฀COMPOSI

TION฀ REQUIRES฀ THAT฀ THE฀ ALLOY฀ IS฀ IN฀ A฀
TWO
PHASE฀ lELD�฀ 3LIGHT฀ DEVIATIONS฀ IN฀
COMPOSITION฀ALSO฀AFFECT฀THE฀TRANSFORMA

TION฀TEMPERATURES�฀WHICH฀ARE฀DETERMINED฀
BY฀ THE฀ NICKEL฀ AND฀ TITANIUM฀ RATIO�฀ !S฀

&IGURE��฀!฀#ORDIS฀#ORPORATION฀3-!24฀.ITINOL฀ENDOVASCULAR฀
STENT฀ THAT฀ WAS฀ MANUFACTURED฀ THROUGH฀ PROCESSES฀ OUTLINED฀
IN฀THIS฀PAPER�
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SHOWN฀ IN฀ &IGURE฀ ��฀ A฀ ��฀ SHIFT฀ IN฀ THE฀
AMOUNT฀ OF฀ EITHER฀ NICKEL฀ OR฀ TITANIUM฀ IN฀
THE฀ALLOY฀WILL฀RESULT฀IN฀A฀��� #฀CHANGE฀
IN฀ ALLOY
TRANSFORMATION฀ TEMPERATURE�฀
-OST฀ APPLICATIONS฀ REQUIRE฀ THE฀ ALLOY

TRANSFORMATION฀ TEMPERATURES฀ TO฀ BE฀
CONTROLLED฀WITHIN฀฀ ฀� #�฀WHICH฀MEANS฀THAT฀
THE฀ALLOY฀COMPOSITION฀MUST฀BE฀CONTROLLED฀
WITHIN฀ ฀ ������฀ 4HESE฀ COMPOSITIONAL฀
REQUIREMENTS฀ARE฀SIGNIlCANTLY฀TIGHTER฀THAN฀
���฀SERIES฀STAINLESS฀STEEL�฀&URTHERMORE�฀
MOST฀STANDARD฀CHEMICAL
ANALYSIS฀METHODS฀
ARE฀NOT฀PRECISE฀ENOUGH฀TO฀MEASURE฀SUCH฀
SUBTLE฀DIFFERENCES฀IN฀ALLOY฀COMPOSITION�฀
SO฀ A฀ DIFFERENTIAL฀ SCANNING฀ CALORIMETRIC฀
MEASUREMENT฀OF฀THE฀ALLOY
TRANSFORMATION฀
TEMPERATURES฀IS฀USED฀TO฀CONlRM฀PROPER฀
INGOT฀FORMULATION���

฀ 4HE฀PRESENCE฀OF฀IMPURITIES฀IN฀.ITINOL฀
CAN฀AFFECT฀THE฀TRANSFORMATION฀TEMPERA

TURES฀ OF฀ THE฀ MATERIAL฀ AS฀ WELL฀ AS฀ THE฀
MECHANICAL฀PROPERTIES฀�SEE฀4ABLE฀)	�฀-OST฀
IMPURITIES฀ DEPRESS฀ THE฀ TRANSFORMATION฀
�hDOWNv฀ ARROWS	�฀ THEY฀ REACT฀ WITH฀ THE฀
TITANIUM฀IN฀THE฀MELT฀TO฀FORM฀PRECIPITATES�฀
RESULTING฀ IN฀ NICKEL฀ ENRICHMENT฀ IN฀ THE฀
BASE฀ ALLOY�฀!S฀ ILLUSTRATED฀ IN฀ &IGURE฀ ��฀
HIGHER฀ NICKEL฀ CONTENTS฀ TEND฀ TO฀ LOWER฀
THE฀ TRANSFORMATION฀ TEMPERATURE�฀ &OR฀
EXAMPLE�฀TITANIUM฀STRONGLY฀REACTS฀WITH฀
OXYGEN�฀ NITROGEN�฀ AND฀ CARBON฀ TO฀ FORM฀
OXIDES�฀ OXI
NITRIDES�฀ AND฀ CARBIDES�฀
THEREFORE�฀ THE฀ MELTING฀ METHODS฀ ARE฀
SELECTED฀ TO฀ MINIMIZE฀ THEIR฀ PRESENCE�฀
#OPPER฀ AND฀ NIOBIUM฀ DO฀ NOT฀ DIRECTLY฀

DECREASE฀THE฀TRANSFORMATION฀TEMPERATURE�฀
ALTHOUGH฀ COPPER฀ ADDITIONS฀ MODIFY฀ THE฀
PHASE฀ TRANSFORMATION�฀ AND฀ NIOBIUM฀
HAS฀VIRTUALLY฀NO฀ SOLUBILITY฀ IN฀ THE฀.I4I฀
PHASE���฀ #HROMIUM�฀ COBALT�฀ AND฀ IRON฀
ALL฀ SUBSTITUTE฀ FOR฀ NICKEL฀ IN฀ THE฀ "�฀
LATTICE฀AND�฀THEREFORE�฀HAVE฀AN฀ADDITIVE฀
EFFECT฀IN฀DETERMINING฀THE฀TRANSFORMATION฀
TEMPERATURE�฀ )N฀ TURN�฀ MOST฀ OF฀ THESE฀
IMPURITIES฀SIMULTANEOUSLY฀INCREASE฀THE฀
STRENGTH฀OF฀ THE฀ INGOT฀AND฀DECREASE฀ THE฀
DUCTILITY�฀ 2ECENT฀!34-฀ SPECIlCATIONS฀
SET฀STRICT฀LIMITS฀ON฀THESE฀IMPURITIES฀FOR฀
MEDICAL
GRADE฀BINARY฀.ITINOL���
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฀ 4HE฀SENSITIVITY฀OF฀THE฀TRANSFORMATION฀
TEMPERATURES฀ TO฀ ALLOY฀ COMPOSITION฀ IS฀
AN฀IMPORTANT฀CONSIDERATION฀IN฀SELECTING฀
AN฀ALLOY฀MELTING฀METHOD�฀!S฀DISCUSSED฀
PREVIOUSLY�฀ANY฀CONTAMINANT฀WILL฀AFFECT฀
THE฀ AMOUNT฀ AND฀ CHEMISTRY฀ OF฀ PHASES฀
PRESENT�฀POSSIBLY฀RESULTING฀IN฀AN฀UNUS

ABLE฀MATERIAL�฀4HEREFORE�฀BOTH฀AN฀ALLOY฀
MELTING฀METHOD฀AND฀THE฀ELEMENTAL฀RAW฀
MATERIALS฀MUST฀BE฀CHOSEN฀TO฀ENSURE฀HIGH฀
PURITY�฀&URTHER�฀THE฀MELTING฀METHOD฀MUST฀
BE฀ONE฀IN฀WHICH฀THE฀MOLTEN฀MATERIAL฀IS฀
VERY฀WELL฀MIXED฀THROUGHOUT฀TO฀ACHIEVE฀

INGOT฀ HOMOGENEITY฀ AND฀ UNIFORMITY฀
OF฀ PROPERTIES�฀ !S฀ SUCH�฀ THE฀ TWO฀ MOST฀
COMMON฀COMMERCIAL฀MELTING฀METHODS฀
ARE฀ VACUUM
INDUCTION฀ MELTING฀ �6)-	฀
AND฀ VACUUM
ARC฀ REMELTING฀ �6!2	������฀
"OTH฀MELTING฀METHODS฀START฀WITH฀HIGH

PURITY฀COMPONENTS฀OF฀NICKEL฀��������฀
PURITY	฀AND฀TITANIUM฀��������฀PURITY	�฀
฀ &OR฀ 6)-฀ INGOTS�฀ THE฀ NICKEL฀ AND฀
TITANIUM฀ARE฀WEIGHED฀OUT฀IN฀THE฀PROPER฀
RATIO฀ AND฀ PLACED฀ IN฀ AN฀ ELECTRICALLY฀
CONDUCTIVE฀ CRUCIBLE฀ �USUALLY฀ GRAPHITE	฀
INSIDE฀ A฀ VACUUM฀ CHAMBER�฀ AS฀ SHOWN฀
SCHEMATICALLY฀IN฀&IGURE฀��฀4HE฀CRUCIBLE฀
IS฀HEATED฀FROM฀THE฀OUTSIDE฀BY฀ELECTRICAL฀
INDUCTION฀ COILS�฀ /NCE฀ THE฀ CONSTITUENTS฀
ARE฀MOLTEN�฀THE฀INDUCTION฀lELDS฀STIR฀THE฀
ALLOY฀ COMPLETELY�฀ WHICH฀ RESULTS฀ IN฀ A฀
HOMOGENEOUS฀ MELT�฀ (OMOGENEITY฀ IS฀
CONlRMED฀ IN฀ THE฀ SOLID฀ INGOTS�฀ WHERE฀
TRANSFORMATION฀TEMPERATURE฀UNIFORMITY฀
WITHIN฀ A฀ DEGREE฀ OR฀ TWO฀ IS฀ ACHIEVABLE�฀
4HE฀MAIN฀DISADVANTAGE฀OF฀6)-฀IS฀THAT฀
THE฀ MOLTEN฀ .ITINOL฀ PICKS฀ UP฀ A฀ SMALL฀
AMOUNT฀ OF฀ CARBON฀ CONTAMINANT฀ FROM฀
THE฀GRAPHITE฀CRUCIBLE�฀#ARBON฀IMPURITY฀
LEVELS฀OF฀���฀WPPM฀TO฀���฀WPPM฀ARE฀
TYPICAL฀FOR฀6)-
MELTED฀MATERIALS�฀-AJOR฀
COMMERCIAL฀ SUPPLIERS฀ OF฀ 6)-฀ .ITINOL฀

&IGURE฀��฀!฀SCHEMATIC฀OF฀THE฀EFFECT฀OF฀THE฀
NICKEL฀ CONTENT฀ IN฀ .ITINOL฀ ON฀ THE฀ ALLOY฀
PHASE฀ TRANSFORMATION฀ TEMPERATURE�฀ !F�฀
.OTE฀ THAT฀ A฀ VERY฀ SMALL฀ CHANGE฀ IN฀ ALLOY฀
COMPOSITION฀ CAN฀ HAVE฀ A฀ VERY฀ LARGE฀
EFFECT฀ON฀THE฀TRANSFORMATION฀TEMPERATURE�฀
4HE฀ SHADED฀ REGION฀ REPRESENTS฀ THE฀ AREA฀
COVERED฀ BY฀ TYPICAL฀ BINARY฀ SUPERELASTIC฀
.ITINOL฀ALLOYS�

&IGURE฀ ��฀!฀ SCHEMATIC฀ OF฀ VAC

UUM
INDUCTION฀MELTING�
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.I฀#ONTENT�฀AT�฀�฀�WT��	

4ABLE฀)�฀!฀3CHEMATIC฀4ABLE฀)LLUSTRATING฀THE฀%FFECTS฀OF฀6ARIOUS฀-ELTING฀)MPURITIES฀ON฀THE฀
2ESULTING฀)NGOT฀0ROPERTIES


฀ /฀ .฀ (฀ #฀ #U฀ #R฀ #O฀ &E฀ 6฀ .B

4EMPERATURE฀ ฀ ฀ ฀ ฀ ฀ ฀ ฀ ฀ ฀
3TRENGTH฀ ฀ ฀ ฀ ฀ ฀ ฀ ฀ ฀ ฀
$UCTILITY฀ ฀ ฀ ฀ ฀ ฀ ฀ ฀ ฀ ฀


฀ 3EE฀TEXT฀FOR฀EXPLANATION฀OF฀THE฀SYMBOLS�

6ACUUM฀#HAMBER )NDUCTION฀#OILS

4O฀6ACUUM฀0UMP-OLD

-OLTEN฀!LLOY

'RAPHITE฀#RUCIBLE
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INCLUDE฀&URUKAWA฀%LECTRIC฀�*APAN	฀AND฀
3PECIAL฀-ETALS฀�5NITED฀3TATES	�
฀ )N฀ 6!2฀ MELTING�฀ THE฀ NICKEL฀ AND฀
TITANIUM฀ARE฀WEIGHED฀OUT฀IN฀THE฀PROPER฀
RATIO฀ AND฀ ARE฀ PRESSED฀ INTO฀ A฀ LARGE฀
COMPACT�฀WHICH฀IS฀USED฀AS฀A฀CONSUMABLE฀
ELECTRODE�฀!N฀ELECTRICAL฀ ARC฀ IS฀ INITIALLY฀
STRUCK฀ BETWEEN฀ THE฀ ELECTRODE฀ AND฀ THE฀
BOTTOM฀ OF฀ THE฀ CRUCIBLE฀ AND฀ SUFlCIENT฀
CURRENT฀IS฀PASSED฀TO฀MELT฀THE฀ELECTRODE฀
CONTINUOUSLY฀�SEE฀&IGURE฀�	�฀!S฀MOLTEN฀
METAL฀IS฀FORMED�฀THE฀ELECTRODE฀IS฀SLOWLY฀
WITHDRAWN฀ AND฀ THE฀ METAL฀ SOLIDIlES฀ AT฀
THE฀BOTTOM฀OF฀THE฀MELT฀POOL�฀4HE฀MOLTEN฀
POOL฀ IS฀ CONTAINED฀ BY฀ A฀ WATER
COOLED฀
COPPER฀CRUCIBLE฀THAT฀FORMS฀A฀FROZEN฀SKULL฀
ON฀ THE฀OUTSIDE฀OF฀ THE฀POOL�฀PREVENTING฀
ANY฀ CONTAMINATION฀ OF฀ THE฀ MELT฀ BY฀ THE฀
CRUCIBLE�฀"ECAUSE฀OF฀THIS�฀6!2฀MELTING฀
ACHIEVES฀ EXTREMELY฀ HIGH฀ PURITY฀ OF฀ THE฀
RESULTANT฀ALLOY�฀4HE฀DISADVANTAGE฀OF฀THIS฀
METHOD฀ IS฀ THAT฀ THE฀ ENTIRE฀ INGOT฀ IS฀ NOT฀
MOLTEN฀AT฀THE฀SAME฀TIME�฀CONSEQUENTLY�฀
THE฀ INGOT฀ IS฀ REMELTED฀ SEVERAL฀ TIMES฀ TO฀
ACHIEVE฀HIGH฀HOMOGENEITY�฀6ACUUM
ARC฀
REMELTING฀IS฀ALSO฀USED฀FOR฀FURTHER฀RElNING฀
OF฀6)-฀ INGOTS�฀ THE฀ lNAL฀ PRODUCTS฀ ARE฀
KNOWN฀AS฀6)-�6!2฀INGOTS�฀4HE฀MAJOR฀
COMMERCIAL฀SUPPLIER฀OF฀6!2฀.ITINOL฀IS฀

7AH฀#HANG฀�5NITED฀3TATES	�
฀ 2EFERENCES฀ ��฀ AND฀ ��฀ SUMMARIZE฀
THE฀DIFFERENCES฀BETWEEN฀6)-฀AND฀6!2฀
MELTING�฀)N฀GENERAL�฀THE฀COST฀OF฀.ITINOL฀
PRODUCED฀BY฀EITHER฀TECHNIQUE฀IS฀SIMILAR�฀
&URTHER�฀THE฀MAJOR฀COMMERCIAL฀SUPPLIERS฀
OF฀.ITINOL฀AROUND฀THE฀WORLD฀ARE฀CURRENTLY฀
PRODUCING฀ ACCEPTABLE฀ HIGH
QUALITY฀
MATERIALS฀ FOR฀ THE฀ EXACTING฀ NEEDS฀ OF฀
THE฀ MEDICAL฀ DEVICE฀ INDUSTRY฀ BY฀ EITHER฀
MELTING฀METHOD�

(/4฀7/2+).'

฀ #OMMERCIAL฀6!2฀OR฀6)-�6!2฀INGOTS฀
ARE฀ GENERALLY฀ ��฀ CM฀ IN฀ DIAMETER฀ AND฀
WEIGH฀ IN฀ EXCESS฀ OF฀ �����฀ KG�฀ (OT

WORKING฀PROCESSES฀ARE฀TYPICALLY฀USED฀TO฀

REDUCE฀ THE฀ CROSS
SECTIONAL฀ DIMENSION฀
TO฀ LESS฀ THAN฀��฀CM�฀$EPENDING฀ON฀ THE฀
lNAL฀PRODUCT฀SHAPE�฀TECHNIQUES฀SUCH฀AS฀
PRESS฀FORGING�฀ROTARY฀FORGING�฀EXTRUSION�฀
SWAGING�฀ BAR฀ ROLLING�฀ ROD฀ ROLLING�฀ AND฀
SHEET฀ ROLLING฀ MAY฀ BE฀ USED฀ IN฀ THE฀ HOT

WORKING฀STAGE�฀(OT฀WORKING฀IS฀TYPICALLY฀
PERFORMED฀ AT฀ TEMPERATURES฀ OF฀ ��� #฀
TO฀��� #�฀4HESE฀ELEVATED฀TEMPERATURES฀
�APPROXIMATELY฀ ����n����฀ 4M	฀ ARE฀
SUFlCIENT฀ TO฀LOWER฀THE฀mOW฀STRESSES฀TO฀
ALLOW฀RELATIVELY฀LARGE฀DEFORMATION฀STEPS�฀
)N฀ ADDITION฀ TO฀ DIMENSIONAL฀ REDUCTION�฀
THESE฀INITIAL฀HOT
DEFORMATION฀PROCESSES฀
ARE฀EFFECTIVE฀IN฀BREAKING฀UP฀THE฀AS
CAST฀
MICROSTRUCTURE�฀ WHICH฀ HAS฀ VERY฀ LITTLE฀
DUCTILITY฀ AND฀ DOES฀ NOT฀ EXHIBIT฀ MUCH฀
SHAPE฀ MEMORY�฀ SUPERELASTICITY�฀ OR฀
RESISTANCE฀TO฀FRACTURE�฀

#/,$฀7/2+).'

฀ #OLD
WORKING฀PROCESSES฀PROVIDE฀THE฀
FINAL฀ PRODUCT฀ SHAPE�฀ SURFACE฀ FINISH�฀
RElNED฀MICROSTRUCTURE�฀AND฀MECHANICAL฀
PROPERTIES�฀&IGURE฀�฀SHOWS฀THE฀CHANGE฀
IN฀ THE฀ ULTIMATE฀ TENSILE฀ STRENGTH฀ OF฀
COLD
DRAWN฀ �฀ MM฀ DIAMETER฀ WIRE�฀ !S฀
ILLUSTRATED฀IN฀THIS฀lGURE�฀.ITINOL฀ALLOYS฀
WORK฀ HARDEN฀ RAPIDLY�฀ SO฀ THE฀ MATERIAL฀
MUST฀ BE฀ FULLY฀ ANNEALED฀ �AT฀ ��� #฀ TO฀
��� #	฀AFTER฀COLD
WORKING฀OPERATIONS�฀
!฀ SERIES฀ OF฀ SUCH฀ COLD
WORKING฀ AND฀
ANNEALING฀STEPS฀ARE฀USUALLY฀REQUIRED฀TO฀
BRING฀THE฀MATERIAL฀DOWN฀TO฀ITS฀lNISHED฀
SIZE�฀ &IGURE฀ �A฀ AND฀ �B฀ SHOWS฀ THE฀
MICROSTRUCTURES฀ OF฀ AS
DRAWN฀ AND฀ FULLY฀
ANNEALED฀�฀MM฀DIAMETER฀WIRES�฀RESPEC

TIVELY�฀ 4HE฀ AS
DRAWN฀ MICROSTRUCTURE฀
CONSISTS฀ OF฀ DEFORMED฀ MARTENSITE฀ AND฀
A฀ HIGH฀ DENSITY฀ OF฀ DISLOCATIONS�฀ 4HE฀
ANNEALED฀GRAIN฀SIZE฀IS฀!34-฀�฀OR฀lNER฀
�ON฀THE฀ORDER฀OF฀���฀ M	�฀
฀ 4YPICAL฀ COLD
WORKED฀ .ITINOL฀ �SEMI

lNISHED	฀PRODUCTS฀INCLUDE฀WIRE�฀TUBING�฀
AND฀ SHEET�฀ &OR฀ MOST฀ APPLICATIONS�฀
HOWEVER�฀ .ITINOL฀ DOES฀ NOT฀ EXHIBIT฀ THE฀
FINAL฀ DESIRED฀ PROPERTIES฀ IN฀ ITS฀ COLD


&IGURE฀��฀4HE฀EFFECT฀OF฀COLD฀WORK฀
ON฀THE฀ULTIMATE฀TENSILE฀STRENGTH฀OF฀
A฀.I����4I����฀.ITINOL฀ALLOY�฀.OTE฀THE฀
HIGH฀WORK
HARDENING฀RATE�

&IGURE฀��฀!฀SCHEMATIC฀OF฀VACUUM
ARC฀REMELTING�฀
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WORKED฀ OR฀ FULLY฀ ANNEALED฀ CONDITIONS�฀
4O฀ OPTIMIZE฀ SUPERELASTIC฀ AND฀ SHAPE

MEMORY฀PERFORMANCE�฀THE฀MATERIAL฀MUST฀
BE฀PARTIALLY฀HEAT฀ TREATED฀AFTER฀ THE฀lNAL฀
COLD
WORKING฀STEP�฀

3(!0%฀3%44).'

฀ )N฀GENERAL�฀SHAPE฀SETTING฀INVOLVES฀A฀
COMBINATION฀OF฀STRAIN�฀TEMPERATURE�฀AND฀
TIME฀ TO฀ OPTIMIZE฀ THE฀ hREMEMBEREDv฀
SHAPE�฀ &OR฀ EXAMPLE�฀ THE฀ STENT฀ SHOWN฀
IN฀&IGURE฀�฀WAS฀LASER฀CUT฀FROM฀.ITINOL฀
MICROTUBING�฀ SHAPE฀ SET฀ BY฀ EXPANSION฀
ON฀ A฀ MANDREL฀ OF฀ A฀ SPECIlC฀ DIAMETER�฀
AND฀THEN฀HEAT฀TREATED�฀.ITINOL฀WIRES฀AND฀
TUBES฀ARE฀CONTINUOUSLY฀STRAIN฀ANNEALED฀
TO฀ ENSURE฀ THAT฀ THE฀ ENTIRE฀ LENGTH฀ HAS฀

UNIFORM฀PROPERTIES�฀#ONTINUOUS฀STRAND฀
STRAIGHTENING฀ USUALLY฀ OCCURS฀ IN฀ A฀
TEMPERATURE฀RANGE฀OF฀��� #฀TO฀��� #฀
UNDER฀A฀STRESS฀OF฀��n���฀-0A�฀DEPEND

ING฀ON฀THE฀REQUIREMENTS฀OF฀THE฀APPLICA

TION�฀!S฀ THE฀ WIRE฀ MOVES฀ THROUGH฀ THE฀
HEAT฀ZONE�฀IT฀WILL฀INITIALLY฀TRY฀TO฀SHRINK฀IN฀
LENGTH฀AND฀GROW฀IN฀DIAMETER฀DUE฀TO฀THE฀
SHAPE
MEMORY฀EFFECT฀NOT฀SUPPRESSED฀BY฀
THE฀COLD฀WORK฀�I�E��฀SPRINGBACK	�฀!S฀THE฀
WIRE฀REACHES฀THE฀FURNACE฀TEMPERATURE�฀
THE฀INTERNAL฀STRESSES฀WILL฀BEGIN฀TO฀RELAX฀
WITH฀ A฀ CONCOMITANT฀ DECREASE฀ IN฀ WIRE฀
STRENGTH�฀ 5NDER฀ THESE฀ CONDITIONS�฀ THE฀
APPLIED฀ STRESS฀ INDUCES฀ STRAIN�฀ WHICH฀
SHAPE฀ SETS฀ THE฀ WIRE฀ STRAIGHT�฀ 3TRAINS฀
HAVE฀ BEEN฀ MEASURED฀ ON฀ THE฀ ORDER฀ OF฀
�n��฀ DURING฀ THE฀ WIRE
STRAIGHTENING฀
PROCESS������฀
฀ 4HE฀ FINAL฀ HEAT฀ TREATMENT฀ CONTROLS฀
THE฀ FINAL฀ PROPERTIES฀ OF฀ THE฀ PRODUCT�฀
INCLUDING฀SHAPE�฀MECHANICAL฀PROPERTIES�฀
AND฀THE฀ACTIVE฀!F�฀,ONGER฀TIMES฀OR฀HIGHER฀
TEMPERATURES฀TEND฀TO฀ANNEAL฀THE฀PRODUCT�฀
BUT฀ RESULT฀ IN฀ MORE฀ EXACT฀ SHAPES฀ WITH฀
LESS฀ SPRINGBACK�฀!T฀ THE฀OTHER฀EXTREME�฀
SHORTER฀ TIMES฀ OR฀ LOWER฀ TEMPERATURES฀
LEAVE฀ THE฀ MATERIAL฀ CLOSER฀ TO฀ THE฀ HIGH

STRENGTH�฀COLD
WORKED฀STATE฀WITH฀MORE฀
SHAPE฀ SPRINGBACK�฀!฀ BALANCE฀ MUST฀ BE฀
DEVELOPED฀ BETWEEN฀ THESE฀ TWO฀ CONDI

TIONS฀ TO฀ OPTIMIZE฀ THE฀ SHAPE�฀ !F�฀ AND฀
MECHANICAL฀PROPERTIES�

%&&%#43฀/&฀!').'
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฀ 3EVERAL฀INVESTIGATORS฀HAVE฀SHOWN฀THAT฀
OPTIMAL฀ SUPERELASTIC฀ PERFORMANCE฀ CAN฀
BE฀ACHIEVED฀IN฀.ITINOL฀ALLOYS฀THAT฀HAVE฀
A฀COMBINATION฀OF฀COLD฀WORK฀AND฀AGING฀
HEAT฀ TREATMENTS���n��฀ 0RECISE฀ CONTROL฀ OF฀

THESE฀THERMOMECHANICAL฀TREATMENTS฀CAN฀
LEAD฀TO฀REPRODUCIBLE฀MECHANICAL฀PROPER

TIES฀ AND฀ TRANSFORMATION฀ TEMPERATURES�฀
.ICKEL
RICH฀.ITINOL฀ALLOYS฀RESPOND฀WELL฀
TO฀AGING฀HEAT฀TREATMENTS฀TO฀TUNE฀IN฀THE฀
DESIRED฀PROPERTIES�฀
฀ .ISHIDA฀ET฀AL���฀ESTABLISHED฀THE฀EFFECTS฀
OF฀ AGING฀ TIME฀ AND฀ TEMPERATURE฀ ON฀
THE฀ PRECIPITATION฀ REACTIONS฀ IN฀ ��฀ AT��฀
NICKELn��฀ AT��฀ TITANIUM฀ ALLOYS฀ BY฀
VARIOUS฀METALLOGRAPHIC฀TECHNIQUES�฀4HEY฀
OBSERVED฀ A฀ PRECIPITATION฀ SEQUENCE฀ OF฀
.I��4I��฀ ฀.I�4I�฀ ฀.I�4I฀AT฀TEMPERA

TURES฀BETWEEN฀��� #฀AND฀��� #฀AND฀FOR฀
TIMES฀UP฀TO฀������฀HOURS฀AND฀PRESENTED฀
THEIR฀ DATA฀ IN฀ A฀ TIME
TEMPERATURE

TRANSFORMATION฀�444	฀DIAGRAM�฀!฀SIMILAR฀
APPROACH฀WAS฀DEMONSTRATED฀FOR฀ THE฀!F฀
CHANGES฀ OF฀ .I����4I����฀ WIRE฀ THAT฀ WAS฀
COLD฀ DRAWN฀ ���฀ AND฀ CONTINUOUSLY฀
STRAIGHTENED�฀ AS฀ DESCRIBED฀ PREVIOUSLY�฀
4HE฀WIRE฀HAD฀AN฀INITIAL฀!F฀OF฀�� #�฀WHICH฀
IS฀ APPROPRIATE฀ FOR฀ MANY฀ ENDOVASCULAR฀
GUIDEWIRE฀ APPLICATIONS������฀ &IGURE฀ �฀
SHOWS฀THE฀!F
444฀DIAGRAM�฀WHERE฀EACH฀
C
CURVE฀REPRESENTS฀THE฀LOCI฀OF฀TIME฀AND฀
TEMPERATURES฀THAT฀PRODUCE฀A฀CONSTANT฀!F฀
AFTER฀THERMAL฀TREATMENTS฀BETWEEN฀��� #฀
AND฀��� #฀AND฀FOR฀TIMES฀UP฀TO฀���฀MIN�฀
4HIS฀lGURE฀DEMONSTRATES฀THAT฀THERE฀IS฀A฀
MAXIMUM฀IN฀THE฀PRECIPITATION฀REACTION฀
AT฀ ABOUT฀ ��� #฀ �I�E��฀ THE฀!F฀ INCREASES฀
MOST฀ RAPIDLY฀ AFTER฀ HEAT฀ TREATMENTS฀ AT฀
��� #	�฀&ROM฀AN฀INDUSTRIAL฀STANDPOINT�฀
THIS฀ INDICATES฀ THAT฀ SLIGHT฀ VARIATIONS฀ IN฀
HEAT
TREATMENT฀TIMES฀AT฀THESE฀TEMPERA

TURES฀ MAY฀ GREATLY฀ AFFECT฀ THE฀ !F�฀ /N฀
THE฀OTHER฀HAND�฀HEAT฀TREATMENTS฀AROUND฀
��� #฀OR฀��� #฀TEND฀TO฀BE฀LESS฀AFFECTED฀
BY฀TIME฀mUCTUATIONS�
฀ 4HE฀!F฀CHANGES฀SHOWN฀IN฀THIS฀lGURE฀

&IGURE฀��฀4HE฀MICROSTRUCTURES฀OF฀�A	฀���฀
COLD฀DRAWN�฀�B	฀FULLY฀ANNEALED�฀AND฀�C	฀OVER

AGED฀ .I����4I����฀ ALLOYS�฀ 4HE฀ COLD
WORKED฀
STRUCTURE฀CONSISTS฀OF฀DEFORMED฀MARTENSITE฀
AND฀A฀HIGH฀DENSITY฀OF฀DISLOCATIONS�฀!NNEALED฀
AUSTENITE฀ FORMS฀WELL
DEVELOPED฀EQUIAXED฀
GRAIN฀STRUCTURES�฀4HE฀AGED฀MICROSTRUCTURE฀
CONSISTS฀OF฀.I��4I��฀AND฀.I�4I฀PRECIPITATES�

&IGURE฀��฀4HE฀EFFECTS฀OF฀AGING฀TEMPERATURE฀AND฀TIME฀ON฀THE฀TRANSFORMATION฀TEMPERATURE฀OF฀
.I����4I����฀WIRE฀WITH฀A฀STARTING฀!F฀ TEMPERATURE฀OF฀�� #�฀4HE฀ DATA฀ ARE฀ PLOTTED฀ TO฀ ILLUSTRATE฀ A฀
NOVEL฀!F
444฀DIAGRAM�฀.OTE฀THAT฀THE฀MAXIMUM฀PRECIPITATION฀RATE฀IS฀AT฀ABOUT฀��� #�฀"ETWEEN฀
��� #฀AND฀��� #฀THE฀PRECIPITATES฀RE
SOLUTIONIZE฀AND฀TEND฀TO฀LOWER฀THE฀!F�฀!฀NEW฀PRECIPITATE฀
FORMS฀AT฀LONGER฀TIMES฀AT฀THESE฀HIGHER฀TEMPERATURES�
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ARE฀ DUE฀ TO฀ PRECIPITATION฀ REACTIONS฀ AS฀
DISCUSSED฀ BY฀ .ISHIDA฀ ET฀ AL���฀ !S฀ THE฀
VOLUME฀ FRACTION฀ OF฀ THESE฀ PRECIPITATES฀
INCREASES�฀THE฀MATRIX฀BECOMES฀ENRICHED฀
IN฀TITANIUM฀AND฀THE฀!F฀INCREASES฀ACCORD

ING฀TO฀THE฀RELATIONSHIP฀SHOWN฀IN฀&IGURE฀
��฀4HESE฀SHIFTS฀OF฀COMPOSITION฀STRONGLY฀
AFFECT฀ THE฀ TRANSFORMATION฀ TEMPERATURES฀
EVEN฀ THOUGH฀ THE฀ OVERALL฀ COMPOSITION฀
OF฀ THE฀ MATERIAL฀ REMAINS฀ UNCHANGED�฀
&IGURE฀�C฀SHOWS฀THE฀MICROSTRUCTURE฀OF฀
AN฀OVERAGED฀SAMPLE฀WITH฀A฀HIGH฀VOLUME฀
FRACTION฀OF฀NICKEL
RICH฀PRECIPITATES�
฀ 4HESE฀!F
444฀DIAGRAMS฀CAN฀BE฀USED฀
AS฀ TOOLS฀ TO฀ TUNE฀ THE฀ TRANSFORMATION฀
TEMPERATURES฀ OF฀ THE฀ .ITINOL฀ PRODUCTS�฀
&OR฀ EXAMPLE�฀ IMAGINE฀ THAT฀ THE฀ STENT฀
DISCUSSED฀ PREVIOUSLY฀ WAS฀ HEAT฀ TREATED฀
AT฀ ��� #฀ FOR฀ ��฀ MIN�฀ WITH฀ A฀ RESULTANT฀
TRANSFORMATION฀TEMPERATURE฀OF฀�� #�฀)F฀
THE฀SPECIlCATION฀CALLS฀FOR฀A฀MAXIMUM฀!F฀
OF฀�� #฀�JUST฀BELOW฀BODY฀TEMPERATURE	�฀
THEN฀THE฀STENT฀CAN฀BE฀TUNED฀TO฀THE฀PROPER฀
!F฀AT฀��� #฀FOR฀�n�฀MIN�฀4HE฀.I��4I��฀

PRECIPITATES฀THAT฀FORMED฀DURING฀THE฀INITIAL฀
��� #฀TREATMENTS฀WILL฀RE
SOLUTIONIZE฀AT฀
��� #�฀WITH฀A฀CORRESPONDING฀DECREASE฀
IN฀ THE฀ TRANSFORMATION฀ TEMPERATURE฀ AS฀
THE฀NICKEL฀ATOMS฀DIFFUSE฀BACK฀ INTO฀ THE฀
MATRIX�฀ !T฀ LONGER฀ AGING฀ TIMES฀ ABOVE฀
��� #�฀THE฀.I�4I�฀PHASE฀FORMS�฀WITH฀A฀
CORRESPONDING฀INCREASE฀IN฀!F�฀

%&&%#43฀/&฀!').'
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฀ 4HE฀WIRE฀USED฀FOR฀THE฀!F
444฀DIAGRAM฀
HAD฀AN฀AS
DRAWN฀ULTIMATE฀TENSILE฀STRENGTH฀

�543	฀OF฀�����฀-0A�฀WHICH฀WAS฀REDUCED฀
TO฀�����฀-0A฀DURING฀THE฀STRAIGHTENING฀
PROCESS�฀&IGURE฀�฀SHOWS฀THAT฀THE฀AGING฀
TREATMENTS฀ ALSO฀ HAVE฀ AN฀ EFFECT฀ ON฀ THE฀
543�฀ &OR฀ EXAMPLE�฀ AGING฀ BETWEEN฀
��� #฀ AND฀ ��� #฀ INCREASES฀ THE฀ 543�฀
WHICH฀ DEMONSTRATES฀ THAT฀ THE฀ .I��4I��฀
PRECIPITATES฀ ARE฀ EFFECTIVE฀ BARRIERS฀
TO฀ DISLOCATION฀ MOTION฀ AND฀ ACT฀ TO฀
STRENGTHEN฀ THE฀ MATRIX�฀!T฀ HIGHER฀ TEM

PERATURES฀ ����n��� #	�฀ HOWEVER�฀ THE฀
543฀DECREASES฀EVEN฀THOUGH฀PRECIPITATES฀
FORM฀DURING฀AGING�฀4HE฀DECREASE฀IN฀543฀
AT฀ THESE฀ HIGHER฀ TEMPERATURES฀ REmECTS฀
THAT฀ THE฀ ONSET฀ OF฀ RECRYSTALLIZATION฀
BEGINS฀ AROUND฀ ��� #฀ AND฀ THAT฀ THE฀
.I�4I�฀PRECIPITATES฀ARE฀LESS฀EFFECTIVE฀IN฀
STRENGTHENING�฀
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