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ABSTRACT 

The effects of the following seve r al fa cto r s o n th e ductility of 
the Ti - Ni alloy have been inves t igated: Ni -conce n tration, test 
temperature and heat-treatment. Tensile tests we re carried out 
for measuring elongation (the fracture strain) , wh ich was mainly 
used as a mea s ur e of ductility. The elongation dec r eased wi th 
increasing Ni - concen tration in solution- treated specimens. 
Annealing at a temperature above 873K was effective to increase 
the duc tility of col d wor ked specimens. It was also fo und that 
t he ma r te nsite phase was mo r e ductile t ha n t he pa r e n t phase. The 
elongation of the solu t ion- t reated specimen s howed a test 
temDeratur e de De nde nce. However, the elongation of t he age
t r eated Ni - r i c h s pecimen ha rdly s howed test tempe r ature 
de pe nde nce. 

1. INTRODUCTI ON 

The Ti-Ni alloy is the most i mportant material amon g many shape 
memory alloys for t he applications of the shape memory effect or 
superelasticity. Th is is partly because t he alloy is duct ile in 
a polycrystalline state (1 - 41. Since the alloy shows the perfect 
shape memory effect or superelasticity after hea t- treatment at 
any temperatur e . t he c r itical stress for s lip ca n be raised by 
i n t r oduci ng dislocat i o ns 15 ) and/or fine precipitates 15.61. The 
fine precipitates can be int r oduced only in Ni-rich specimens 
17 J, while dislocations in all T i -N i specimens. Therefore, cold 
work i ng is impor t a n t for introduci ng e no ugh de nsi ty of 
di s locations in order to ach ieve the stable s ha pe r ecovery In all 
Ti-Nl alloys as well as for form t ng the alloy into any shapes. 

Workability or ducti l ity of the Ti-Nl alloy depe nds on the tes t 
temperature [1.2J, heat-treatment(4) and Ni- concentrat ion. 
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However. no systematic understanding about the ductility of t h is 
alloy has been attai ned. The purpose of this paper is to clarify 
the effects of all the above factors on the ductility of the 
TI - Nl alloy by a systematic Investl~atlon. 

2. EXPERli\IENTAL 

The alloys were prepared using electron beam melting method. The 
compositions of t he alloys range from 50.0 to 52.0at\Nl. The 
ingots of t hese alloys were hot rolled. followed by final cold 
rollIng with 20% r eduction. The plates t hus obtai ned were 1.0 rnm 
thick. Specimens were spa r k cut, the gage portion being of 1.0 
mm x 1.5 mm x 15 mm size. They were t he n subjected to t wo types 
of heat-treatments respectively; i.e. ( 1 ) a nneali n g at /'II 

temperature between 573K and l273K afte r cold working (annealing) 
and (2) solution - treatment at l 273K for 3.Sks followed by 
Quenching into iced water , and then age-treatment at a 
temperature between 373K and 973K (age-treatment) . All speci mens 
were e l ect ro-pol ished af t er the above heat-treatment and the n 
tensile t ested. Tensile tests were carried out wit h an lnst r on 
type tensile mac hi ne, Shimadzu Autog r a ph 055- 101'-$ type. Test 
temperatures were controlled by keepi ng a s pecime n i n ethanol 
which were heated by a heate r o r cooled by pou r i ng liquid 
ni t r ogen. 

3 . RESULTS AND DISCUSSION 

Basic c haracteristics of the mechanical properties such as 
ductility can be exami ned using solution-treated specimens , 
because such specimens do not have special inte~ n al structure 
such as dislocations and precipitates. figures 1 and 2 show the 
stress-strain curves of the so l ution -treated Ti-SO.5at%Ni and 1'i-
50.9at%Ni alloys respectively, which were tensile tested to the 
final fracture at various temperatures between 77K and 473K. The 
elongat10ns of t he Ti-SO.5at%Ni and Ti-SO.9at%Ni alloys are shown 
as a function of test temperatu r e i n figures 3 and 4, 
respectively. The elongation obtai ned at Ms is t he l a r ge~t fo r 
both alloys; the elongation dec r eases with inc r eas Ing or 
decreasIng temperature. The r efo r e. deforming at f.1s after 
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Figure 1. Stress-strai n curves 
Tl-S0.Sat%Nl specime ns which 
various test temperat ures. 
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were deformed at 
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Figure 2. St r ess-st r a in curves 
Tl-S0.9at%Nl specimens wh ich 
various test temperatures. 
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Figure 3. Elongations o f 
solution-Created Ti-50.Sat%Ni 
s pecimens wh ich were deformed 
a t various test tempe ra tu r es. 
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Figure 4. Elo ngations of 
soluti on-t r eated Tl-S0.9at\Nl 
specimens which were deformed 

at various test tem pe ratures. 
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soluti o n-treatment Is suitable for deriving the best 
wo rka blli ty. 

co ld 

The du c ti11ty of · the marten s ite phase ca n be dete rm ined by 
deforming at Ms' because the martensite I s induced easily at a 
low st r ess: wnile the ductility of t he parent phase can be 
determined by deforming at 473K, because this temperatur e is 
h igher t ha n Md' above whi c h t he ma r te nsite Is not stress-induced 
and plasti c deformation occurs i n t he pa r e nt phase. Figure;; 
shows the elongation at i'-ls or 473K as a function of Ni 
concentration. Th e elongation at Ms is always large r t ha n that 
at 47 3K fo r a ny Ni -conce n tration. Th is Is because t he critical 
st r ess for slip at Ms is always l owe r t ha n t hat at 473K. It I s 
also f ound that the elongations at Ms for specimens wi th Ni
conce n trati ons be tween 50.0 and 51.0at\ arc more tha n 60%, wh ile 
t hose f o r the Tl-51 .5at%N l a nd 52.0at%Ni alloys are a bou t 20\ o r 
less although they we r e deformed at f.1s . 
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I n o r de r t o f o rm the a lloy by cold r olling or dra win g , 
intermedi ate a nnea l i ng Is necessa ry fo r r emoving work ha rde ned 
structu re d ue to t he preceding wo rk i ng . In t hi s case, it I s 
important to dete r mine a suitable r a n ge of t he intermediate 
annealing tempe r atures for attaini n g a h Igh ducti l ity. Figure 6 
shows stress - strain curves of t he Ti-50.5at \Nl specimens which 
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Figure 6. St r ess-s t rai n curves at room temperature 
In Tl - S0.58t%Ni s pecimens which were nnnealed at 
various tempe ratures ranging from 573 to l273K fo r 
3.6ks afte r t he preceding cold work ing. 
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Figure 7. Elongations at room tem
perature in Ti-SO.Sat'Ni specimens 
which were annealed at various tem
peratures ranging from 573 to l273K 
fo r 3.Sks after t he preceding cold 
wo r k1ng. 
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were annealed at various temperatures r a nging from 513K to 1273K 
after cold working with 20\ r eduction and t hen deformed at r oom 
temperature. The elongation vs . annealing temperature 
r e l ations hip is s hown in figur e 7 , whe r e a large elongation 1s 
derived by annealing the specime n at a temperature above 873K. 
Si nce this critical temperature 1s a little higher tha n the 
r ec rystallization temperature . many dislocations introduced by 
t he preceding cold working were r emoved and the grain g r owt h 
after t he r ec rystallization was promoted. resulting in lowering 
the cri tica l st r ess for slip. 

The critical st r ess f or slip 15 a l so a ff ected by the 
precipitation hardening in Ni- r ich specimens as well as by the 
work hardening . Therefore, it i s necessa r y to exclude 
precipitates as wel l as disloca tions in ord e r to attain a high 
cold workab ility in such specimens. Figures 8 an d 9 s how the 
effects of annealing tempera ture a nd aging temperature on the 
st r ess-strain curve of the Ti-50.9at\Ni alloy respectively whlch 
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FIgure 8. Stress-s train curves at room temperature 
I n TI-50.9at%Nl specimens which were annealed at 
varIous temperatures ranging from 573 to l273K fo r 
3.Sks after the preceding cold working . 
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Fi gure 9 . Stress-strain curves at room temperature 
i n Tt-50.9at%Nl spec i mens which we r e age- treated at 
various temperatures rangIng from 573 to 973K for 3.6ks 
afte r the preceding solution- treatment . 
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were tested at roo m temperature. It is clear t ha t both the heat
treatments affect the stress- strain curve. The elongation Is 
shown as a fun c tion of annealing temperature o r aging temperature 
In figu r e 10. wh e r e open ci r cles ind icate the elonga tions fo r the 
former. while closed circles those for the l atte r . There Is a l so 
a critical an neali ng temperature similarly to the Tl-S0.5at%Nl 
alloy. annealing at a temperature above whi c h being effective to 
increase the elongation; the critical t emp e r ature was almost the 
same as that In t he Tl-S0.5at\Nl alloy . 
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Figure 10. Elon gati ons at r oom tem
perature in Ti -50.9at%Ni specimens 
as a function of a nnealing tempera
ture after the preceding cold work
ing or a function of agI ng temper
ature after the preceding solution
treatment. 

Although a hlgh cold workability is obtained by anneal1ng at 
a temperature a bove t he c r itica l temperature, t he elongation 
dec r eases by ag ing in an intermediate temperature range between 
513K and 813K as shown by the closed circles. This means that 
working with a Ni-rich specimen in the in te rmed ia te temperature 
r a nge will dete r iorate the workability . The elonga tion of s uch 
a n age-treated Nl-rich specimen was almost constant. i.e. about 
20% for the Ti-50.9at%Ni al loy, irrespectIve of test temperatu r e. 
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