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I n t r o d u c t i o n 

The m a r t e n s i t i c t r a n s f o r m a t i o n in N i T i sys tem is a w e l l known f i r s t o r d e r 
d i f f u s i o n l e s s t r a n s f o r m a t i o n . The g rowth o f a t h e r m o e l a s t i c m a r t e n s i t i c 
p a r t i c l e , f o l l o w i n g the thermodynamic a n a l y s i s o f O lson and C o h e n ( l ) , 1s 
i n t r i n s e c a l l y dependent upon both shape and d imens ions o f the m a r t e n s i t e 
p l a t e . As the m a r t e n s i t i c t r a n s f o r m a t i o n e v o l v e s t rough a mechanism o f 
n u c l e a t i o n and g rowth wh ich leads t o m a r t e n s i t i c p a r t i c l e s w i t h t he same shape 
but p r o g r e s s i v e l y dec reas ing d i m e n s i o n s , a spread in the e q u i l i b r i u m 
t e m p e r a t u r e s can be e x p e c t e d a n d , as a c o n s e q u e n c e , b o t h m e c h a n i c a l and 
thermodynamic p r o p e r t i e s connected w i t h the t r a n s f o r m a t i o n can show a 
s t ep -w i se c h a r a c t e r . 
S tep -w ise r e c o v e r y due t o m a r t e n s i t e - p a r e n t phase t r a n s f o r m a t i o n has t i l l now 
been shown t o se t i n w h i l e i n v e s t i g a t i n g , under a p p l i e d s t r e s s , t h e thermal 
r e c o v e r y o f s t r e s s - i n d u c e d m a r t e n s i t e in N i T i a l l o y s ( 2 ) . 
The s t e p - w i s e f e a t u r e s o f t h e r m a l l y induced pa ren t -phase t o m a r t e n s i t e 
t r a n s f o r m a t i o n and its connec t i on w i t h a f r a c t a l model have been shown in Fe 
a l l o y s ( 3 ) . S i m i l a r ev i dence in NiTi a l l o y s be ing l a c k i n g , i n v e s t i g a t i o n s have 
been here undertaken: in presence o f a step-wise progression, the kinetics o f 
the heat r e l e a s e d u r i n g the t r a n s f o r m a t i o n i s expec ted to appear 
d i s c o n t i n u o u s l y . 
As f a r as the s t e p - w i s e c h a r a c t e r o f the r e v e r s e m a r t e n s i t i c t r a n s f o r m a t i o n i s 
concerned , ano ther k i n d o f s t e p - w i s e e v o l u t i o n , t h e r m a l l y s t i m u l a t e d and macro­
s c o p i c a l l y d e t e c t a b l e , i s he re r e p o r t e d . 

Exper imen ta l 

D i f f e r e n t i a l Scanning C a l o r i m e t r y (DSC) has been adopted to e v i d e n c e the 
i n t e r m i t t e n t heat f l o w r e l e a s e d / a b s o r b e d d u r i n g complete c y c l e s o f M = P 
t r a n s f o r m a t i o n s . 
DSC scans have been per fo rmed on a Dupont 1090-910 DSC equipment p r o v i d e d w i t h 
a mechanical c o o l i n g a c c e s s o r y , in the tempera tu re range -80C - +120C, on s e v e ­
ra l n e a r l y equ ia tomic N i T i a l l o y s . 
Slow h e a t i n g / c o o l i n g r a t e s (< 0.5 C / m i n ) were adopted t o i n v e s t i g a t e the 
s tep -w i se p r o g r e s s i o n o f m a r t e n s i t e t r a n s f o r m a t i o n . 
The p rocedure f o l l o w e d to induce the s t i m u l a t e d s t e p - w i s e e v o l u t i o n in the 
r e v e r s e M - ? t r a n s f o r m a t i o n r e l i e s upon Incomple te C y c l e s on Kea t ing ( ICH) 
performed at normal h e a t i n g / c o o l i n g r a t e (10C/m in ) , f o l l o w e d a t l a s t b y a 
complete hea t i ng t o the pa ren t phase . 
The c o n d i t i o n s adopted t o pe r f o rm a t y p i c a l sequence o f ICH c y c l e s , e x e m p l i ­
f i e d i n f i g . 1 , a re as f o l l o w s : 
- the s t a r t tempera tu re o f each ICH c y c l e i s be low Mf ; 
- the h i g h e s t hea t i ng tempera tu re T H n e v e r reaches the Apeak A f ; 
- T H is p r o g r e s s i v e l y lower du r i ng Pepeated ICHs , w i t h 

A s < . . . < < T H + j < T H • • • < A p e a k < A f 

T h i s p rocedure has been a p p l i e d on specimens p r e v i o u s l y s t a b i l i z e d t o p r e v e n t 
t r ans fo rma t i on a n o m a l i e s . 
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Fig .1 : A t y p i c a l sequence o f 8 ICHs. 

R e s u l t s 

S t e p - w i s e s t r e s s - f r e e M = P t r a n s f o r m a t i o n 

F i g . 2 shows a t y p i c a l h e a t i n g / c o o l i n g scan per formed a t s low r a t e (0 .5 C / m i n ) . 
As i t can be seen , on the w h o l e , the main peak shows an a s y m m e t r y which a lways 
appear on the same s i d e on the temperature s c a l e . The main peak looks as the 
c o n v o l u t i o n o f s e v e r a l l ower peaks , as suggested by the s m a l l e r peaks and d i p s 
p r e s e n t on the main peak. 
A c r i t i c a l exam ina t i on o f the expe r imen ta l r e s u l t s a f f o r d s t o s t a t e : 
- t h e asymmetry o f the main peak is not due t o the expe r imen ta l p r o c e d u r e ; on 
the c o n t r a r y 1t suppo r t s the idea the t r a n s f o r m a t i o n proceeds s t ep by s t e p , 
each r e l a t e d to a packet o f m a r t e n s i t e p a r t i c l e s . The rank ing o f m a r t e n s i t e 
packets appear ing on c o o l i n g f o l l o w s a r e v e r s e rank ing on h e a t i n g , 
• t h e d i p s and the s m a l l e r peaks , superposed on the main o n e , exceed the e x ­
pe r imen ta l n o i s e ; 
- t h e i n t e r m i t t e n t heat f l o w can be de tec ted q u i t e g e n e r a l l y , p r o v i d e d a s low 
h e a t i n g / c o o l i n g r a t e is a d o p t e d . 

S t i m u l a t e d s t e p - w i s e m a r t e n s i t e t o a u s t e n i t e r e v e r s i b l e t r a n s f o r m a t i o n 

E v i d e n c e is here g i v e n o f a "memory" e f f e c t , t h e r m a l l y induced and r e v e r s i b l e 
i n N i T i a l l o y s , wh ich appears as a s t i m u l a t e d e v o l u t i o n 1n the m a r t e n s i t e - p a -
r e n t phase t r a n s f o r m a t i o n . The number o f s teps and t h e i r onse t tempera tu res 
can be "memor i zed" b y means o f the p rocedure above d e s c r i b e d . 
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F i g . 2 : DSC scans , on c o o l i n g and on h e a t i n g , on a NiTi a l l o y 
at a r a t e o f 0 .5 C / m i n . 
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F i g . 3 shows schema t i ca l l y the sequence o f c a l o r i m e t r i c runs r e q u i r e d to induce 
and ev idence the s t imu la ted " s t e p - w i s e mar tens i te to aus ten i t e r e v e r s i b l e 
t r a n s f o r m a t i o n " (SMART) on a NiTi specimen. Curves (a) and (b) are r e f e r r e d to 
a complete h e a t i n g / c o o l i n g c y c l e ( i n (b) the h igh temperature peak is due to 
the R-phase t r a n s f o r m a t i o n , which i s o f no re l evance on SMART). Curve (c) 
shows an incomplete c y c l e on heat ing (ICH) up to T * (A < T * < A p e a k ) . SMART 
ensues f rom t h i s e s s e n t i a l s t a g e , dur ing the nex t heat ing t o parent phase. As 

F i g . 3 : Sketch o f the sequence o f c a l o r i m e t r i c scans r e q u i r e d to induce the 
s t imu la ted SMART.Curves c ) , g) and f ) are s h i f t e d on the temperature s c a l e . 
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: SMART induced through 8 ICHs in a NiTi specimen according to the da-
ta given in Table 1. a) and d) are the heating scans performed respectively 
be fo re and a f t e r SMART. 
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a matter o f f a c t , the nex t c a l o r i m e t r i c run on heat ing ( d ) , e x h i b i t s a s tep­
w i s e c h a r a c t e r : the heat f l ow assoc ia ted w i t h the M-P t rans fo rma t i on has a 
sudden d rop near T * . I t i s to be po in ted out tha t the nex t c o o l i n g (e) i s un­
changed in comparison w i t h (b) and the subsequent hea t ing ( f ) shows the r e v e r ­
s i b i l i t y o f the SMART: c u r v e ( f ) i d e n t i f i e s w i t h ( a ) . 
S e v e r a l repeated ICHs w i t h As < . . . < T * M i < T * H < . . . < A p e a k . ( 1 « 0 , 1 , 2 , . . . N ) induce in 
the next complete hea t ing run an heat f l ow w i t h N peaks s h i f t e d each o the r of 
A T = T * H - T * u + 1 . T a b l e 1 shows the temperatures reached in a t y p i c a l sequence 

o f ICHs and the temperatures o f the s t a t i o n a r y po in t s o f the SMART thermogram; 
in f i g . 4 b ) the co r respond ing p l o t s o f DSC scans are g i v e n , f o l l o w e d by SMART 
on the nex t heat ing scan ( f i g . 4 c ) . 

Tab le 1 

ICH 's T * T min Tpeak 
1 45.3 50.3 51.5 

(2.4) (2.8) (2.5) 
2 42.9 47.5 49.0 

(2.4) (2 .7) (2.6) 
3 40.5 44.8 46.4 

(2.4) (2.8) (2.4) 
4 38.1 42.0 44.0 

(2.7) (3.0) (2.7) 
5 35.4 39.0 41.3 

(2.7) (3.0) (2.7) 
6 32.7 36.0 38.6 

(2 .7) (3.0) (2.8) 
7 30.0 33.0 35.8 

(2.8) (3 .0) (3.0) 
8 27.2 30.0 32.8 

T a b l e 1 : A r r e s t temperature T * as a f u n c t i o n o f the ICH num­
b e r . Temperatures cor respond ing to the s t a t i o n a r y va l ues o f 
SMART are a l s o g i v e n . In pa ren thes i s the increments between two 
cor respond ing tempera tu res , g i v e n in sequence, a re a l s o quo ted . 

D i s c u s s i o n 

S tep -w ise s t r e s s f r e e t rans fo rma t ion 

F o l l o w i n g the f r a c t a l model advanced by Hornbogen(3) t o e x p l a i n the mar tens i ­
t i c m i c r o s t r u c t u r e s , t h e en tha lpy change o f the whole t r ans fo rma t i on can be 
seen as the b u i l d up o f s e v e r a l c o n t r i b u t i o n s cor respond ing t o d imens iona l l y 
d e c r e a s i n g / i nc reas ing mar tens i t e p a r t i c l e s , w i t h s e l f s i m i l a r f e a t u r e s , appear­
i n g / d i s a p p e a r i n g w i t h tempera tu re . D e t a i l s a re g i v e n in ( 4 ) . 

S t imu la ted SMART 

SMART is ob ta ined o n l y by ICH procedure : a s i m i l a r sequence o f incomplete cy­
c l e s on c o o l i n g does not produce a SMART in the f o l l o w i n g complete c o o l i n g . 
T h i s p o i n t s out the i n t r i n s i c d i f f e r e n c e between mar tens i t e and parent phase. 
SMART has moreover here been obta ined at a s tandard scan r a t e (10°C/min) and 



3 1 1 

does not seem to r e q u i r e s l ower r a t e s , as needed to ev idence the s t e p - w i s e 
fea tu res o f m a r t e n s i t i c t r a n s f o r m a t i o n both on c o o l i n g and on h e a t i n g . 
Both above expe r imen ta l f i n d i n g s suggest tha t SMART does not enhance the 
i n t r i n s i c s t e p - w i s e cha rac te r o f the m a r t e n s i t i c t r a n s f o r m a t i o n , as s low r a t e 
scans d o . On the c o n t r a r y t h i s s t e p - w i s e f e a t u r e is e x t r i n s i c t o the f reedom 
that SMART o f f e r s in the cho i ce o f both the temperatures at which peaks se t i n 
and the temperature s h i f t w i t h i n peaks. The absence o f SMART as a consequence 
o f incomplete c y c l e s on c o o l i n g agrees w i t h t h i s v i e w . 
Is is t o be po in ted ou t tha t SMART can be induced in NiTi specimens r e g a r d l e s s 
t h e i r thermal s t a b i l i t y . I t is w e l l known that incomplete thermal c y c l i n g on 
u n s t a b i l i z e d specimens induces p a r t i a l s t a b i l i z a t i o n o f ma r tens i t e and , hence , 
t r ans fo rma t i on anomal ies i n the nex t complete r u n , bo th on c o o l i n g and on h e a ­
t i n g . SMART was induced a l s o i n u n s t a b i l i z e d spec imens, but i n tha t case two 
d i s t i n c t p rocesses o c c u r : one i r r e v e r s i b l e , wh ich increases the d i s l o c a t i o n 
d e n s i t y due t o incomple te thermal c y c l i n g ; the o t h e r r e v e r s i b l e , which i n t r o ­
duces removable k i n e t i c b a r r i e r s . In N i T i specimens where a h igh d i s l o c a t i o n 
d e n s i t y has a l r e a d y been in t roduced by thermal c y c l i n g and /o r by a l t e r n a t i v e 
procedure(5) , ICM procedure Induces SMART o n l y . 
SMART looks as a c h a r a c t e r i s t i c f e a t u r e o f m a r t e n s i t e : it i s then tempt ing t o 
a t t r i b u t e i t t o ma r t ens i t e v a r i a n t s which accomodate p r o g r e s s i v e l y on c o o l i n g 
to f u l l m a r t e n s i t e . S ince 24 v a r i a n t s can be accomodated, i t looks d i f f i c u l t t o 
be ab le t o e s t a b l i s h the same number o f peaks , c u r r e n t l y l i m i t e d by e x p e r i m e n ­
t a l r e s o l u t i o n . At the l i g h t o f p resen t i n v e s t i g a t i o n s i t cannot be i n f e r r e d i f 
and to what e x t e n t v a r i a n t s a re i m p l i e d . 

Fig.5 : Thermal scan b e f o r e SMART ( F i g . 4 a ) superposed t o the thermal scan 
showing SMART ( F i g . 4 c ) . 
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The most reasonab le hypo thes i s to e x p l a i n SMART seems r e l y upon the come into 
being o f k i n e t i c b a r r i e r s at boundar ies between mar tens i te and parent phase, 
dur ing the ICH p rocedure . 
"Memory" o f the b a r r i e r s at the temperature HT* las t dur ing the f o l l o w i n g 
ICHs, which in sequence reach a lower and lower temperature. Memory is los t 
whenever heat ing i s performed to parent-phase as in the l as t heat ing c y c l e 
which f o l l o w s ICH. 
As a matter o f fac t the DSC run on heat ing which ev idence SMART 1s s h i f t e d to 
h igher temperatures in comparison to a p rev ious complete heat ing scan, f ree 
from ICH p rocedure , as shown in f i g . 5 . K i n e t i c b a r r i e r s , b u i l t up at each ICH 
s t e p , r e q u i r e an ove rhea t i ng temperature than usual to be overcome. 

Conc lus ions 

At the l i g h t o f p resent i n v e s t i g a t i o n s i t can be conc luded: 
-The s tep -w ise p rog ress ion o f the ma r tens i t i c t rans fo rmat ion both d i r e c t and 
r e v e r s e , in NiTi a l l o y s , is c l e a r l y r e l a t e d to a f ragmentat ion p rocess . The en­
tha lpy change, de r i ved (4 ) f o l l o w i n g Hornbogen f r a c t a l model o f f ragmen ta t i on , 
has a t rend in agreement w i t h exper imenta l r e s u l t s . 
On ly m i c r o s t r u c t u r a l i n v e s t i g a t i o n s d i r e c t e d to determine shape and k i n e t i c s 
o f m a r t e n s i t e p l a t es cou ld however d i s c r i m i n a t e between f r a c t a l and n o n - f r a c ­
t a l m i c r o s t r u c t u r e s . 
-On the c o n t r a r y , i n the same sys tem, the s t imu la ted s tep -w ise r e v e r s e marten-
s i t e t rans fo rma t ion (SMART) does not enhance the i n t r i n s i c s tep -w ise character 
o f stress-free martensite, but i t looks extr ins ic Experimental f i nd i ngs 
suggest it r i s e s f rom removable k i n e t i c b a r r i e r s , b u i l t up , " s a v e d " and " s t o ­
r e d " 1n the specimen by the adopted ICH procedure and "e rased " by a f u l l r e ­
v e r s i o n to the parent phase. 

The paper has been p a r t i a l l y supported by MPI 60% funds . Thanks are due to the 
"Cen t ro d i S tud io de l P rocess i E l e t t r o d i c i del CNR* f o r the k ind access to DSC 
equipment. 
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