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G E N E R A L  C H A R A C T E R IS T IC S  O F  T H E  WORK 

T h e  th e s is  is devo ted ,  m ain ly ,  to th e  d ev e lo p m e n t  of high te m pera tu re  
N i— Ті b a s e d  S h a p e  M em ory  Alloys.
T h e  a im  of th e  w ork  was to develop a  H ig h - T e m p e ra tu r e  N i— Ті b ased  
S h ap e  M e m o ry  Alloy, in p a r t ic u la r  a N i— Т і— Z r  or  a N i— Т і— Hf 
b ased  a l loy ,  w ith  Mf te m p era tu re  above  100 °С, a n d  a reasonable  d u c ­
til ity  for  p ro d u c t io n  reasons .  Scientific nove l ty  of th e  work can be found  
in th e  sy s te m a t ic  approach ,  m ore  t h a n  100 alloy  compositions w ere  
s tu d ie d  to o b ta in  a high te m p e ra tu re  a n d  d uct i le  Shape  Memory Alloy 
w ith  good S h a p e  M em ory  perfo rm ance .
D u e  to th e  sca le  up  of the  work to  a  com m erc ia l  production level, the  
prac tica l va lue  of th e  work is ev ident.

M a in  sc ientific  p ropos i t ions  to  b e  d e fended :
A R E V E R S IB L E  M A R T E N S IT E  S Y S T E M  W H IC H  WAS STABLE U P  
T O  H I G H E R  T E M P E R A T U R E S  AS H I G H  AS 200  °С IN C O M B IN A ­
T IO N  W I T H  A N E C ESSA R Y  D U C T IL I T Y  A N D  A TWO WAY 
S H A P E  M E M O R Y  E F F E C T  (2.5 % )  U N D E R  LOAD IS D ESCRIBED.

P e rso n a l  c o n t r ib u t io n  of the a u th o r  c a n  b e  found:
—  on th e  techn ica l  s ide  e. g. V ac u u m  ind u c t io n  casting, ex trus ion ,  
sw aging , ro lling ,  wire draw ing,
— on th e  sc ientific  s ide  e. g. eva lu a t io n  of th e  alloys by Differential 
S can n in g  C a lo r im e try  (D SC ), Light m ic roscopy ,  SEM , Shape M emory 
m e a s u r e m e n ts ,  r e se a rch  s tra tegy ,
— on th e  p rac tica l applied  s ide  by  d e f in in g  ac tua l  high tem pera tu re  
S h ap e  M e m o ry  Alloy req u irem en ts  o u t  of th e  in d u s t ry  for a possible 
la te fx o m m e rc ia l iz in g .

A p p ro b a t io n  o f  the  work.
R e se a rc h  re su l t s  w ere  p resen ted  a t  fo llow ing conferences:
— S h a p e  M e m o ry  Alloy C onfe rence ,  M ich igan  S ta te  University, 15— 
17 A ugust 1988
— T h e  M RS in te rn a t io n a l  M eeting  on A dvanced  Materials, Tokyo, 
1988
— T h e  3 rd  In te rn a t io n a l  C o nfe rence  o n  N ew  A ctua tors ,  Bremen, 1992
— T h e  4 th  In te rn a t io n a l  C o nfe rence  on  S pace S truc tu res ,  University  of 
S u rre y ,  1993
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—  Е Е С - С О М Е Т Т  8 7 / 2 / С - 2 / 0 0 8 6 3 ,  Barcelona, 1989
—  S tu d ie d a g  N ieuwe M a te r ia le n ,  Kortrijk , 1987
—  F o rm g e d a c h tn is le g ie ru n g e n ,  T ec h n isc h e  A kadem ie  E ss l in g en ,  1993
—  MRS in te rn a t io n a l  M ee t ing  o n  A dvanced  M ateria ls ,  T okyo ,  1993
—  T h e  In te rn a t io n a l  C o n f e r e n c e  on Shape M em ory a n d  S u p e re la s t ic ­
ity: E n g in e e r in g  an d  B iom edical  A pplications, Asilom ar, to be  he ld  in 
1994
—  T h e  4 th  In te rn a t io n a l  C o n fe re n c e  on New  A ctuators ,  B rem en ,  to be 
h e ld  in 1994

P u b lica t io n s :
T h e r e  w ere  pub lished  n in e  p a p e r s  on  the th e m e  of the  thesis .

S Y N O P S I S  O F  T H E  T H E S I S  

In c h a p te r  one,  the  in tro d u c t io n ,  b ased  on the  l i te ra tu re  th e  d e f in i t io n s  
of th e  o n e -w a y  an d  tw o-w ay  S h a p e  M em ory a n d  o th e r  a s so c ia te d  p h e ­
n o m e n a  (supere las t ic i ty ,  su p e rp la s t ic i ty ,  high dam ping  c a p ac i ty  etc.) 
a r e  given a long  with crit ica l d iscuss ion  of th e ir  nature .  N e c e s sa ry  c o n ­
d i t ions  fo r  S hape  M em ory  m a n ife s ta t io n  in an y  m ateria l w ere  d e t e r ­
m in e d  to be:
— m a r te n s i t e  t ran s fo rm a t io n ,  specifically a therm oelas tic  m a r te n s i t e  
( K u r d u m o v ’s effect);
—  m a r te n s i t e  t r an s fo rm a t io n  s h o u ld  be crysta l lograph ica lly  revers ib le ;
— p a re n t  a n d  m a rten s i te  p h a s e s  shou ld  be o rd e red ;
—  d e fo rm a t io n  in the  m a r t e n s i t e  s ta te  shou ld  be accom m o d a ted  by r e ­
o r ie n ta t io n  of its var ian ts .

It is a d m i t t e d  tha t  the  t r a n s f o r m a t io n  tem pera tu res ,  the  h y s te re s i s  a n d  
th e  reve rs ib le  macroscopic s t r a i n  a re  d e p e n d e n t  p re su m a b ly  on  the  
chem ica l  composition  of th e  a l loy .  Besides they  a re  d e p e n d e n t  on  the  
th e rm o m ec h an ic a l  t r e a tm e n t  a n d  on the explo ita tion  c o n d i t io n s  (e. g. 
n u m b e r  of the  te m p e ra tu re  cyc les  through  m a rten s i te  t r a n s f o r m a t io n  
o n se t  u n d e r  ex te rna l  s t re s s  o r  w ithou t  it).

T h e  ac tu a l  need  of the  in d u s t r y  is m en tioned ,  following w hich  T H E  
M A IN  G O A L  of this thes is
— T H E  D E V E L O P M E N T  O F  A H IG H  T E M P E R A T U R E  S H A P E  
M E M O R Y  ALLOY W IT H  A Mr T E M P E R A T U R E  ABOVE 100 °С.
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T h e  request  f rom  th e  in d u s t ry  is d u e  to possib le  h igh  environm ent 
te m p e ra tu re s  of ac tu a to rs .  An exam ple  is th e  au tom at ic  circuit b rea k e r  
w h e re  the  ac tiva tion  is norm ally  ab o u t  150 °С. O th e r  possible applica­
t ions a re  s i tu a te d  in th e  autom otive in d u s t ry ,  because  th e  tem pera tu re  
in  a ca r  can  r ise  up  to  ab o u t  100 °С d u e  to  d irec t  rad ia t ive  hea ting  of the  
sun .

K eeping  in m ind  th e  practical aspec t  fo r  a la te r  possib le commercial 
p roduction ,  T W O  M IN O R  GOALS W E R E  D E F IN E D :

—  A M IN IM U M  D U C T IL IT Y  which is req u ired  for  production r e a ­
sons ,  so  no rm al  p roduc t ion  techniques such  a s  rolling can  b e  applied.
—  A M IN IM U M , S TA B LE , S H A P E M E M O R Y  E F F E C T  O F 1.5 % . 

In itia lly  N i— Т і— Z r  a n d  la ter  N i— Т і — H f were  chosen  for  investiga­
tion ,  th e  firs t  choice following the  l i t e r a tu r e  an d  the  second  due to the  
chem ical s im ila r i ty  of Hf a n d  Zr.

In  c h a p te r  two « T h e  influence of t e r n a r y  e lem en ts  on  the  m a rtens ite  
t r an s fo rm a t io n  in N i— Ті system s» a review of the  l i te ra tu re  is done  
tak ing  in to  accoun t p roduction  reasons .  M ain  ach ievem en ts  an d  general 
conclusions a re  su m m a r iz e d  below:
—  N o alloy, as  m e n t io n e d  in the goals,  is in d u s t r ia l ly  available.

—  In te rp re t in g  th e  l i t e ra tu re  on this  topic, th e re  a p p e a rs  to be  a lack of 
coherence .  T h e  m ain  problem here  is th a t  a u th o rs  do  not clearly  specify 
th e i r  t r e a tm e n ts  a n d  m easu r ing  p ro ce d u re s  a n d  co n trad ic to ry  d a ta  a re  
r epo r ted .  A s ta n d a r d  for  Shape M em ory  m e a su re m e n ts  a n d  trea tm en ts  
will help  in te rp re t in g  the  l i tera ture  a n d  inc rease  the  in te rchangeab i l i ty  
of da ta .
D ue to the  lack of m iss ing  in form ation  in regard  to th e  actual s ta te ,  a 
re se a rch  s t ra teg y  was set up to ach ieve th e  goals w ithou t the  need  of 
cas t ing  too m a n y  d if fe ren t  alloys.
—  P oten tia l  c a n d id a te s  as  te rn a ry  co m p o n e n ts  m ay  be  Al, G a, Hf, In, 
Os, Re, R u , Z r  as  su b s t i tu te d  for Ті a n d  Au, Co, C u , Fe, P t,  N b as  s u b ­
s t i tu ted  for Ni.

— To  satisfy  the  req u es t  of the main goal of the  thes is  a n u m b e r  of c a n ­
d id a te s  shou ld  be n a r ro w e d  to Cu for  th e  firs t  s tep ,  a n d  Z r  an d  Hf (as 
isoelectronic to Т і)  to  continue deve lopm en t  of S h ap e  M em ory Alloys 
th e  m ost practical fo r  industr ia l  m an u fa c tu r in g .
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T h e  novel r e su l t  of th is  rese a rch  was a sy s tem a tic  overview  of the  N i— 
Т і— Zr sy s te m  in the  range  of in te res t  from  a  S h ap e  M em ory  point of 
view.

R eplacing  the  Z r  by H f a fu r th e r  inc rease  in t r a n s fo rm a t io n  te m p e ra ­
tu re ,  up to 250  °С, a n d  a s tab le  two w ay  S h a p e  M em o ry ,  up  to near ly
3 % ,  was ach ieved .

T h e  th ird  c h a p te r  is devo ted  to the  N i— Т і— C u  sys tem .

T h is  in te re s t in g  sy s te m  has  a b e t te r  lo n g - te rm  s tab il i ty ,  a sm a lle r  h y s ­
te resis  a n d  a lower sensitiv i ty  of the  t r a n s fo rm a t io n  t e m p e r a tu re  to 
changes  in com position .

Keeping in m in d  th e  m a in  goal an d  tak ing  in to  co n s id e ra t io n  the  l i te ra ­
tu re  d a ta  on var ia t ion  of the t ransfo rm at ion  te m p e ra tu re s  with  com posi­
tion in t e rn a ry  T iN iC u  sys tem  th e  alloys w ith  c o n ten t  of 
(7 +  8 . 3 ) a t .% C u — (49.5  +  5 1 .5 ) a t .% T i— Ni w ere  ch o sen  for inves tiga­
tion. Alloy p re p a ra t io n  was as follows: m e lt ing  in vacuum  induc t ion  fu r ­
nace  in the  form  of cy l indrica l ingots (d = 20  m m , /  = 100 m m ) followed 
by hot rolling a t  900°C (into s tr ips  of 2 m m  th ic k n es s) .

T ra n s fo rm a t io n  te m p e ra tu re s  were d e te rm in e d  by  ca lo r im e tr ic  m e a s ­
u rem e n ts  a n d  b en d in g  technique.

M ic ros truc tu re  s tu d ie s  show presence of la rge  n u m b e r  of prec ip ita tions 
which w ere  iden tif ied  a s  T i2 (N i,C u)  by  m ic rop robe  an a ly s is .  Volume 
fraction  of those  p rec ip ita tions increases  with  Т і co n ten t .  T ra n s f o rm a ­
tion te m p e ra tu re s  do no t increase  with Т і  d u e  to its  rem oving  from the  
m atr ix .  Since T i 2C u  is a  britt le  phase  th a t  decom poses  a t  984 °С so the 
alloys with h ig h e r  Т і -con ten t  a re  very britt le .

In view of la te r  se ria l  production, m e m o ry  w ires  of a N iT iC u  alloy 
A M T 07020  ( 4 8 .8 % N i — 4 5 .2 % T i— 6 .0 % C u )  w ere  ch o sen  a n d  the  fol­
lowing m a n u fa c tu r in g  s teps  were exam ined :

— cold w ire -d ra w in g

— final hea t  t r e a tm e n t  of the  wire

— induc ing  the  m e m o ry  effect

— qual i ty  contro l .

To  d i f fe re n t ia te  m a te r ia l  behavior d u r in g  vary ing  th e  process  co n d i­
tions m e n t io n e d  above the  p a ram ete r  /3 = £0/ £ max ( ra t io  of the  plastic 
de fo rm at ion  e0 to th e  (elastic  + plastic) d e fo rm a t io n  £max) w as used.
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Based on v ar ia t io n s  of (1 w ith  an n e a l in g  t e m p e r a tu re  a n d  holding time 
th e  rec rys ta l l iza t ion  s ta te  of th e  finally  a n n e a le d  m e m o ry  wire was de­
te rm in ed  to be 400  °С, 15 m inu tes .
A nnea ling  a w ire  a t  h ig h e r  te m p e ra tu re s  ( 500  °С) gives a creep of ca.
2 .5  % at a sh a p e  m e m o ry  s t ra in  ca. 4.1 % a f te r  1000 the rm al  cycles. 
For lower a n n e a l in g  te m p e ra tu re s  the  m a te r ia l  does  not creep but 
S hape  M em ory  is sm a l le r  ( ~  1.6 % ) .
So, in this c h a p te r  th e  th e rm o m ec h an ic a l  t r e a tm e n t  for th is  alloy was 
optim ized as  a  fu nc t ion  of:
— Shape M em ory  s t ra in

— Recovery s t re s s
— C reep
It was found  th a t  a  d e fo rm a t io n  ra t io  of 30 % ,  a n n e a l in g  at 400 °С for 
15 m inutes  followed by a w a te r  quench  a n d  a p r e s t r a in  (deform ation in 
the  m artens it ic  s ta te )  a s su re s  a s tab le  Shape  M e m o ry  effect.  As an opti­
mal com prom ise  a w ire was m a d e  with th e  following characteristics: 
S hape  M em ory  effect 4 % ; C re e p  0.3  % ;/S  value 0 .685.

T h e  fourth ,  fifth, s ix th  an d  seven th  c h a p te rs  p re se n t  the  results  of the 
research  done  on th e  N i— Т і— Z r  sys tem  respec tive ly  concern ing  with 
al loys of lower Z r  co n ten t ,  h ig h e r  Z r  con ten t ,  h igh  Z r  con ten t  with op­
tim ization of th e  Ni c o n ten t  a n d  a  N i— Т і— Z r pilot cas t ing  respectively. 
C om parison  of Т і — Ni a n d  Z r — Ni phase  d ia g ra m s  is done.  Both Ni- 
base  and  Z r - b a s e  p h ases  have sm all ex is tence  ra n g e  but additional 
phases  shou ld  be  taken  into accoun t for in te rm e d ia te  composition. 
P rep ara t io n  of th e  a l loys u n d e r  s tudy :

— for low Z r  c o n te n t  each sam p les  w ere  rem e lte d  fo u r  tim es to improve 
the  hom ogeneity ,  a vacuum  induc t ion  fu rnace  w as used .
— for h igher  Z r  co n ten t  m elting  was m ade  u n d e r  A r  a tm osphe re .

It was found  ou t th a t  in t e rn a ry  T iN i— Z r al loys  precipita tions of 
( T i ,Z r ) 2Ni p h ase  a re  observed  in la rge  a m o u n ts .  D istr ibu tion  of the 
basic co m ponen ts  is such  tha t  m a tr ix  is dep le ted  in Т і but Zr is equally 
parti t ioned  be tw e en  the  p rec ip ita te  a n d  th e  m a tr ix .

T h e  ex p e r im en ts  show ed  th a t  up  to 2 .7 a t .% T i  can  be subs t i tu ted  for Zr 
w ithout a ch a n g e  in the  t r an s fo rm a t io n  te m p era tu re .

For  h ighe r  Z r -c o n te n t  (up to 2 0 a t .% )  th e  t r a n s fo rm a t io n  tem pera tu re s  
vary  as show n in Fig. 1.
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Aj a n d  A f inc rease  w ith  in c re as in g  Z r-c o n te n t  till As = 122°C. Ms a n d  M f 
show  a m in im um . T h e  values  do  n o t  show a s ignificant d e p e n d e n c e  on 
th e  N i-co n te n t .
At sm a ll  Z r-c o n ten t  ( 3 a t .  % ) ,  th e  ch a n g e  of the  t ra n s fo rm a t io n  
te m p e r a tu re s  \  a n d  Af w ith  th e  Z r -c o n te n t  is negligible.

Till 7 at. % Zr,  Ms a n d  M f 
te m p era tu re s  dec rease .  D ue  to 
th is  effect the  h y s te re s is  of the  
al loys first inc reases  a n d  th e n  at 
h ig h e r  Z r-c o n ten t  of th e  alloys, 
dec reases  again .
T h e  m icros truc tu re  of the  alloys 
with Ni deficiency is m a rk e d  by 
a d en d r i t ic  p rec ip ita t ion  of a sec­
o n d a r y  phase.  T h e  prec ip ita te  
has  a com position c o m p arab le  to 
( T i ,Z r ) 2Ni (as m e a su re d  by
E D X -an a ly s i s ) .  In the  m a tr ix ,  
w hich en r iches  itself  with Ni as  a 
resu lt  of prec ip ita tes  rich in Ті 
a n d  Z r,  th e re  is e x t r a  se g re g a ­
tion of Z r  in vicinity of th e  p re ­
cip ita tes.
T h e  phase  b o u n d a r y  of the
sing le  phase  (T i ,Z r )N i  on the  Ті 

r ich s id e  for  these  m a n u fa c tu r in g  cond i t ions  lies at  a c o n s ta n t  N i-con-  
ten t  b e tw e en  50 at.  %  a n d  51 a t .  % .
T h e  prec ip ita t ion  of th e  s e c o n d a ry  p h ase  can not be s u p p re s s e d  by 
q u en c h in g .  However, in  sa m p le s  m a d e  by  m eltsp inn ing  th e y  a re  m ore 
f ine ly  d is t r ib u ted .

T h e  s t ru c tu re  of alloy w ith  a h ig h e r  Т і - c o n te n t  is like above ,  though  the  
s ize of th e  p rec ip ita tes  is sm a l le r ,  as  well a s  the  volume fraction .

T h is  re su l t s  in b e t te r  m e ch a n ica l  p roper t ie s .

In c h a p te r  six «High Z r  co n ta in in g  N i— Ті al loys with op tim um  N i-co n ­
ten t» ,  b a s e d  on th e  e x p e r im e n ta l  d a ta  o b ta in e d  in previous c h a p te r ,  the  
a l loys w ere  chosen  with  Z r -c o n te n t  va ry ing  in the  ran g e  5 -f- 35 at. %  in
o r d e r  to  def ine  th e  o p t im u m  N i-c o n te n t  fo r  a given Z r  f raction .  T h e
com posit ion  was close to  th e  s to ich iom etr ic  in te rm eta llic  N iT i  sys tem .

Zr-percentage (at%)

Fig. 1
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O th e r  N i-rich  p h a se s  a re  o b se rv e d  in  a d d itio n  to  (T i ,Z r )2Ni p h ase  
w hen  th e  N i-c o n te n t is above th e  so lub ility  ran g e  (from  50  a t. %  to 
51 a t. %>.
B oth  th e  Т і-r ic h  a s  w ell a s  th e  N i- r ic h  phases a re  su r ro u n d e d  by Z r e n ­
r ich e d  zones.
E lec tron  m icroscopy  in v e s tig a tio n  show ed  a fine m a rte n s ite  w ith  c o h e r­
e n t m a rte n s ite — m a rte n s ite  v a r ia n t b o u n d arie s .

T h e  V ickers h a rd n e s s  a s  a 
function  of th e  com position  
ra tio  V (V = (Т і + Z r ) /N i)  is 
p re se n ted  in  Fig. 2.
T h re e  ran g e s  can  be d is t in ­
gu ished .
F or V <  0 .96 , th e  h a rd n e s s  
d ecreases  w hen  V in c rease .
T h e  n ex t ra n g e , up to V = 1.01, 
s ta r ts  w ith  a n  in itia l doub ling  
of th e  h a rd n e s s  follow ed by  a 
d ecrease  to  th e  o rig in a l values. 
In the  la st ra n g e , V > 1.01, the 
h a rd n e ss  in c re ase s  c o n tin u ­
ously.
R ange I: h e re  th e  m ic ro s tru c ­
tu re  show s N i rich  p rec ip ita tes , 

ті+zr (at%> / Ni (at%) s im u ltan eo u sly  w ith  th e  N i-
F ig . 2 rich  n e tw o rk  p h ase  w hich is in

th is  ran g e  a  c losed  netw ork . 
R an g e  II: h e re  th e  m ic ro s tru c tu re .sh o w s on ly  th e  N i rich  netw ork  ph ase  
w hich is not c lo sed  a n y  m ore. T h e  volum e frac tio n  of the  netw ork  
d ec reases  w hen  V in c reases . F in a lly  it v an ish es w hen  ran g e  III is 
reached .

R an g e  III: h e re  th e  m ic ro s tru c tu re  show s on ly  (T i ,Z r )2Ni p rec ip ita tes . 
T h e ir  volum e fra c tio n  in c re ase s  w ith  V.

S ince th e  n e tw o rk  p h a se  can d is a p p e a r  a f te r  an n e a lin g , ran g e  II c o rre ­
sp o n d s to th e  so lu tio n  ran g e  in  th e  p h ase  d iag ram . R an g es  I an d  II a re  
the  two phase  reg io n s  on the  N i s id e  a n d  the (Т і + Z r) s id e  of the  phase 
d iag ram . It is c le a r  th a t in th e se  tw o reg ions the  h a rd n e s s  will in c rease  
w hen  a h ig h e r vo lum e frac tion  of p rec ip ita tes  is e s ta b lish e d .
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Fig. 3 Fig. 4

Only  in r a n g e  I II  we see a n  in f luence  of th e  h a r d n e s s  as  a function  of 
the  Z r-c o n te n t ;  h e r e  the  h a r d n e s s  inc reases  w h en  m ore  Z r  is a d d e d  to 
the  alloy.
T h e  in f luence  of  Т і  a n d  Z r  on  th e  t r a n s fo rm a t io n  te m p e ra tu re s  in this  
sy s tem  is sh o w n  in  F igs 3 a n d  4.
T h e  sa m e te n d e n c y  as  for  th e  N i— Ті a l loys  is obse rved  fo r  th e  Z r  co n ­
ta in ing  a l loys .  A lloys w ith  Z r-c o n te n t  g r e a te r  11 at.  %  show  a  la rge  in ­
crease  in t r a n s f o r m a t io n  te m p e ra tu re .  M ax im um  values of 200°C  for the  
Aj t e m p e r a tu re  w e re  r ea ch ed  in a n  1 8 a t .% Z r  alloy. T h e  M f te m p e ra tu re  
inc reases  a lso  a f t e r  pass ing  th ro u g h  a m ax im u m  a t  ab o u t  1 4 a t .% Z r .
A clear  sh if t  of t h e  curves to h ig h e r  V values  is seen .
T h e  reason  fo r  th is  is th a t  h ig h e r  volume f rac tions  of Z r 0 2 w ere  form ed 
for h ig h e r  Z r  c o n ta in in g  al loys. T h is  m e a n s  th a t  th e  rea l  V value in the  
m atr ix  is lower.
C h a p te r  seven  « N i— Т і— Z r  pilot casting»  p re se n ts  the  re su l t s  of sem i­
industr ia l  p ro d u c t io n  of 35 kg N i— Т і — Z r  ingots  p re p a re d  in a high 
vacuum in d u c t io n  fu rnace .  T w o alloys w ere  m e lted  n a m e ly  A M T 7612  
(16 at. % Zr)  a n d  AM T7611 (1 7 .5 a t .% Z r) .
Techno log ica l  s te p s  w ere  as  follows:
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Fig. 5

F irs t d e fo rm a t io n  by  ex t ru s ion  at high te m p e ra tu re s  of cylindrical in ­
gots (d = 14 m m ,  1 =  20 m m ) with defo rm at ion  ra t io  4.6. On this  step the 
britt le  p h ase  is d e fo rm ed  without being in te r ru p te d  into d iffe ren t parts  
a n d  sm all p rec ip i ta te s  a re  hom ogeneously  d i s t r ib u te d  in the  m atrix . 
Samples to b e  ro lled  w ere  hea te d  from 700 °С up to 1000 °С. During hot 
rolling th e  t e m p e r a tu r e  seem ed  to be crucial p a ra m e te r .

Yield s t r e n g th  a s  a  function  of th e  test t e m p e r a tu re  (for total s tra in  of 
25 % ) (Fig. 5a)  a n d  the  defo rm ation  ra te  (at 800  °С for total de fo rm a­
tion of 75 % )  (Fig. 5b) were  investigated  by com press ion  tests.  T h e  
sam ples  co u ld  b e  co m pressed ,  in d e p e n d e n t  on  th e  defo rm ation  rate ,  
w ithout a n  e x c es s  of cracks.
In the  r a n g e  700  °С— 800 °С it was possib le to ob ta in  m ore  passes a 
total r ed u c t io n  of 50  %.  A p ronounced  one w ay  S h ap e  M em ory  Effect of 
up to 3 %  w as  found .

In th e  e igh th  c h a p te r  the  N i— Т і— H f sy s tem  is p re se n ted .
Zr a n d  Hf f ro m  a chemical point of view a r e  qu ite  sim ilar.  In na tu re ,  
they  a re  a lso  f o u n d  together .  So one can expec t  th a t  Hf will have abou t 
the  sa m e in f lu e n ce  on the  t ransfo rm at ion  te m p e ra tu re ,  m ic rostructure  
an d  S hape  M e m o ry  Effect as Zr has ,  w hen  it is a d d e d  to the b inary  
N i— Ті sy s tem .
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T h e  m ic ro s t ru c tu re  of T iN iH f  a l loys show s a f in e r  second  p h ase  as the  
Zr a l loys  do. A fter  th e  sa m e e tch ing  p ro ce d u re ,  no  segregation  was 
found ,  im ply ing  th a t  the  a to m  d iffus ion  k ine tics  have changed .

T h e  in te rm eta l l ic  p h a s e  N iH f,  ju s t  as  N iZ r ,  ex is ts  in a very  narrow  
range ,  so a second  p h ase  has  to be  ta k e n  in to  accoun t in the  cast s t ru c ­
ture.

For th e  sa m e  am o u n t  of th i rd  e lem en t  a h ig h e r  t ra n s fo rm a t io n  te m p e ra ­
tu re  is o b se rved  for the  H f  co n ta in ing  a l loys .  Fig. 4 show s the  m ax im um  
achieved  t r a n s fo rm a t io n  te m p e ra tu re s  fo r  b o th  sys tem .

Also a m ore  s tab le  S h a p e  M em ory  Effect w as  obse rved  for the  Hf con ­
ta in ing  alloys.

S tudy  of the  t ra n s fo rm a t io n  te m p e ra tu re s  as  a function  of the  hea t  
t r e a tm e n t  show s the  va r ia t ion  in As a n d  M f values  is ab o u t  12 °С for a n ­
nea ling  te m p e ra tu re s  a t  300  °С a n d  420  °С.

T o  o b ta in  as  high a n d  a s  s tab le  a t r a n s fo rm a t io n  te m p e ra tu re  as 
possib le,  a n n e a l in g  te m p e ra tu re s  a r e  to  b e  ch o sen  in th e  lower range. 

In tens ive  s tu d ie s  of S h a p e  M em ory  b e h a v io r  u n d e r  s t re s s  an d  d iffe ren t 
hea t  t r e a tm e n ts  show  th a t  th e re  a r e  d is t in c t  te m p e ra tu re  range  an d  
ho ld ing  t im e to reach  rela tively  h igh  va lue  of tw o-way S hape  M emory 
Effect.

Fig. 6 show s the  qu ite  r e m a rk a b le  in d e p e n d e n c e  of th e  app l ied  s t res s  on 
the  t r a n s fo rm a t io n  te m p e ra tu re .  T h e  s a m e  f igure  show s th a t  a two-way 
S hape  M em ory  Effect of n ea r ly  3 %  c a n  be  r ea ch ed  a f te r  a tra in ing  of 
350 th e rm o m ec h an ic a l  cycles. T h e  tw o-w ay  S h ap e  M em ory  Effect as  a 
function  of the  app l ied  s t re s s  for d i f fe re n t  H f-co n ten t  inc reases  up to
2.5 -г- 3 %  for s t re s se s  up  to 350 M Pa.

A m ore duct i le  s t ru c tu re  w as c re a te d  a f t e r  a full a n n e a l in g  a t  1200 °С. It 
was o b se rved  this t r e a tm e n t  a l te rs  th e  m orpho logy  of p rec ip ita tes  a t  the  
grain  bo u n d ar ie s .

Fig. 7 show s the  in f luence  of d if fe ren t  h e a t  t r e a tm e n ts  on the  two-way 
S hape  M em ory  Effect a s  a function  of cyc ling  (s tab i l i ty ) .

T h u s ,  th e  t r a n s fo rm a t io n  t e m p e ra tu re  for  H f  con ta in ing  alloys a re  
h ig h e r  co m p ared  with th e  alloys m odif ied  with  Zr; also  the  t r a n s fo rm a ­
tion te m p e ra tu re s  a re  m o re  s tab le  for  th e  H f co n ta in in g  al loys a n d  show 
a sm a lle r  s t re s s  d e p e n d e n c y ;  th e rm a l  t r e a tm e n t  can bes t be chosen  in 
the lower te m p e ra tu re  ran g e .  An a d d i t io n  of 5.8 at. %  C u  decreases  the  
t r a n s fo rm a t io n  te m p e r a tu re s  dras tica lly .
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Fig. 6 Fig. 7

C h a p te r  n ine  «N i— Т і— Au system » d e ta ils  th e  a ttem p t to replace gold 
by co p p e r in  th e  N i— Т і— Au system .
C o p p e r w as tr ie d  b ecau se  it is th e  o n ly  Ъ<1 e lem en t th a t does not 
d e c re a se  Ms te m p e ra tu re  (V, C r, M n, F e  a n d  C o d ec rease  the  tra n sfo r­
m ation  te m p e ra tu re ) .  B ecause Au is s i tu a te d  in  th e  sam e group of the 
P erio d ic  T a b le  d u e  to  M endeleyev , a n  a t te m p t w as m ad e  to  replace p a r­
tia lly  A u by  C u  in  N i— Т і— Au sy s tem  d u e  to  th e  h igh  price of gold an d  
th e  im p o r ta n t so lu b ility  o f Au in N i— Т і sy s te m . F o u r a lloys w ith nom i­
nal c o n te n t of Т і n e a r  50  at. % w ere  p re p a re d  by  th e  techn ique m en­
tio n ed  above.
N o sa m p le  cou ld  be m ad e  th a t show ed  a S h ap e  M em ory  Effect, p rob ­
ab ly  d u e  to  th e  high oxygen  co n ten t. W e m a y  assu m e  th a t th e  varie ty  of 
d if fe re n t p h a se s  a n d  th e ir  high volum e f ra c tio n  a re  ab le  to  suppress the 
m a rte n s ite  tran sfo rm a tio n  in the m a tr ix .
F u tu re  w ork  will be d ed ica ted  to rep la ce  C u  by th e  chem ically  sim ilar 
e lem e n t Z n .
In  c h a p te r  10 «N i— Т і— P d system » a s im ila r  a t tem p t, to  achieve ou r 
goals , is d e sc r ib e d  fo r th e  N i— Т і— P d  sy s te m .
As it is know n th e  in te rm eta llic  co m p o u n d  5 0 T i— 5 0 P d  has an  o rd ered  
C sC l s tru c tu re  w hich u n d erg o  m a rte n s itic  tra n s fo rm a tio n  to  m onoclinic
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o r  o r th o rh o m b ic  s t ru c tu re  n e a r  Ms = 540  °С. T ra n s fo rm a t io n  te m p e ra ­
tu r e  m a y  be  su p p re s s e d  by a d d in g  N i a n d  re a c h  t h e  va lue  n ecessa ry  for  
o u r  p u rp o se  a t  P d -c o n te n t  n e a r  2 0 a t .% .  H e r e  w e  investiga te  a  p o ss i­
b il i ty  to  rep lace  a par t  of P d  by  chem ica l ly  r e se m b l in g  e lem ents  like C u  
a n d  Z n . F o u r  d if fe ren t  a l loys w ere  p re p a re d .  T h e y  show ed  a very  h igh  
c o n te n t  of oxygen .  T h e  p re fe r re d  Z n -c o n te n t  w as  no t achieved d u e  to 
t h e  ev a pora t ion  of Zn in co n s id e rab le  a m o u n t .  T h e s e  melts  w ere  also  
m acroscop ica lly  inh o m o g e n eo u s  a n d  h a d  a m u l t ip h a s e  s tructure .
A lso in  th is  sy s tem  a n  a t te m p t  to d e t e r m in a te  th e  t ransfo rm at ion  
t e m p e r a tu re s  w as unsuccessfu l  d u e  to lack of a n y  t ran sfo rm at io n s .  T h e  
r e a s o n s  for  th is  behav iou r  a r e  p ro b a b ly  th e  s a m e  a s  fo r  th e  T iN iA u(C u)  
al loys.

C h a p te r  11 show s som e rec en t  S h a p e  M em ory  P ro d u c ts  with a sho r t  d e ­
scrip tion :
- -  S .M.A. a c tu a to r  fo r  a space  l in e a r  g r ip p e r  
- -  S .M.A. to rs ion  w ire as  a n  a c tu a to r  fo r  a valve
— S.M .A. w ire  (100 d ia m e te r )  u se d  a s  th e  d r iv ing  e lem e n t  in po in ts  of 
m in i a tu r e  ra i lw ay  m odels
— S .M .A. d r iven  open  m e ch a n ism  of a n  a n t e n n a
- -  Louvre  m e ch a n ism  a c tu a te d  by a  S h a p e  M e m o ry  Spring.

M A IN  R E S U L T S  A N D  C O N C L U S I O N S

1. T h e  new  Т і—N i-b a se  S h ap e  M e m o ry  Alloy c o n ta in in g  17 at.  %  H f  
w h ich  d e m o n s tr a te s  h igh  t ra n s fo rm a t io n  te m p e r a tu re  (Mf ~  200  
°С ) ,  tw o-w ay  S hape  M em ory  Effect w ith  rec o v e rab le  s t ra in  of 2.5  %  
a n d  ad v a ce d  physical a n d  m ech an ica l  p ro p e r t ie s  w as developed.

2. A n ew  technological p ro ce d u re  fo r  p ro d u c in g  in d u s t r ia l ly  acceptab le  
N i—Т і —Z r  an d  N i—Т і —H f S h a p e  M e m o ry  A lloys with  optim um  e x ­
p lo ita t ion  p a ra m e te rs  a re  p roposed .

3. T h e  t r a n s fo rm a t io n  te m p e ra tu re s  fo r  H f  c o n ta in in g  alloys a re  h ig h e r  
c o m p a re d  to the  Z r  con ta in ing  a l loys.

4. T h e  t ra n s fo rm a t io n  te m p e ra tu re s  fo r  Hf c o n ta in in g  alloys a r e  m o re  
s ta b le  a n d  d e m o n s tr a te  sm a lle r  s t r e s s  d e p e n d e n t  th a n  for Z r  co n ­
ta in in g  alloys.
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5. For  th e  N i— Т і— C u  sy s te m ,  the  op tim um  th e rm o m ec h an ic a l  t r e a t ­
m en t was fo u n d  to be: de fo rm at ion  ra t io  of 30 % ,  a n n e a l in g  
a t  400 °С for 15 m in u te s  followed by  a w a te r  quench  a n d  a  p re s tra in
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