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IN TRODUC TION 

Many studies have been made of intermetallie compounds based on nearly equiatomic compositions of 

titanium nickelide (NiTi) and some of its ternary alloys (NiTiFe, NiTiCu, NiTiAI, NiTiAu, etc.}. It has been 
established that they have such universal mechanical properties as shape memory pseudoelasticity, super- 
elasticity, reversible form change, high damping capacity, fatigue resistance, and several others (sees e.go, 

[1, 2]). 

As is known, complex structural transformations of the martensitic type are seen in these alloys at cer- 
tain temperatures. According to the data from most investigators [I-i!], the crystalline structure of the ini- 
tial high-temperature phase is a bcc lattice ordered atomically according to the type CsCI(B2) with the unit 
cell parameter a 0 = 0.3015 nm. As concerns the crystalline structure of the martensite, it has not been so 
unambiguously determined and has been described by different authors as hexagonal [12], monoclinic (two 
types with parameters a = 0.519, b = 0.496 nm, c = 0.425 nm, and 7 = 99 ~ and a ' = 0.519 rim, b' = 0.552 am, 
c ~ = 0.425 nm, T' = 116 ~ [13], monoclinically orthorhombically deformed (BIg') with parameters a = 0.2889 nm, 
b = 0.412 nm, c = 0.4622 nm, andfl = 96.8 ~ [5, 6, 14], triclinic (with parameters close to those in [6] but with angles ~ = 

0.320 nm, b ~ = c' = 0.415 nm, p' = 91 ~ in the form of alternating plates [16] or characterized by a set of long- 
period layered lattices with hexagonal and rhombohedral symmetry (4H, 2H, 3R, 12R, 18R) and certain se- 
quences of ordered stacking faults [7]. We should also mention [3], which confirmed that the martensitic struc- 
ture cannot be exactly determined because the magnitude and character of the shear displacements of the 
atoms which form it depend on temperature. 

The martensite in ternary alloys based on NiTi (with Fe, Al, Cu) is of the monoclinic type BI9 ~ [8, I0, 17, 
18]. it was also established that in alloys containing gold or copper in concentrations above a certain critical 
value the martensitic structure may change from monoclinic to orthorhombic (c~ = fi = 7 = 90 ~ and only its 
subsequent cooling will produce an increasing monoclinic distortion [18]. 

The difficulties encountered in establishing the type of martensite are evidently due to its internal de- 
fectiveness: the presence of a large number of microtwins and stacking faults [6-8, 12], as well as several 

other structural features typical of NiTi alloys. 

It has been found that in the region of temperatures and compositions preceding the point of beginning of 
formation of low-symmetry martensite M s in NiTi alloys there are anomalies in several physical properties: 
the velocity of sound waves and the elastic constants [19], internal friction [2, 20-22], electrical resistivity 
[5, i0, ii, 15, 20-22], specific heat [24, 25], and others. These data provide evidence of a reduction in the 
stability of the crystalline lattice and, possibly, the generation of features in the electronic spectrum in the- 
alloys in the pretransformational or premartensitic state. As the point M s is approached one also sees various 
diffraction effects [3-11] (diffuse bands [3-5, 15, 22], extra reflections in certain reciprocal-lattice positions 
[4-11, 22], and several others). It should be noted that these effects have been seen not only by electron dif- 

fraction [4-8, i0, II, 22], but also by x-ray diffraction [3, 5, 18, 22] and neutron diffraction [9]. The appear- 
ance of the diffuse bands has been explained as the result of scattering o11 acoustic vibrations of the crystalline 
lattice, which begins to lose stability in the premartensitic state [4, 5]. The observation of extra reflections 

i/3 the distance between Bragg reflections of the type IIOB2 was taken as proof by the authors of [3] that the 
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initial h igh - t empe ra tu r e  phase  a lso  has  a cubic supe r s t ruc tu r e  which i s  m o r e  complexly ordered  than B2 (the 
cubic s u p e r s t r u c t u r e  has the space  group P3ml )  and has the p a r a m e t e r  a 0 = 0.9 nm. Nagasawa [7] proposed a 
unit cell  somewhat  di f ferent  f rom [3] to desc r ibe  the cubic supe r s t ruc tu re  of the in te rmedia te  phase  with a 0 = 
0.9 rim. Finally,  the s ame  ref lec t ions  of the type 1/3(110 ) were  linked by the authors  of [4] with p ie rc ings  of 
the Ewald sphere  at these posi t ions  of the r e c i p r o c a l  lat t ice (RL) by the above diffuse bands in cer ta in  d i r e c -  
t ions ((210) and (321)), while in [5] they were  linked with stat ic  waves  of a tomic d i sp lacements  of the type 
{110)(110).  In s e ve ra l  s tudies,  pa r t i cu la r ly  [26], it was argued that  re f lec t ions  of the " 1 / 3 "  type a r e  due to 
the appearance  of a w-phase,  which occurs  widely in me tas t ab le  al loys of t i tanium and z i rconium [27]. 

According to data f r o m  x - r a y  and neutron diffract ion studies [9, 15, 20], the Bragg peaks  l10B2, l l lB2 ,  
etc. undergo m a r k e d  broadening before  the mar t ens i t i c  t r ans fo rma t ion  and then split .  This  provides  grounds 
for  suggesting,  in accordance  with [9], that  there  is  an i nc r ea se  in rhombohedra l  d is tor t ion of the initial  B2 
phase .  The authors  of [7, 23] r eason  that  in this case  an in te rmedia te  rhombohedra l  phase  with the p a r a m e t e r s  
a = 0.602 nm and ~ = 90.7 ~ [15] is fo rmed .  This  was ref ined in [4] to a = 0.903 nm and ~min = 89.3~ 

Recent  studies [10, 11] have reached conclusions regard ing  the fo rmat ion  of charge  d e n s i ~  waves  (static 
modulat ions of conduction e lec t rons  [28]) and assoc ia ted  incommensurab le  s ta t ic  waves  of a tomic d i sp l ace -  
ments  on the basis  mainly  of e lec t ron  mic roscope  invest igat ions of p r e t r a n s f o r m a t i o n  phenomena in the alloy 
TisoNi47Fe 3 and the fac t  that  ex t ra  ref lec t ions  of the 1 / 3  type are  shifted somewhat  toward the n e a r e s t  Bragg B2 
ref lec t ions  (by about 0.45% f r o m  the posi t ions 1/3(110 ) and by about 1.2% f rom the posi t ions 1/3(112 )) and thus 
a r e  slightly incommensurab le  re la t ive  to the per iod of the initial  phase .  

Consequently,  var ious  anomal ies  of phys icomechanica l  p r o p e r t i e s  which a r e  of p rac t i ca l  impor tance  have 
now been observed  and studied in detail  in NiTi a l loys  undergoing t he rmoe la s t i e  mar t ens i t i c  t r ans fo rmat ion .  
However ,  despi te  the la rge  amount of empi r i ca l  data available,  there  a re  se r ious  d i s ag reemen t s  regarding  the 
sequence and m e c h a n i s m s  of the s t ruc tu ra l  phase  t r ans fo rma t ions  in these  al loys.  Discuss ions  so f a r  have 
deal t  with the c rys t a l  s t ruc tu re  of the resul t ing m a r t e n s i t e  phases  and the s t ruc tu re  of the p r e m a r t e n s i t i c  s ta te ,  
as  well  as with the nature  of thei r  occur rence .  Still unc lear  is the re la t ionship between the s t ruc tu ra l  and 
physica l  p r e t r a n s f o r m a t i o n  phenomena on the one hand and the subsequent  mar t ens i t i c  t r ans fo rma t ion  on the 
other  hand. 

The p r e sen t  a r t i c l e  r e p o r t s  on a comprehens ive ,  sys t ema t i c  study of the s t ruc tu re  and p r o p e r t i e s  of NiTi 
a l loys.  A the rmodynamic  study i's made  of the stabil i ty of in te rmedia te  shear  s t r u c t u r e s  and their  r e la t ion-  
ship to the in te rmedia te  R and final ma r t ens i t e  phases  using a model  of s tat ic  d i sp lacement  waves .  Analysis  
of s t ruc tu ra l  data and the der ivat ion of theore t ica l  conclusions make  i t  poss ib le  to es tabl i sh  the sequence of 
s t ruc tu ra l  t r ans fo rma t ions  in these  al loys.  

1 .  E X P E R I M E N T A L  M A T E R I A L  A N D  M E T H O D  

The study was conducted by t r a n s m i s s i o n  e lec t ron  mic roscopy  and in situ e lec t ron  microd i f f rac t ion  on 
an IEM-150 e lec t ron  m i c r o s c o p e  with an acce le ra t ing  voltage of 150 kV (in the t e m p e r a t u r e  range  -150-+150~ 
as well  as by x - r a y  diffract ion using a DRON-2 d i f f r ac tomete r  equipped with low- and h igh - t empe ra tu r e  a t -  
t achments .  We m eas u red  e lec t r ica l  r e s i s t ance ,  f requency of to rs iona l  v ibra t ions ,  and mechanica l  p rope r t i e s .  
Binary NiTi a l loys  containing 50.0, 49.0, and 48.7% 12 and t e rna ry  al loys containing 50% Ti, 1 and 2% Fe, and 
the r e s t  Ni or  50% Ti, 5 and 10% Cu, and the r e s t  Ni (at.%) were  invest igated.  The a l loys  were  made f r o m  
t i tanium iodide, NO-grade  nickel ,  ea rbony l  iron,  and e lec t rolyt ic  copper  by e l e c t r i c - a r c  refining in an a t -  
mosphe re  of purif ied hel ium. The ingots we re  rol led into p la tes .  The hea t  t r ea tmen t  of the al loys included 
long annealing in a vacuum at  800~ with subsequent  cooling with the furnace  or quenching f rom 900~ in a 5% 
solution of KOH. 

2. RESULTS OF EXPERIMENTS AND DISCUSSION OF RESULTS 

P r e m a r t e n s i t i c  S t a t e s  i n  N i T i  

1. All of the al loys studied had a B2- type  s t ruc tu re  in the initial  s ta te .  Together  with Bragg s t ruc tu ra l  
and supe r s t ruc tu r a l  ref lec t ions ,  the e lec t ron  mic rod i f f rac t ion  pa t t e rns  for  the range  100-150~ exhibited r e -  
gions of diffuse sca t te r ing  (DS) in the f o r m  of bands d i rec ted  through cer ta in  s t ruc tu ra l  re f lec t ions  (except fo r  
000). The intensi ty of the DS, meanwhile,  is  somewhat  g r e a t e r  n e a r  the re f lec t ions  than between them (Figs.  
1 and 2). Construct ion of the comple te  pa t t e rn  of distr ibution of diffuse sca t te r ing  in the r ec ip roca l - l a t t i c e  
space  showed that  the DS regions  a r e  l aye r s  along {111} planes  pass ing  through points of the r e c i p r o c a l  l a t -  
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Fig. i. Electron diffraction patterns of an Ni-49% 
Ti alloy corresponding to sections of the reciprocal 
lattice (RL) (001)B2 (a) and (Ill)B2 (b). Temper- 
ature of the observation T ~ 100~ 

Fig. 2. Twinned martensi te  B19' (a - • and electron diffraction pat -  
t e rns  of the initial phase obtained at T ~ 100~ (b - RL section (110)B2, 
c - (533)B2). Ni - 50% Ti-10~0 Cu alloy. 

tice (RL). The intensity of scattering in these layers is unevenly distributed and changes regularly in relation 
to the position in the RL space. Scattering is absent when the RL vector g is directed parallel to the ~iii} 
plane (thus "extinguishing w the DS in planes passing through the center of the RL). The most intense diffuse 
bands are located along the (Ii0) and (112) directions of the RL. The scattering is also characterized by the 
fact that when the vector g increases (i.e., when the angle of reflection 20 increases), DS remains fairly in- 
tense compared to the markedly weaker Bragg reflections. With a decrease in temperature below 150~ DS 
in all of the investigated alloys increases. Comparison of DS in the different alloys showed that DS is some- 
what more intense in the binary NiTi alloys and ternary NiTiFe alloys than in the NiTiCu alloys. 

Characteristic features of the DS observed - its periodicity and the regular extinction and intensification 
of scattering - make it possible to link DS with waves of atomic displacements which distort the ideal crystal- 
line lattice [27]. In this case, the intensity of DS at points removed from the nearest points of the RL hk/ by 
the vector k is determined as [29] 

IDS ~ [A ~ (e~. g) 12, (1) 

where A k and e k a re  the amplitude and polar izat ion vector  of a displacement  wave with the wave vec tors  k = 
g - H h k / ;  tthk / is the vec tor  of the point of the RL. Thus, analysis  of the complete pat tern  of DS distribution 
makes it possible to const ruct  spect ra  of atomic displacement waves af ter  we have determined the regions of 
the wave vec tors  k and the directions of polar izat ion e k of the displacement  waves with maximum amplitudes 
in the rec iproca l  space (in its unit cell relat ive to the point 000, coincident wi th the  f i r s t  Brfllouin zone of the 
k -space)  (Fig. 3). 

The extended DS between the ref lect ions located on the ~111} planes of the RL is due to the shortwave 
par t  of the vibration spect rum of the atoms and according to [30] may be connected with shuffle displacement  
of dense-packed chains of a toms along (111) in bcc crys ta ls ,  the atoms in the chains vibrating relat ive to each 
other as a unit whole. With a decrease  in tempera ture ,  an increase  in the displacements  of these chains (they 
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Fig. 3. Schematic  r ep re sen ta t i on  of the 
spec t rum of d i sp lacement  waves  in the fo rm 
of plane sec t ions  of the k - s p a c e .  The a r -  
rows  and dots denote d i rec t ions  of the d i s -  
p l acemen t -wave  polar iza t ion  vec to r s  in the 
regions  of the wave vec to r s  with max imum 
ampli tude.  

Fig. 4. Banded con t ras t  and con t ra s t  f rom mic rodomains  with ISS. 
a) T = 100 ~ b) T = 20 ~ c) T = 10 ~ d) T = 50 ~ (after r emova l  cycling), 
• 50,000. 

being unusual line defects  in the crystal)  and the anharmonic  nature  of the lat t ice r e su l t  in increas ing  c o r r e l a -  
t ion in the motion of the chains along dense-packed  planes  {110} and {112 }. The  la t t e r  is  expressed  in r e i n -  
f o r c e m e n t  of DS in the d i rec t ions  (110) and (112) of the RL. The cor re la t ion  of the a tomic d i sp lacements  in the 
planes  is g r e a t e r  than the cor re la t ion  of the p lanes  re la t ive  to each other.  This  accounts  for  the continuous 
c h a r a c t e r  of sca t t e r ing  in bands along (110> and (112).  

As in [4-6, 8, 10], e lec t ron  mic roscope  br ight- f ie ld  images ,  especia l ly  nea r  extinction contours ,  show 
con t ras t  in the f o r m  of undulations. The intensity of the l a t t e r  i n c r e a s e s  and the banding of the con t ras t  is  r e -  
inforced with a dec r ea se  in t e m p e r a t u r e  (Fig. 4a). Dark- f ie ld  images  obtained in bands along (110) and (112) 
of the RL show local " luminous" regions  (~3 am in s ize at  100~ The nature  of the d i f f rac t ive  con t ras t  and 
the diffuse sca t t e r ing  seen  with a d e c r e a s e  in t e m p e r a t u r e  a r e  connected with an inc rease  in a tomic d i sp lace -  
ments  local ized in m i c r o r e g i o n s  in which the s t ruc tu re  and s y m m e t r y  a re  a l ready  a l te red  f rom the s t ruc tu re  
and s y m m e t r y  of the initial ma t r ix .  Such a p r e m a r t e n s i t i c  s tate,  as  in other  me tas tab le  al loys [27], is re la ted  
to the s h o r t - r a n g e  o rde r  of the a tomic  d i sp lacements  (DSO) [22]. The internal  s t ruc tu re  of the submic rodo-  
mains  with DSO will be de te rmined  by the superposi t ion  of shor twave a tomic  d i sp lacements  mainly of the type 
{110 }(110} and {112 }(111>, local ized within the domains .  T h e i r  spat ia l  a r r a n g e m e n t  and the c h a r a c t e r  of 
coupling with the surrounding ma t r ix ,  dependent on the e las t ic  anisot ropy p a r a m e t e r  of the cubic c rys t a l  A = 
c44/c ' ,  de t e rmine  the longwave modulation of 1he d i sp l acemen t s  and, accordingly,  the f o r m  of DS nea r  the Bragg 
re f lec t ions .  
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Fig. 5. Elec t ron  diffraction pat terns  of alloys Iqi-49.070 Ti (a, b) and N i -  
5070 T i - 2 %  Fe (c) corresponding to RL sections (001)B2 (a), ( l l l ) B  2 (b), 
(113)B2 (c). The t empera tu re  of the observat ion was close to 20~ 

�9 ~ B, 'g '  I ,~ I S S - I  + I D S O  i I 

g 
�9 . / , , ~  1,o . 

-120 -60 0 60 , 720 

Fig. 6. Curves of the t empe ra tu r e  dependence 
of the re la t ive  intensity of Bragg ref lec t ions  
I (T ) / I  0 (T = 60~ (1), the square  of the f r e -  
quency of vibration fz (2), e lec t r i ca l  r e s i s t i v -  
ity p (3), and curves  of the dependence of the 
s t r e s s  a on the s t ra in  e at d i f ferent  t e m p e r -  
a tures  (a, b, c) for  an N i -  49.070 Ti alloy an-  
nealed at 800~ for  1 h. 

2. When the al loys a re  cooled below a cer ta in  t empera tu re  Tn, which is different  for  different  alloys,  
diffuse ext ra  ref lec t ions  (or satell i tes)  appear  and are  re in fo rced  on  diffuse bands along (110)and (112} of the 
RL. These ref lec t ions  are  descr ibed  by the wave vec tors  k n ~ 1/s(ll0}* , N1/3(112 } . Ex t ra  ref lec t ions  with 
k n ~ 1/2(110 } a re  subsequently formed (Fig. 5). Here ,  as in [5], e lect ron diffract ion shows a reduct ion in the 
intensity of the continuous regions of DS, while x - r a y  diffract ion shows a reduct ion in the intensity of the Bragg 
ref lec t ions  (Fig. 6) [22]. It should be noted that the authors  of [31] also observed  r eve r s ib l e  h y s t e r e s i s - f r e e  
broadening of the l10B2 line near  Ms. The ext ra  ref lec t ions ,  as the continuous DS, are  regu la r ly  extinguished 
in the RL space and can be at tr ibuted (in accordance with (1) with the development  of erys ta l lographtea l ly  o r -  
dered  c ros s -po la r i zed  plane displacements  of a toms with wave vec tors  and polar izat ions  of the fo rm ~t /s( l10}k,  
( l l0}e  k, ~~3(112}k, ~ill}e k, N1/2(ll0}k, ( l l0}e k. Ex t r a  ref lec t ions  of the type NI/2(100 } of the RL were  also 
somet imes  visible.  These  ref lec t ions  could be descr ibed  by longitudinally polar ized  a tomic-d i sp lacement  waves 
of the type ~1/2 (100}k, (100}e k [32]. 

It should be noted that the ex t ra  ref lec t ions  ~1/3(110 } and ~1/s(112 } a re  shifted somewhat toward the n e a r -  
est  Bragg ref lec t ions  f rom posit ions which a re  multiples of th ree ,  while ex t ra  re f lec t ions  of the type ~}'2(110} 
a re  extended along (110} of the RL to both sides f rom the "1 /2~ posit ions (Fig. 5). This ag rees  with the data 
in [5, 9, 11, 22]. As before ,  intense regions of DS are  seen nea r  the ref lec t ions  of the B2 phase,  these regions 
charac ter iz ing  the spec t rum of anisotropie longwave dis tor t ions  of the crys ta l l ine  lat t ice of the mat r ix .  

*We did not see these sate l l i tes  in the NiTiCu al loys.  
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Fig. 7. Diagrams of per iodic  shuffle d i s -  
p lacements  of atoms leading to the ap-  
pearance  of sa te l l i tes  of the type 1/3<110 > 
(a), ~/2(iI0> (b), I/3~112 > (c). 

The e lec t ron mic roscope  studies showed that cont ras t  of the undulatory type becomes especial ly intense 
at the "satel l i te"  stage (Fig. 4b). Microdomains of cer ta in  (corresponding to the given satel l i te  k n) var iants  
nsbine" on dark-f ie ld  images in ext ra  ref lec t ions  of the types " 1 / 3 "  and " 1 / 2 . "  The dimensions of these  m i c r o -  
domains reach  10-30 nm at t empera tu res  near  room tempera tu re  (Fig. 4c). The data  obtained shows that alloys 
at the satel l i te  stage in the p remar t ens i t e  state a re  charac te r i zed  by a distr ibution of microdomains  in the ini-  
t ia l  matr ix .  The in ternal  s t ruc ture  of these microdomains  is descr ibed  by per iodic  atomic displacements  (a 
displacement  wave) of the following type 

u(') (R) = ~A(~i~e (~', ]~) sin (~(~i~R § ~(t)), (2) 
n 

where  An~ A1r n, Jn, ~!~ are  the amplitude and the number  of the branch and the phase of the n-th d isp lace-  
ment wave f rom the posit ions R of the initial phase (in the i- th domain). 

Disturbance of the cor re la t ion  between the per iodic  displacements  of the planes along and ac ross  the di-  
rec t ion  of d isplacement-wave propagation (change in the phase 5 (hi)) leads to e r r o r s  in stacking of the shear  
planes (antiphase domain boundaries of different  types).  In construct ing a rea l i s t i c  model of the s t ruc ture ,  
one should consider  the p resence  of severa l  crysta l lographical ly  equivalent d i rect ions  of atomic displacements  
< K~ i~ > ,  < e (g~o, in) > )  and the possibil i ty of the i r  in te r fe rence ,  as well as the p resence  of displacement  waves 
of different  per iodici ty  ([kn[ = 2 ~ / ~ ,  ~ is  the wavelength). It is important  to emphasize that  these fea tures  of 
the fine s t ruc ture ,  even with a length of the wave vector  k n equal to a rat ional  f ract ion of the RL vector ,  lead 
to shifting or  blurr ing (depending on the fo rm of k n) of the DS maximums in incommensurable  posit ions.  Fin-  
ally, the local nature  of the microdomains  of the displaced atoms also causes  broadening (diffuseness) of the 
ext ra  ref lec t ions .  

Detailed e lec t ron microscope  study of the s t ruc tu re  of the p r emar t ens i t e  state of an Ni -49 .5% Ti  alloy 
by the method of s te reoscopic  images 21/2D [32] made it  possible to distinguish two dif ferent  types of ensembles  
of microdomains  forming ext ra  ref lect ions  of the type 1/3 (110} and 1/2<110 > , with mean dimensions of 20 and 
5 nm, respec t ive ly .  In the same work,  the authors ,  employing d i rec t  resolut ion of the crys ta l l ine  lat t ice,  ob- 
se rved  the internal  s t ruc ture  of the microdomains  as being fully coherent  with the undistorted matr ix .  They 
also detected antiphase domain boundaries of different  types.  

Thus,  analysis  of the available exper imenta l  data enables one to explain the basic fea tures  of observed 
diffract ion effects  and the fine s t ruc tu re  of alloys at t h e  w sa te l l i te '  stage, having recognized  it  as an inde- 
pendent s t r u c t u r a l  s tate  replacing the DSO and charac te r i zed  by localized in termediate  shear  s t ruc tu res  (ISS): 
ISS-I, leading to the appearance of ex t ra  ref lect ions  of the type " 1 / 3 " ;  ISS-II, with ext ra  ref lec t ions  of the type 
" 1 / 2 . "  F igure  7 d iagrams shortwave shuffle d isplacements  of both types.  Since all e rys ta l lographical ly  equiv- 
alent var iants  of microdomains  exist  with ISS's dis tr ibuted randomly over  the volume of the matr ix ,  the s t ruc -  
tu re  of the alloys re ta ins  i ts  cubic symmet ry  on the average.  
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Fig. 8. Curves  of the t e m p e r a t u r e  de -  
pendences  of the e l ec t r i ca l  r e s i s t iv i ty  of 
a l loys N i -  50% Ti  (1), N i - 4 9 . 5 %  Ti (2), 
and N i - 5 0 %  T i - 3 %  Fe  (3) and p ro f i l e s  
of the x - r a y  l ines  of the al loys in the in i -  
t ia l  s ta te  (B2) and a f t e r  the fo rmat ion  of 
R - m a r t e n s i t e  and B19' m a r t e n s i t e .  

3. The p r o p e r t i e s  of NiTi a l loys a r e  anomalous  in the s t ruc tu ra l  s tate  with DSO and ISS. Init ial ly a de -  
c r e a s e  in t e m p e r a t u r e  is accompanied by a dec r ea se  in the na tura l  f requency of v ibra t ion  of the spec imens  
f2 ~ G (G is the shea r  modulus),  d G / d T  > 0 (curve 2 in Fig. 6). 

M e a s u r e m e n t s  of the t e m p e r a t u r e  dependences of the elast ic  constants ,  f i r s t  made  on single c ry s t a l s  of 
NiTi in [19], showed that as Ms is approached all of the e las t ic  constants  cll,  c44 , and c '  d e c r e a s e  s imul t ane -  
ously. The value of ca4 d e c r e a s e s  m o r e  than that  of c ' ,  so that the p a r a m e t e r  A r e m a i n s  smal l  (decreasing 
f r o m  2.18 to 1.90 in the t e m p e r a t u r e  range f r o m  40 to 5~ More  detailed data obtained by the authors  r e -  
cently* on TiNi single c r y s t a l s  and al loys showed that  each s t ruc tu ra l  s tate  (B2, BSO, ISS, and the R a n d  B19 
phases)  co r re sponds  to a unique r egu l a r  behavior  of the moduli c44 and c' and the p a r a m e t e r  A. In pa r t i cu la r ,  
the t rans i t ion  f r o m  DSO to ISS and then to the R (or B19') phase  is  accompanied  by a gradual  i nc rea se  in so f t -  
ening of e44 beginning at the point Tn and reaching a m a x i m u m  at  the momen t  MP (TR). Softening of the modulus 
c '  is slight and it  d iminishes  as a r e su l t  of the p a r a m e t e r  A, reaching  anomalous ly  low values below T R. In 
other  words ,  before  MP the initial la t t ice  exhibits  a definite tendency toward a d e c r e a s e  in elast ic  anisot ropy 
in the s imultaneous p r e s e n c e  of s eve ra l  soft  shea r  sy s t ems .  It  i s  this  ve ry  si tuat ion that  r a i s e s  the poss ib i l i ty  
of occur rence  of a whole sys t em of a tomic d i sp lacement  waves  in the p r e t r a n s f o r m a t i o n  region and a lmo s t  
s imul taneous  opening of two dif ferent  MP channels.  

Compar i son  of data  f rom m e a s u r e m e n t  of e l ec t r i ca l  r e s i s t iv i ty  as  a function of t e m p e r a t u r e  on the one 
hand and s t ruc tu ra l  observa t ions  on the other  hand makes  it poss ib le  to conclude that  at the ISS s tage the curve  
of e l ec t r i ca l  r e s i s t iv i ty  (p) vs t e m p e r a t u r e  begins to deviate  f rom l inear i ty ,  i .e . ,  dp/dT d e c r e a s e s  and then 
changes sign [22] (Fig. 6). The exception is the equiatomic NiTi alloy, fo r  which these  f ea tu res  of r e s i s t i v i t y  
a r e  mani fes t  only a f te r  t h e r m a l  cycling [5, 20] and evidently r e in fo rce  the p r e t r a n s f o r m a t i o n  phenomena but on 
the other  hand s tabi l ize  the al loy in r ega rd  to mar t ens i t i c  t r a n s f o r m a t i o n  as  a r e s u l t  of phase  work  hardening 
[20]. E lec t r i ca l  r e s i s t i v i t y  anomal ies  a r e  also absent  in NiTiCu al loys [33' 34]. F igure  8 shows three  d i f f e r -  
ent t e m p e r a t u r e  dependences p(T) typical  of t i tanium nickelide al loys.  It  should be emphas ized  that  the changes 
in the s t ruc tu re  and p r o p e r t i e s  of the al loys in the p r e m a r t e n s i t i c  s ta te  (DSO and ISS) occur  continuously and 
a r e  comple te ly  r e v e r s i b l e  with t he rm a l  cycling. 

At the s tage of fo rmat ion  of incommensurab le  ISS's (below Tn), an ex te rna l  load can eas i ly  init iate m a r -  
tensi t ic  t r an s fo rma t i on  and induce supere las t i c i ty  (Fig. 6). At t e m p e r a t u r e s  above Tn, no mar t ens i t i c  t r a n s -  
fo rmat ion  occurs  under  load up to the yield point. The occu r r ence  of a mar t ens i t i c  t r a n s f o r m a t i o n  at  loads in 
excess  of the yield point  (i.e.,  with s t r ic t ly  p las t ic  de format ion  of the alloys) i n c r e a s e s  deformabi l i ty  and in-  
duces superp las t ic i ty  in NiTi al loys as  seen  in [21]. Considering that  the anomalous  behavior  of the shea r  
modulus and plas t ic  s t r a in  begin at 400-550~ fo r  different  a l loys ,  these  t e m p e r a t u r e s  can be taken as  the 
points  of beginning of reduct ion in the s tabi l i ty  of the c rys ta l l ine  la t t ice  and fo rma t ion  of the p r e m a r t e n s i t i c  
s ta te  with DSO. 

* The empi r i ca l  r e s u l t s  were  obtained by S. A. Muslov and will be published as a s epa ra t e  r epo r t .  
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Fig.  9. Elec t ron  diffract ion pa t t e rns  of R - m a r t e n s i t e s  of al loys Ni -49 .0% 
Ti  (a, b) and N i - 5 0 %  T i - 2 %  Fe  (c) cor responding  to the axes  of zones of 
ref lec t ing  planes [011] R (a, c) and [001]R (b). Observat ion  t e m p e r a t u r e  
nea r  20~ 

Fig.  10. Mic ros t ruc tu re  of a l loys in the s ta te  of R - m a r t e n s i t e  (a, b - 
xh000); c - dark- f ie ld  image  of ant iphase domains  in the 200 R ref lect ion,  
xl00,000.  

F i r s t  M a r t e n s i t i e  B2 ~ R T r a n s f o r m a t i o n  

With cooling of NiTi and NiTiFe al loys to a ce r ta in  c r i t i ca l  t e m p e r a t u r e  TR (below room t e m p e r a t u r e  
for  nonequiatoraic b inary  al loys and t e r n a r y  NiTiFe  al loys),  e lec t ron diffract ion pa t t e rns  show intensif icat ion 
of a ce r ta in  var ian t  of ex t ra  ref lec t ions  and the i r  sMft to s t r i c t ly  commensu rab l e  " 1 / 3 "  posi t ions  along three  
(110) d i rec t ions  of the RL perpendicu la r  to one of the four  (111) d i rec t ions  of the RL. Also the n l / 3 "  r e f l e c -  
t ions located in the RL planes  pass ing  through the  RL origin a r e  no longer  extinguished (Fig. 9). At this m o -  
ment ,  domains  with ISS's undergoing continuous growth during cooling cease  the i r  "joining," and l a m e l l a r  
c r y s t a l s  of R m a r t e n s i t e  of macroscop ic  d imensions  a r e  fo rmed (Fig. 10). Analysis  of l ight -  and dark- f ie ld  
images  of the R mar t ens i t e  shows that i ts  individual c ry s t a l s  contain ant iphase domain boundar ies  (Fig. 10c) 
(see [11] also) .  The fo rmat ion  of ant iphase domain  boundaries  (ADB) occurs  on the boundaries  of adjacent  ISS 
domains  of a ce r t a in  type during the i r  s e l f - cons i s t en t  r e s t ruc tu r ing  in the course  of the mar t ens i t e  t r a n s -  
format ion .  

Broadening is  seen  on x - r a y  diffract ion pa t t e rns  below T R. Th i s  is following by " reso lu t ion  of the sp l i t -  
ting n of s eve ra l  Bragg ref lec t ions  f o r m e r l y  110B2 , 112B2 , and 222B2, which is evidence of rhombohedra l  d i s -  
tor t ion  of the c rys ta l l ine  la t t ice  of mar t ens i t e  (Fig. 8) [15, 20, 18]. The mic rod i f f rac t ion  pa t t e rns  a l ready  no 
longer have cubic s y m m e t r y  (Fig. 9) and were  indexed in a hexagonal  basal  plane with the axes  a~ :~  a'm~3 
[ll0]; b ~ a ~ / 3  [101]; c*R'~a*~/3 [l l l], which c o r r e s p o n d s  to a hexagonal unit cell with the per iods  a R ~ a m  
{12"I ] --~ a ~  "V"6i bR = aB~ [II'12 ] ~_ aB., V6;  cR ~ am [111] ~ a82 }/3 [22] . Since the re  a r e  four  equivalent (11.1) 
d i rec t ions  in the cubic c ry s t a l  along one of which uniform expansion occurs  with rhombohedra l  d is tor t ion  during 
the B2 --* R t r ans fo rmat ion ,  four  va r i an t s  of l ame l l a r  R-phase  domains  a r e  fo rmed .  These  domains  a r e  twinned 
re la t ive  to each other  along the {110} twinning planes .  This  t r ans fo rma t ion  can be  c lass i f ied  as  an " i n c o m m e n -  
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surable phase - commensurable phase" transformation [Ii]o There is every reason to believe that the ISS-I 
intermediate shear structure, accounting for the appearance of incommensurable reflections of the "i/3" type, 
are a precursor of the first martensite transformation, while microdomains with ISS-I play the role of centers 
of R-martensite nucleation. Meanwhile, individual R-crystals are formed by the gradual joining of many grow- 
ing nuclei (i.e., by the multiple-nucleus mechanism). The restructuring of domains with ISS-i into the R phase 
will be examined analytically in the next section. 

Experiments with thermal cycling showed a high degree of reversibility of the transformation B2 ~-R 
and almost complete recovery of the form, location, and orientation of the R-martensite crystals after the 
transformation cycles (compare a and b in Fig. i0). Except for ADB in the martensite and microdomains with 
ISS in B2 austenite, no structural defects were seen during B2 ~ R cycling. Near TR there is a sharp increase 
in electrical resistivity, a shear modulus minimum, and a plastic strain maximum [20-22]~ All of these findings 
indicate that rhombohedral (trigonal) R martensite is formed at T R. 

The B2 ~ R transformation is accompanied under stress by macroscopic shape deformation and shape 
memory phenomena [23]. Below TR, an external load easily induces a second martensite transformation and, 
accordingly, the phenomenon of superelasticity [22]. The stage of strain accumulation and recovery is char- 
acterized by a distinctly two-stage nature due to two processes: monodominization of existing R martensite, 
and the formation and subsequent monodominization of low-symmetry martensite. 

Second Niartensitic B2(R) ~ BI9' Transformation 

A reduction in temperature below M s (down to -150~ leads to a second martensitic transformation. This 
involves the formation of plate crystals internally twinned along (ll!)Big' (Fig. II). Study of their crystallo- 
graphicrelationship with R martensite and B2 austenite made it possible to establish the following orientation 

relations: 

(lll)B2 II (001)~ !l (l10)mg,; (T10)E2 II (100)R [L (O01)n,,~,,. 

The p r e s e n c e  of fine DS l ines along [001]B19, on the e lec t ron  diffract ion pa t t e rns  of B19 ~ m a r t e n s i t e  (Fig. 
l l c )  is evidence of the fo rmat ion  of r andom stacking faults  along (001)B19, inside the m a r t e n s i t e  c ry s t a l s .  It 
is a lso  in te res t ing  that  the ex t ra  re f lec t ions  k ~ 1/2 (110) seen  in the p r e m a r t e n s i t i c  s ta te  and r e f e r r e d  in th is  
a r t i c le  to ISS-II coincide in posit ion with cer ta in  re f lec t ions  f r o m  m a r t e n s i t e  with the B19: s t ruc tu re .  C r y s -  
ta l lographic  examinat ion of the r e s t ruc tu r ing  of the ia t t ices  B2 ---B19' ,  taking into account the fo rmat ion  of 
domains  with ISS-II during i ts  f i r s t  s tage,  conf i rm t h e i r  impor tan t  ro le  in the fo rmat ion  of monoclinic (or tho-  
rhombic)  mar t ens i t e  (Fig. 12). It can be concluded on the bas i s  of the data ob~.ained that  ISS-II  mic rodomains  
p recede  and a re  causal ly linked with l o w - s y m m e t r y  m a r t e n s i t e  in NiTi. It  should be noted that s tacking faults  
along (001)Bi9 y turn out to be para l l e l  to the shuffle p lanes  in the ISS-II  domains ,  providing additional evidence 
of the validity of the r e s t ruc tu r ing  scheme  depicted in Fig.  12. 

Cycling of the t r ans fo rma t ions  B2(R) ~-B19 ' ,  in con t ras t  to B2 ~-~R, leads to marked  accumula t ion  of d i s -  
locat ions of a ce r t a in  type {loop, dipole, p lanar  p i le-ups)  in the austenite .  These  dis locat ions  a re  seen against  
a background of banded con t ras t  (Fig. 4d). The fo rmat ion  of B19' m a r t e n s i t e  with the appl icat ion of an externa l  
load is  also connected with the accumulat ion of m a c r o s c o p i c  s t r a in  and shape m e m o r y  phenomena during sub-  
sequent heating. 

The es tabl ished pr inc ip les  of s t ruc tu ra l  changes and the phys icomechanica l  p r o p e r t i e s  of NiTi a l loys  a r e  
genera l  in cha rac t e r .  The re  a r e  some d i f fe rences ,  such as for  the c r i t i ca l  t r a n s f o r m a t i o n  t e m p e r a t u r e s  
(Tn, TR, Ms): high-nickel  binary al loys a r e  cha r ac t e r i z ed  by a broad range  of exis tence  of i ncommensurab le  
ISS's (AT =T n - T R is about 60~ after annealing and about 120~ after quenching). This range contracts to- 
ward T R in NiTiFe alloys. A feature of NiTiCu alloys is the absence of satellites of the i/3 <II0} type, the 
B2- R martensitie transformation, and electrical resistivity anomalies. 

3.  T H E R M O D Y N A M I C  A N A L Y S I S  OF T H E  S T A B I L I T Y  

O F  P R E M A R T E N S I T I C  S T A T E S  

1. We will examine the the rmodynamic  s tabi l i ty  of the c rys ta l l ine  la t t ice  of an NiTi a l loys r e l a t ive  to 
the a tomic d i sp lacements  leading to the fo rma t ion  of ISS-I. As a l ready  noted, th is  s t ruc tu re  co r r e sponds  to 
ex t ra  re f lec t ions  of the 1 / 3  type on e lec t ron  di f f rac t ion pa t t e rns  and is  desc r ibed  in the  r ep r e sen t a t i on  of 
fluctuational a tomic  d i sp lacements  by two types of t r a n s v e r s e  la t t ice  waves  with wave vec to r s  and po la r iza t ion  
vectors: 
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Fig. 11. Twinned B19' martensi te  of NiTi alloys, T = - 6 0  ~ 
• 2000 (a), and e lectron diffraction pat terns of martensi te  
(b, c). 

o,,y, nm 

x I 
'rim nm L,7O]~2 hm "~*~ [ool]m 

Fig. 12. Res t ruc tur ing  scheme B2 - B19' for the f i rs t  stage 
of ISS-iI formation (a), and for  the second stage, in which 
uniform deformation of the e lementary  unit cell of the B2 
distort ion phase takes place, leading to formation of the 
monoclinic unit cell of B19' martensi te  (b). 

t o = l / 3  < i 1 0 > ,  e,, q} < l l O > ;  tr  <112> ,  e,, I I < l i T > .  (3) 

It follows f rom the existence of such waves with a change in tempera ture  and concentration that ISS's of c o m -  
plex form may occur in NiTi and NiTiFe alloys near  M s. These ISS's are  descr ibed in the model of static d is -  
placement  waves in [35] by a superposit ion of waves (2). Considering this, to within the t e r m s  A~ we can write 
the following for  the express ion for the f ree  energy of an anharmonic crysta l  [35]: 

4 ~. ~" ~ ,, y-'.,,.,, u (~d,,. ",,' J.', ~'J~') • 

X ~ (tr -t- tr q- tr ) cos (~,~ q- G, q- G, ) A~A,,,A~, q- 

1 '~  U ( x d  ..... ~ , , , , j , . . )a( t~,+. . .+~, , , ) •  

X cos (~ +.. .q- G ") A~An, An'A,". (4) 
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Here  

z~ U ol~eten]net~ nJn e: 

a r e  the f r equenc i e s  of v ib ra t ion  of the a toms  in the ini t ial  phase ;  N is the n u m b e r  of a toms  in a unit  volume;  
is the ~mean" m a s s  of an a tom of the al loy;  U ~  fi a r e  s e c o n d - o r d e r  m e c h a n i c a l  cons tan t s ,  

(5) 

h ,  h ~ 

= O~tdh"  ted:" . . .  " e K , ] ~  ( u ~ - b . . . + ~ , h " )  

17, k ' ,  h" 
/ 

a r e  F o u r i e r  i m a g e s  of the m e c h a n i c a l  cons tan t s  of the th i rd  and four th  o r d e r s  U0~fih~ 

(6) 

and U0~,Yh6.; h isthe 

r ad ius  v e c t o r  os the equ i l ib r ium pos i t ion  of the a t o m s  r e l a t i v e  to  the z e r o  point;  a ( ~  ~c.) = 1 if ~ ~'n is equal 
n n 

to  z e r o  o r  any RL  v e c t o r ,  while a ( ~  ~,,) -= 0 in the opposi te  case .  
n 

In der iv ing  (4) we ignored  the o rde r ing  of  the a t o m s  and ac tua l ly  examined  a bec la t t ice  of " a v e r a g e d "  
a toms  with a m a s s  r~ in t e rac t ing  with one ano ther  by m e a n s  of " a v e r a g e d  ~ f o r c e s .  Th i s  app rox ima t ion  can be 
used because  the o r d e r i n g  t e m p e r a t u r e  is  c ons ide r ab ly  g r e a t e r  than M s and the wave v e c t o r s  of the c h a r a c t e r -  
i s t ic  v ibra t ion  f r eque nc i e s  o f  the a t o m s  a r e  f a r  f r o m  the boundary  of the  Br i l lou in  zone.  T h e r e  is p r e s e n t l y  no 
data  on the  phonon s p e c t r a  in NiTi ,  but pseudopotent ia l  ca lcu la t ions  fo r  f i - b r a s s  with a B2-1at t ice  [36] indica te  
tha t  the phonon d i s p e r s i o n  law is s l ight ly  dependent  on the d e g r e e  of l o n g - r a n g e  o r d e r  and compos i t ion .  

F o r  nonequiva lent  waves  (3) and a s ingle  c r y s t a l l o g r a p h i c  va r i an t  i t  is  poss ib l e  to uniquely s e l ec t  t h r e e  
waves such that we satisfy the condition A(k I + k 2 + k 3) = I: 

ic~ = 1 / 3  [llff], e:= 1/]Zff [ l l l ] ;  tr = 1/3 If011, e2 = 1]/2 [101]; (7) 

, ~ =  I/3 [oh], e~= 1/V~ [o111. 

In this case, there is an interaction between waves (7) due to third-order anharmonism, which under certain 
conditions leads to a decrease in free energy (4). 

With allowance for (7), Eq. (4) takes the form (for simplicity in the analysis, we will use the following sim- 
plifications: A 2 = A3, and all of the parameters U(klj ~ ..... k4J4) are equal to one another) 

F =  N m ( ~ A ~  + 29~A~)---~U3,A~----~(U~2 + U~3)A~ U3A1A ~ + U~(A~ +6A~ +8A~A])], (8) 
4 

where  we have in t roduced  the notat ion:  

U3n = U(tc,d',. tvnJn, U,j.)COS (3an); 

U~ : U (tcnjn, - -  gnJn, tr - -  ~cnJn = U (tcnj n, - -  tcnjn, tcmjm, - -  gmJm)" (9) 

Using the method developed in [37], in a longwave approximation we can express the frequencies (5) and 
the third-order anharmonism parameters (9) through elastic moduli of the second cij and third cji k order 

where a is a lattice parameter, 

2~ ~ = 3__ac,; (10) 
= ( 2 c ' + c . ) ,  ~ m 

U3 i = __ 1 (9c,, + 17c~ + 28c,z - - I  c,,, + 5c,,2 [) cos (3~,); 

U32 = [[ c,,, - -  c,,21 + 4(c4, + f '  - -  c,,)] cos (3~); 

u~ = ~ (I c,,, + c , .  I + 3c. --  5c,,) cos (~, § ~ + ~). 

(11) 
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We will a s s u m e  that  An > 0. Then f r e e  ene rgy  (8) d e c r e a s e s  under  the condi t ions  U3, U m > 0. Knowing 
the  e las t ic  modul i  cij and Ci~k, we can use  Eq. (11) to  d e t e r m i n e  the  p h a s e s  of the waves .  The modul i  cij fo r  
NiTi n e a r  Ms a r e  known [19]: cl i  = 1.6 �9 1011 Pa ,  c44 = 0.35 �9 10 ll Pa ,  c '  = 0.17 �9 10 li Pa .  As  r e g a r d s  Cijk, we 
a s s u m e  tha t  cl i  1 _~ 1012 P a  and that  cl l  2 = 1 / 2 c l i  i. The modul i  cij k have such an o r d e r  of magni tude  in many  in-  
ves t iga ted  a l loys  with a B2 la t t ice  [38]. T h e r e  a r e  two d i f fe ren t  cho ices  of p h a s e s  6 n so  that  wave s y s t e m  (7) 
leads  to  a c o m m e n s u r a b l e  i n t e rmed ia t e  s t r u c t u r e  and the  in t e rac t ion  of the waves  d e c r e a s e s  the ene rgy  (8) 
(6i  + 6 2  + 6 3  = 2 ~ s ,  s = 0 ,  • ~2 . . . .  ). In the f i r s t  case :  6 n = 0 ; i n t h e  second case ,  in which the wave  (k l , e  1) 
p r e s c r i b e s  w - s i m i l a r  a tomic  d i sp l a c e m e n t s ,  6 1 = ~, 62 = 0, 6 3 = ~" Other  equivalent  va lues  of the p h a s e s  6 n 
a r e  poss ib l e  and d e s c r i b e  d i f ferent  ISS-1 an t iphase  domains .  

The  a tomic  d i sp l acemen t  funct ion fo r  these two c a s e s  (the top s ign c o r r e s p o n d s  to the f i r s t  s t r u c t u r e ,  
which we will  des igna te  as  ISS-I ' ;  the bot tom s ign c o r r e s p o n d s  to ISS-I  ~) can be wr i t t en  in the f o r m  

[ . 2~ s in2__~(R_R) . ) ] .  (12) ~ t ( R ) =  +A~elsin,~ (R~+Ry--2Rz)+A~ " e2sm~a(R. . -R,  0 4-e3 3a 

With a l lowance fo r  o r d e r i n g  of the a toms ,  the resu l t ing  s t r u c t u r e  can  be d e s c r i b e d  in hexagonal  coo rd ina t e s  
with t r ans l a t i ona l  e l emen t s  coinciding with the p a r a m e t e r s  of a unit  cell  of R m a r t e n s i t e  found in s t r u c t u r a l  
s tudies .  The s t r u c t u r e  will  contain  18 a t o m s  in a cel l .  The subsequent  ISS-I  -~ R t r a n s f o r m a t i o n  evident ly  o c -  
c u r s  as  a r e s u l t  of un i fo rm r h o m b o h e d r a l  d i s to r t ion  of the ISS-I  unit  cel l  (with t ens ion  along c = a [111]). 

The s t r u c t u r e s  ISS-I '  and ISS-I  n d i f fer  in the  a r r a n g e m e n t  of the a toms  ins ide  the unit cel l  and a r e  d e -  
s c r i b e d  by d i f fe ren t  f r e e - e n e r g y  e x p r e s s i o n s  (8). The condi t ions  under  which these  s t r u c t u r e s  a r e  me ta s t ab l e  
can be found by min imiz ing  the f r e e  ene rgy  with r e s p e c t  to  the ampl i tudes  A 1 and A2: 

OF OF O. (13) 
3A, OA2 

F o r  ISS-I ' ,  this  condi t ion has  the f o r m  

F o r  ISS-I" to  exist ,  i t  is  n e c e s s a r y  that  

(14) 

4 u~u:l. (15) (2m~-'~-- 8 m ~ )  < ~ - 

Cons ide r ing  (10) and taking into account  tha t  U32 << U3, we can  e x p r e s s  inequal i t ies  (15) and (14) th rough  the 
e las t ic  modul i  and wr i t e  t hem as  fol lows:  

4 (2c' + c.) < ~ ~'u3~ (tss-v), (16) 

�9 4 
14c' + c ,  < ~- ~"U~ ( ISS :V), (17) 

where  7 '  = ( 1 / 3 a )  (U32 / U 4) ; ~' = ( 1 / 3 a )  (U3/U 4) a r e  d i m e n s i o n l e s s  t heo re t i c a l  p a r a m e t e r s  c h a r a c t e r i z i n g  the  
r e l a t i ve  a tomic  d i s p l a c e m e n t s  in the new equ i l ib r ium pos i t ions .  

A n a l y s i s  of condi t ions  (16) and (17) shows that  ISS-I ' ,  being the r e s u l t  of ins tabi l i ty  of the wave  (kte 1) of 
w-l ike  a tomic  d i s p l a c e m e n t s  r e l a t i ve  to  the  two t r a n s v e r s e  w a v e s  (k2e2) and  (k3es), t u rns  out to be t h e r m o -  
dynamica l ly  m o r e  favorab le  than  I S S - I ' .  

Le t  us  c o m p a r e  inequal i ty  (17) with the condi t ions  of me tas t ab i l i t y  of 09 and 9R of the i n t e rmed ia t e  s t r u c -  
t u r e s ,  which follow f r o m  m i n i m i z a t i on  of the f r e e  ene rgy  

(18) 
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and have the f o r m  [37]: 

1 

4 

us, (~ ~,,,); (19) 
32 U~ 

c' < 1^ ~u , .~ ,  ~,9~ = ~ ( ~ +  9t~). (20) 
~ / / . ( l ,  ~ O. {,.14 

Compar i son  of inequali t ies  (17) and conditions (19)-(20) shows that  ISS-I is  t he rmodynamica l ly  m o r e  favorab le  
than the ~ - p h a s e  if 

?, (21) 
2 +------A < 3 \Us , /  

and is m o r e  favorab le  than the 9R s t ruc tu re  if 

32 14. (22) 

It follows f rom an examinat ion of inequali t ies  (17), (21), and (22) that ISS-I is  f o rmed  with softening of 
e las t ic  moduli e' and c44. Meanwhile,  the value of c' should not d e c r e a s e  grea t ly  with the approach  of the 
point M s (the p a r a m e t e r  A should not be too large) .  Otherwise ,  r e s t r uc tu r i ng  by means  of a single wave (k 2, e 2) 
would be poss ib le  (20). This  si tuation evidently occurs  in bcc a l loys  with a l a rge  anisot ropy p a r a m e t e r  (A >10) 
which undergo bcc ~ NR m a r t e n s i t e  t r ans fo rma t ions  [38]. As r ega rds  the values  of U3/U3I and U J  U32, we can 
only a s s u m e  for  now that they a r e  g r e a t e r  than unity. 

The quali tat ive conclusions reached  he re  a r e  in accord  with the e a r l i e r  d i scussed  t e m p e r a t u r e  depen-  
dences  of e las t ic  moduli cij in an NiTi alloy [19]. The unusual behavior  of the e las t ic  p r o p e r t i e s  (the sma l l  
value of A and i ts  dec rease )  account for  the specif ic  f ea tu res  of the instabi l i ty  of these  al loys in the p r e t r a n s -  
fo rmat ion  region - t h e  poss ibi l i ty  of the fo rma t ion  of ISS-I ' s  of a complex type desc r ibab le  by a combination of 
in teract ing t r a n s v e r s e  waves  of a tomic  d i sp lacements .  In other  bcc al loys the de termining  fac to r  is  e i ther  
softening of c44, which fac i l i ta tes  the occu r rence  of w-d i sp l acemen t s  (19), or  intensive softening_ of c ' ,  which 
co r r e sponds  to the init ial  s tage of Zener  instabi l i ty  of bcc la t t ices  in the shea r  s y s t e m s  {110} <110) [38]. 

2. We will  br ief ly  d i scuss  the poss ib i l i ty  of fo rmat ion  of ISS-I I ' s ,  which lead to ex t r a  re f lec t ions  of the 
" 1 / 2 "  type in e lec t ron  diffract ion pa t t e rns  and which in the r ep re sen t a t i on  of f luetuational  a tomic  d i sp lacemen t s  
can be desc r ibed  by waves  with k = 1/2<110 ) , e k [I <110>. These  waves  account  fo r  the main  shor twave  d e f o r m a -  
t ion of the lat t ice during B2 -~ B19' [14] and fi(bcc) --- ~(cpu) [39] mar t ens i t i c  t r a n s f o r m a t i o n s .  F o r  these  waves ,  
the expansion of f r ee  energy does not contain odd powers  with r e s p e c t  to ampli tude,  and a me tas t ab le  s t ruc tu re  
occurs  if the shor twave d i sp lacements  of the a toms  a r e  accompanied  by homogeneous la t t ice  d is tor t ion.  One 
case  in which c o m p r e s s i o n  of a c rys t a l  along (110) was cons idered  was examined in [40]. In the B2 ~ B19' 
t r ans fo rma t ion ,  the additional homogeneous deformat ion  is or thorhombic  dis tor t ion with a sma l l  amount of 
monoclinic dis tor t ion (or without the la t te r  for  the B2 ~ B19 t ransformat ion)  [14] (Fig. 12). In the /3 - -  ~ t r a n s -  
format ion ,  homogeneous s h e a r s  {112) occur  along <11~) [39]. 

Analys i s  of the the rmodynamic  s tabi l i ty  of the ini t ial  lat t ice in r ega rd  to s t ruc tu ra l  de fo rmat ion  c o r r e -  
sponding to ISS-II  can be accompl ished  in a manne r  s i m i l a r  to that  for  ISS-I (see [40]). However ,  i t  should be 
kept  in mind [39] that, even for  s imple  bcc me ta l s ,  on the boundary of the Bri l louin zone t he r e  is a min imum in 
the d ispers ion  law for  t r a n s v e r s e  phonons with k II (110>, e k [I <110> (a s imi lax  reduct ion in a tom vibra t ion f r e -  
quency exis ts  nea r  the boundary of the zone for  the other  b ranches  as well: t r a n s v e r s e  with kI[ <111) and 
longitudinal with kll <100)). Such behavior  cannot be obtained within the f r a m e w o r k  of the B o r n - K a x m a n  
theory ,  consider ing the in teract ion of a toms  in n e a r e s t - n e i g h b o r  coordinat ion sphe re s  and the anomaly ev i -  
dently connected with long- range  in terac t ions .  Th i s  points out the l imita t ion of our method in ca se s  when 
phonon anomal ies  a r e  due to long-range  action and s t ruc tu ra l  t r a n s f o r m a t i o n s  a r e  cha r ac t e r i z ed  by a wave 
vec tor  on the boundary of the Bril louin zone. 

C O N C L U S I O N  

The unique physica l  p r o p e r t i e s  of NiTi a l loys ,  which a r e  of p rac t i ca l  impor tance ,  a r e  governed p r imax i ly  
by the s t ruc tu ra l  s ta te  and s t ruc tu ra l  t r a n s f o r m a t i o n s  dependent on t e m p e r a t u r e ,  chemica l  composi t ion,  and 
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process ing  or s e rv i ce  conditions. However ,  ana lys i s  of the l i t e ra tu re  data on the p r e m a r t e n s i t i e  s ta te  and 
phase  t r ans fo rnmt ions  in these  al loys shows that  until now there  has  been no unified phys ica l  r ep resen ta t ion  
of the effects  obse rved  in these sys t ems .  In connection with this ,  we undertook a comprehens ive  study of the 
fine s t ruc tu re  and physica l  p r o p e r t i e s  and the i r  in teract ion in a broad range  of NiTi and NiTiX (X = Fe,  Ca) 
a l loys which undergo a t he rmoe la s t i c  mar t ens i t i c  t r ans fo rma t ion  in o rder  to de te rmine  f ea tu re s  of the change 
in the stabil i ty of the c rys ta l l ine  lat t ice and the s t ruc tu ra l  state,  as  well  as  the sequence and s t ruc tu ra l  con-  
tinuity of the phase  t r ans fo rma t ions  and assoc ia ted  physicomechanica l  p rope r ty  anomal ies .  We also p e r -  
fo rmed  a thermodynamic  analys is  of the s tabi l i ty  of poss ib le  p r e t r a n s f o r m a t i o n  shear  s t ruc tu res ,  the l a t t e r  
being (as follows f r o m  the empi r i ca l  data) p r e c u r s o r s  of the in te rmedia te  and final mar t ens i t e  phases .  It was 
es tabl ished that the va r i e ty  of s t ruc tura l  changes in NiTi a l loys  is  due to the unusual (compared to other  bee 
alloys) behavior  of the e las t ic  p r o p e r t i e s  above the mar t ens i t i c  t r ans fo rma t ion  point M s. Judging f rom an-  
a lys i s  of s t ruc tura l  data, m e a s u r e m e n t s  of e last ic  moduli and e lec t r ica l  r es i s t iv i ty ,  and the r e su l t s  of t heo re t -  
ical study, it can be concluded that the d e c r e a s e  in s tabi l i ty  of the c rys ta l l ine  lat t ice with the approach of M s 
is  accompanied by the rea l iza t ion  of a sequence of genet ical ly  re la ted  s t ruc tu ra l  t r ans fo rma t ions .  These  t r a n s -  
fo rmat ions  begin with an i nc rea se  in  the s h o r t - r a n g e  o rde r  of the a tomic d i sp lacements  in the initial high- 
t e m p e r a t u r e  B2 phase .  This  is  followed by the fo rmat ion  of a mic rodomain  s t ruc tu re  cha rac te r i zed  by i n t e r -  
media te  shear  s t r uc tu r e s  (ISS-I, ISS-ID. The s t ruc tu re  ISS-I is  the p r e c u r s o r  of the B2 -~ R mar t ens i t i c  t r a n s -  
format ion ,  while ISS-II p r ecedes  the fo rmat ion  of monoelinic B19' (or or thorhombic  B19) mar t ens i t e .  It  was  
shown that  shea r  mar t ens i t i c  r e s t ruc tu r ing  in the initial  phase  can be a s s u r e d  by r e in fo rcemen t  of the c o r r e l a -  
t ions of the per iodic  shor twave a tomic  d i sp lacements  (their se l f -cons is ten t ,  phased charac te r ) ,  along with the 
n e c e s s a r y  homogeneous deformat ion.  When examined in this  manner ,  the local ized p r e m a r t e n s i t i c  d i sp l ace -  
ment  s t r u c t u r e s  a r e  cen te r s  of nucleation of m a r t e n s i t e  c ry s t a l s .  

The sequence of s t ruc tura l  t r ans fo rma t ions  in NiTi a l loys  can be r ep resen ted  in the fo rm of the scheme : 

B 2  ~ {DSO }--, t IsS "| ~----> t R ~ ~ B19' 
/ i s s  -n!  ~ t i n 9 )  

inside the B2- phase 
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I N T R O D U C T I O N  

The phys icomechanica l  p r o p e r t i e s  of m a t e r i a l s  which undergo r e v e r s i b l e  mar t ens i t e  t r an s fo rma t io n s  
a re  very  unusual and var ied,  and they have not ye t  been fully invest igated.  Severa l  impor tan t  p r o b l e m s  of a 
p rac t i ca l  nature  r e m a i n  unresolved.  There  is no quanti tat ive theory on shape m e m o r y  effects  and t r a n s f o r m a -  
tion s t ra in .  Never the less ,  continued analys is of all  a spec t s  of the p rob l em is of cou r se  n e c e s s a r y  fo r  fu r the r  
development  of r ep re sen ta t i ons  on the p r o p e r t i e s  of m a t e r i a l s  of this c lass  and for  the broad p rac t i ca l  i m -  
p lementa t ion  of the r e s u l t s  of scientif ic invest igat ions.  The p r e s e n t  r e p o r t  d i s cus se s  individual key aspec t s  
per ta in ing to me ta l s  and al loys exhibiting r e v e r s i b l e  mar t ens i t e  t r a n s f o r m a t i o n s  and makes  no p r e t ense  of e m -  
bracing the p rob l em  as a whole. The  content of this a r t i c le  is based on the resu l t s  of s tudies  of recen t  y e a r s  
in which the author par t i c ipa ted  and which have been re f lec ted  in conference  r e p o r t s  and or iginal  publ icat ions 
[1-67]. Severa l  of the findings d iscussed  he re  and involving the author ts  par t ic ipa t ion  a r e  being published for  
the f i r s t  t ime.  

F i r s t  we will  enumera te  the fundamental  laws governing the s t r u c t u r a l - m e c h a n i c a l  behavior  of m a t e r i a l s  
in connection with r e v e r s i b l e  m a r t e n s i t e  t r an s fo rma t ions  (MT). 

1. All me ta l s  and al loys exhibiting MT demons t r a t e  the shape m e m o r y  effect  (SME), i .e. ,  a capaci ty  to 
par t i a l ly  o r  fully r e c o v e r  during MT s t ra in  acquired  p r i o r  to the MT. 
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