
3G 

4. 
5. 

6 ,  

7. 

A. V. Arutyunov and L. P. Fi l ippov,  Teplofiz.  Vys. Temp. ,  8,  No. 5 (1970). 
L. P. Fi l ippov and R. P. Yurchak,  I nzh . -F i z .  Zh., 21, No. 3 (1971). 
L. P. Fil ippov, Measu remen t  of T h e r m a l  P r o p e r t i e s  of Solid and Liquid Metals  at High T e m p e r a t u r e s  
[in Russian] ,  Izd. MGU, Moscow (1967). 
L. N. Trukhanova,  Au thor ' s  Abs t r ac t  of Candida te ' s  Disser ta t ion ,  Moscow State Univers i ty  (1970). 
A. E. Sheindlin (editor),  E m i s s i v e  P r o p e r t i e s  of Solid Mater ia ls .  Handbook [in Russian],  Izd. Energiya,  
Moscow (1974). 

THERMAL CONDUCTIVITY AND ELECTRICAL RESISTIVITY 

OF NiTi IN THE TEMPERATURE INTERVAL 90-450~ 

A. I. Kovalev, A. V. Logunov, 
N. V. Petrushin, and L. S. Egorova 

UDC 536.21 

Resu l t s  of m e a s u r e m e n t s  of the t h e r m a l  conductivity and the e l ec t r i ca l  r e s i s t i v i t y  of the meta l l ide  
NiTi a r e  repor ted .  

The a im of the work  r epo r t ed  here  was to de te rmine  exper imen ta l ly  the t h e r m a l  conductivity and the 
e l ec t r i c a l  r e s i s t i v i t y  of the me ta l l i decompouadNiT i ,  which p o s s e s s e s  the p rope r ty  of being able to " r e m e m b e r  
i t s  shape. " 

The " s h a p e - m e m o r y  effect" is based  on a m a r t e n s i t i c  t rans i t ion  and is  e x p r e s s e d  in the abili ty of a 
sample  of th is  compound de formed  at a t e m p e r a t u r e  below the t rans i t ion  t e m p e r a t u r e  T t r  to comple te ly  r e -  
cove r  i ts  shape af ter  it is  heated above T t r  [1-5]. 

According to m o s t  pape r s  on the subject ,  the meta l l i c  NiTi p o s s e s s e s  a complex  c r y s t a l  s t ruc tu re  that  
va r i e s  depending on t empera tu re .  At a t e m p e r a t u r e  of around 650~ an order ing of the s t ruc tu re  of the high- 
t e m p e r a t u r e  phase  occurs ,  and below this t e m p e r a t u r e  the compound has an o rde r ed  s t ruc tu re  of CsC1 type. 
The order ing  of the h igh - t empe ra tu r e  phase  is  accompanied  by a reduct ion in the e l ec t r i ca l  r e s i s t i v i t y  [6]. 
At 60-120~ a m a r t e n s i t i c - t y p e  phase  t rans i t ion  occu r s  as a resu l t  of which the lat t ice of the meta l l ide  r ead -  
jus ts  to f o r m  a m o r e  complex  s t ruc tu re ,  a consequence of which is the appearance  of h y s t e r e s i s  in the t e m -  
p e r a t u r e  dependences of the p r o p e r t i e s  of NiTi. The t e m p e r a t u r e  of the mar t ens i t i c  t rans i t ion  of NiTi, and 
so a lso  the t e m p e r a t u r e  at which shape r e c o v e r y  occur s ,  is essent ia l ly  dependent on the chemica l  composi t ion 
of the compound [3]. 

The p r o p e r t i e s  of the me ta l l ideNiTi  (51.5 at. % Ni) were  m e a s u r e d  using samples  of length 80 m m  and 
d i ame te r  8 m m  containing impur i t i e s  (weight %): Co--0.19;  A1--0.05; Fe--0 .09;  Cr  -< 0.01; C--0.057; Si--0.09; 
S--0.01; Mn-< 0.01. The densi ty of the m a t e r i a l  of the s amples  at 22~ was 6.51 g / c m  3. 

The t h e r m a l  conductivity was m e a s u r e d  using an appara tus  designed on the bas i s  of the method of s teady 
longitudinal heat  flow [7]. A fea ture  of the appara tus  is  the p re sence  of a sc reen  with an independent hea te r  

TABLE 1. T h e r m a l  Conductivity and E lec t r i ca l  Res is t iv i ty  of the 
Metal l ide NiTi 
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Fig. 1. T e m p e r a t u r e  dependence of e l ec t r i c a l  r e s i s t i v i t y  of NiTi alloy: 1} a f t e r  30 rain an-  
nealing at 1000~ and cooling with furnace;  2) 30 rain annea!ing at 1000~ but with rapid  
cooling; 3) r epea ted  cooling and heating, p i n ~ "  m;  T in ~ 

Fig. 2. T e m p e r a t u r e  dependence of t h e r m a l  conductivi ty of NiTi alloy: 1) our  resu l t s ;  2} 
Goff ' s  r e su l t s  [8]. ~ in W / m .  deg; T in ~ 

which mainta ins ,  with the aid of a d i f fe rent ia l  t he rmocoup le  and a cor responding  automat ic  sys t em,  ident ical  
the t e m p e r a t u r e  level  and the t e m p e r a t u r e  f ie ld on the s c r een  and the sample ,  which reduces  heat  l o s ses  to 
a min imum.  The sample  and the s c r e e n  a r e  cooled independently of the e ryos t a t  by a sepa ra t e  supply of liquid 
ni trogen.  The ra te  of cooling and heating of the sample  could thus be cons iderably  i nc rea sed  and the sample  
t e m p e r a t u r e  level  regula ted  with g r e a t  sensi t ivi ty .  The t e m p e r a t u r e  of the sample  was m e a s u r e d  by th ree  
spec ia l  ca l ib ra t ed  C hrom e l - -A l um e l  t he rmocoup les  with t h e r m o e l e c t r o d e s  of d i a m e t e r  0.2 mm.  The t h e r m a l  
conductivi ty was ca lcu la ted  via  th ree  t e m p e r a t u r e  drops  and i ts  ave rage  value then computed. 

The e l ec t r i c a l  r e s i s t i v i t y  was m e a s u r e d  on a spec ia l  setup under  conditions of continuous heating and 
cooling at a ra te  of around 3 deg/min. The m e a s u r e d  quanti t ies  were  r eco rded  using a KSP-4  se l f -balancing 
poten t iometer .  

In the t h e r m a l  conductivi ty and e l ec t r i c a l  r e s i s t i v i t y  expe r imen t s  the g e o m e t r i c a l  fac tor  r = S/t (where 
S is  the c r o s s - s e c t i o n a l  a r e a  of the sample ;  l i s  the dis tance between the junctions of the thcrmocouples)  of 
the working pa r t  was  ca lcu la ted  indi rec t ly  through the m e a s u r e d  value of the e l ec t r i ca l  r e s i s t iv i ty  of the 
sample  at 20~ 

The smoothed va lues  of the obtained expe r imen ta l  data a r e  given in Table  1. The m a x i m u m  (cor respond-  
ing to a confidence level  of 0.95) random m e a s u r e m e n t  e r r o r  was 2.8% for  X and 1% for  p; the sys t emat i c  
e r r o r  was,  r e spec t ive ly ,  0.7 and 0.5%. 

The data ci ted in the table  c h a r a c t e r i z e  the p r o p e r t i e s  of the alloy as it  i s  heated up a f t e r  30-min an- 
nealing at 1000~ and slow cooling with the furnace.  

Heating and cooling the s amples  in the in te rva l  90-450~ a re  accompanied  by a h y s t e r e s i s  in the p r o p e r -  
t ies  of the compound,  a f ea tu re  which is  well i l lus t ra ted  by the t e m p e r a t u r e  dependence of the e l ec t r i ca l  
r e s i s t i v i t y  (Fig. 1). T e m p e r a t u r e  cycling in the in te rva l  150-450~ leads  to the appearance  of a peak  on the 
cu rve  of p = f(T) taken as  the sample  is  cooled. Maximum p occurs  at a t e m p e r a t u r e  of 305~ 

It  should be noted that  h y s t e r e s i s  is  a lso obse rved  on the t e m p e r a t u r e  plots  of o ther  p r o p e r t i e s  of NiTi, 
e . g . ,  the Hal l  constant ,  the magnet ic  suscept ibi l i ty ,  the veloci ty  of sound, the specif ic  heat  [1], and also the 
coeff icient  of l inear  expansion [3]. 

Inves t igat ions  showed that  the c h a r a c t e r  of the t e m p e r a t u r e  dependence of the e l ec t r i ca l  r e s i s t iv i ty  of 
s amp le s  rapidly  cooled f r o m  1000~ is  unchanged, although i ts  absolute value i n c r e a s e s  sharply  (Fig. 1). 
This  so r t  of behav io r  of the e l ec t r i c a l  r e s i s t i v i t y  of NiTi i s  p robab ly  due to conserva t ion  of the h i g h - t e m p e r a -  
tu re  d i s o r d e r e d  phase  in the quenching p roces s .  
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The following t e m p e r a t u r e  points can be dis t inguished on the r e s i s t i v i t y  cu rve  of the alloy p = f(T): M s = 
305~K; Mf = 255~ A s = 255~ Af = 355~ which c o r r e s p o n d  to the t e m p e r a t u r e  in te rva l s  of the mar t ens i t i c  
t rans i t ion  in cooling (M s and ~ --  f o rwa rd  t ransi t ion)  and in heating (A s and Af -- r e v e r s e  transi t ion).  
These  t e m p e r a t u r e  in te rva l s  of the fo rward  and r e v e r s e  t rans i t ions  in the inves t iga ted  alloy a re  c lose  to the 
in te rva l s  of the t rans i t ion  in t i tanium mononickel ide (51 at. % Ni) [1]. 

F igu re  2 shows the m e a s u r e d  t h e r m a l  r onductivity of the inves t iga ted  alloy in the t e m p e r a t u r e  in terval  
90-300~ It can be seen  that  the t h e r m a l  conductivi ty of the alloy i n c r e a s e s  with t e m p e r a t u r e ,  although 
above 220-230~ it  d e c r e a s e s  not iceably,  and with inc reas ing  t e m p e r a t u r e  a shallow min imum is observed  on 
the plot of k = f(T) at 265~ 

Our r e su l t s  on the t h e r m a l  conductivity of NiTi a re  in good ag reemen t  with Goff ' s  data [8] (within the 
l imi t s  of expe r imen ta l  e r r o r )  at t e m p e r a t u r e s  below 230~ The r e su l t s  d iverge at h igher  t empe ra tu r e s .  
Thus,  according to the data of [8], the t h e r m a l  conductivity k of NiTi above 230~ is  somewhat  g r e a t e r  than 
the t h e r m a l  conductivi ty of the alloy inves t iga ted  by us and monotonical ly  i n c r e a s e s  with increas ing  t e m p e r a -  
tu re  in the range  3-300~ 

The d i sc repancy  between our  r e su l t s  and the r e su l t s  of [8] l ies  outside the l imi t s  of expe r imen ta l  e r r o r  
and is  p robably  connected with the effect  of the s t ruc tu ra l  changes that  the lat t ice of the invest igated aUoy 
undergoes  as a r e su l t  of the m a r t e n s i t i c  t rans i t ion  in the t e m p e r a t u r e  range 230-350~ Golf, on the other 
hand, studied an NiTi in te rmeta l l ide  of s to ieh iomet r i c  composi t ion ,  the t rans i t ion  in which is obse rved  at 
h igher  t e m p e r a t u r e s  (around 350-400~ [3]. 
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MASS TRANSFER IN THE INTERACTION 

COMPOSITE WITH A LIQUID METAL 
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An equation is  der ived  to desc r ibe  the migra t ion  of a liquid in a s i n t e r e d c o m p o s i t e  consis t ing of a 
r e f r a c t o r y  skeleton and a bonding meta l ;  an approx ima te  solution is  given. 

Sintered compos i t e s  a r e  used  in va r ious  b ranches  of engineer ing,  pa r t i cu l a r ly  ones consis t ing of r e -  
f r a c t o r y  pa r t i c l e s  cemented  by meta l ;  it has  been found [1, 2] that  such a m a t e r i a l  ab so rbs  mol ten  me ta l  rapidly 
if the t e m p e r a t u r e  is  such as to allow a liquid phase  to exist .  This  p r o c e s s  is  used in the manufac ture  of 
components  with a va r i e ty  of phys icomechan ica l  p r o p e r t i e s  [3]. Var ious  technological  p r o b l e m s  involve a 
knowledge of the dis t r ibut ion of the bonding m e t a l  in the m a t e r i a l  toge ther  with the migra t ion  kinet ics  of the 
liquid. The l iqu id-meta l  uptake m a y  be r e p r e s e n t e d  as a d i rec t ional  flow along channels  f o rmed  by the 
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