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

L .  P .  F i l i p p o v  a n d  F .  G.  I ~ l ' d a r o v  UDC 536.212 

The r e su l t s  of m e a s u r e m e n t s  of the specif ic  heat  of a wire  sample  of rhenium in the t e m p e r a t u r e  
in te rva l  1600-2400~ and a lso  data on the e l ec t r i c a l  r e s i s t i v i t y  and the in tegra ted  degree  of 
b lackness  a r e  repor ted .  

To date, insufficient  attention has  been given to the specif ic  heat  of rhenium at high t empe ra tu r e s .  

Tay lo r  and Finch [1] ci ted data on the specif ic  heat  up to 3100~ although in fact  the exper imenta l  m a -  
t e r i a l  is obtained up to 2000~ since the e l ec t r i ca l  r e s i s t i v i t y  r equ i red  for  the t r e a t m e n t  of the corresponding 
data is m e a s u r e d  only up to this  t e m p e r a t u r e  and then extrapolated.  The r e su l t s  of this extrapolat ion cannot 
be r ega rded  as pa r t i cu l a r ly  re l iab le ,  s ince it involves the continuation of a curve  whose slope is  s t rongly 
dependent on t e m p e r a t u r e  (it would be m o r e  logical  to ex t rapola te  the specif ic  heat  i tself  --  a weaker  function 
of t empera tu re ) .  The a c c u r a c y  of the data in Tay lo r  and Finch '  s pape r  could a lso  do with being improved  
upon. In o rde r  to find the specif ic  heat  in the pulse method of m e a s u r e m e n t  used by these  authors ,  it is  
n e c e s s a r y  to de te rmine  the t ime  der iva t ive  of a cu rve  produced on the s c r een  of an osci l loscope,  a p rocedure  
that is  a ssoc ia ted  with a la rge  e r r o r .  

The m e a s u r e m e n t s  r epo r t ed  in [2] a r e  coarse .  The data a r e  obtained by photographing the var ia t ion  in 
t ime  of the read ings  of a photoe lec t r ic  p y r o m e t e r  on the s c r een  of an osc i l loscope;  the specif ic  heat  i s  obtained 
via  m e a s u r e m e n t s  of the in tegra ted  degree  of b lackness ,  and the r e su l t s  a re  p resen ted  in the fo rm of a l a rg e -  

sca le  graph.  

The specif ic  heat  m e a s u r e m e n t s  of rhenium repor t ed  in [3] r e l a t e  to a single c r y s t a l  sample .  They 
span the t e m p e r a t u r e  in te rva l  up to 2500~ but, as  noted p rev ious ly  [3, 4], a re  of a tentat ive c h a r a c t e r ,  since 

they were  obtained ignoring anisot ropy of the single c rys ta l .  

In the work r epo r t ed  he re  the specif ic  heat  of wire  samples  of rhenium was m e a s u r e d  using the method 
prev ious ly  developed in the Depar tmen t  of Molecular  Phys i c s  and Mechanics of the Phys ic s  Facul ty  of Moscow 
State Univers i ty  [5]. This  method cons i s t s ,  essent ia l ly ,  in heating the inves t igated sample  by the sum of dc 
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Fig. 1. Measured  specif ic  hea t  of rhenium. The 
dashed curve  was ca lcula ted  f r o m  (5). Cp i s  in c a l / g -  
atom �9 ~ t e m p e r a t u r e  T is  in ~ 
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TABLE I. Results  of Measurements  of Specific Heat, 
E lec t r ica l  Resis t ivi ty,  and Integrated Degree of Black- 
ness  of Rhenium 

T, *K Cp, cal/ [ 
g-at0m �9 ~K o-lo~, ~.m E 

i630 
1680 
1740 
1795 
t865 
1940 
2020 
2115 
2195 
2305 
2400 

7,45 
7,51 
7,60 
7,64 
7,68 
7,76 
7,9t 
7,97 
7,99 
8,10 
8,14 

93,0 
' 94,3 

96,6 
i 99,2 

101,5 
104,0 
I07,0 
110,5 
ll4,0 
117,5 
121,0 

0,225 
0,230 
0,240 
0,250 
0,275 
0,280 
0,290 
0,305 
O, 320 
O, 325 
O ,330 

and ac cur ren t s  and measur ing  the t empera tu re  oscillations of the sample by a contact less  photoelectric 
method through the oscil lat ions of its luminosity. 

The theory behind the method is presented in detail in [5]. The method res t s  on the formula 

Cp -- 2V-V~ (1) 
Rmco [0: 

Formula  (1) is derived on the assumption that there  are no t empera tu re  gradients  along the axis and radius 
of the wire, which does not impose any significant constra ints  on the experiment. The cor rec t ion  to formula 
(1) due to heat t ranspor t  f rom the surface of the wire for frequencies of tens of her tz  is negligibly small [5]. 

The following formula  is used to measu re  the amplitude of the tempera ture  oscil lat ions I| by the photo- 
e lect r ic  method: 

' a I " ( 2 )  

Formu la  (2) is valid for a l inear recording system. The coefficient of proport ional i ty  a is found from the 
angle of slope of the straight line in the var iables  ln I  and 1/T [4]. Inserting (2) into (i) gives the following 
formula  for the specific heat: 

2V=al V 

Cv -- Rmo~T"- " I -  "' (3) 

In the experimental  setup the wire sample is located horizontally within a vacuum chamber  provided on 
the top with a fiat g lass  window. One end of the sample is rigidly gripped in a stand; the other is tensioned 
by a spring. In the middle part  of the sample,  at points a few cent imeters  apart ,  lie probe potential leadouts 
made f rom 30-~ -d i ame te r  tungsten wire, the ends of the leadouts being tensioned by loads. 

The sample c i rcui t  contains the following in s e r i e s :  a source of dc voltage (two type VS-26 instruments);  
a matching t r an s fo rm er  supplying an ac voltage f rom a GZ-34 audio-frequency genera tor  (the 20-Hz frequency 
was determined by a PS-10,000 counter);  andthe sample res is tance  (0.1 2), which was used to measure  the dc 
component of the cur ren t  through the sample. The dc cur ren t  through the sample and the voltage removed 
f rom the probe leadouts were measured  using an R-307 potent iometer  with an F l16  photocompensated galvanom- 
e ter  as a null ins t rument .  The ac voltage was measured  using a VZ-7 cathode vol tmeter .  

The c i rcui t  measur ing the tempera ture  pulsations incorpora tes  a photomultiplier and a differential- type 
amplifying stage. The stage was balanced so that the dc voltage at the output equalled zero for no tight to the 
photomultiplier,  thereby balancing the dark current  and the anode voltage in the amplifying stage. The ac 
voltage at the output of the sys tem was balanced with part  of the ac voltage on the potential leadouts f rom the 
sample taken f rom a divider. The a r m s  of the divider thereby determine the rat io of those voltages entering 
into formula  (3). This method of determining the ratio V ~ / I ~  eliminates the e r r o r s  associated with readings 
of the scales  of pointer ins t ruments  and so increases  the accuracy  of measurement .  A d c  voltage proportional 
to the luminosity being measured  is determined using a separa te  potent iometer  c i rcui t  s imi lar  to that used in 
the heating circuit .  The construct ion of the setup and the measur ing  c i rcui t  a re  descr ibed in more  detail in 
[6]. The measurements  of the specifi.c heat were preceded by the determination of the coefficient ~ and the 
determination of the limit of l ineari ty of the measur ing system, charac te r i zed  by the maximum value of the 
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signal ,  Ima  x. During m e a s u r e m e n t s  at high t e m p e r a t u r e s ,  when the values  of I approach  this l imit ing value,  
a neu t ra l  at tenuating fight f i l t e r  was  p laced  in f ront  of the photomult ipl ier .  

One of the m o s t  impor tan t  quest ions in the m e a s u r e m e n t  of the spec i f i c  heat  by the p r e sen t  method is  
that  of de termining  the absolute  t e m p e r a t u r e .  In the above setup an OPM-19 opt ical  p y r o m e t e r  was used to 
de t e rmine  the b r igh tness  t e m p e r a t u r e .  The p y r o m e t e r  was sighted on the sample  through a total  ref lect ing 
p r i s m  p laced  on the g l a s s  of the chamber .  The p y r o m e t e r  readings  were  c o r r e c t e d  for  absorpt ion in the g lass  
of the  c h a m b e r  and the p r i s m .  In o r d e r  to conver t  the b r igh tness  t e m p e r a t u r e  into absolu te  t e m p e r a t u r e  we 
requ i re  to know the s pec t r a l  degree  of b lackness ;  the la t te r  can be taken f r o m  [7]. 

Another  way of de termining  absolute  t e m p e r a t u r e  is  to cons t ruc t  a sca le  of t e m p e r a t u r e  in t e r m s  of 
r e s i s t ance ,  to which end use  m u s t  be made  of a b lack-body model  [5]. This  method has  the advantage that  it 
r e n d e r s  the exper iment  closed;  no r e c o u r s e  need be made  to l i t e ra tu re  data. As f a r  as the p re sen t  expe r i -  
ment  i s  concerned,  t he re  is ,  however ,  the disadvantage that  the r e s i s t ance  of rhenium at high t e m p e r a t u r e s  
is not pa r t i cu l a r ly  stable.  We were  able to show that  the r e s i s t a n c e  of rhenium in a vacuum of 10 -5 m m  Hg 
depended cons iderab ly  on the t e m p e r a t u r e  at which the sample  was annealed and on how long the sample  was 
held a t  low t e m p e r a t u r e s .  In this work we have t r ans l a t ed  the b r igh tness  t e m p e r a t u r e  into absolute on the ba s i s  
of tabulated values  of the deg ree  of b lackness ;  a l so ,  f o r  con t ro l  p u r p o s e s ,  an expe r imen t  was p e r f o r m e d  in the 
b lack-body  model .  This  exper imen t ,  which was c a r r i e d  out by S. N. Banchila ,  cons is ted  in the following. 

A wire  of the inves t igated rhenium was posi t ioned along the axis of a th in-wal led  tanta lum cyl inder  of 
d i ame te r  ~ 15 m m  and length ~ 50 mm.  The ends of the cyl inder  we re  c losed with caps  of sheet  tantalum. 
The wire  was connected with cu r r en t  and potent ia l  leadouts.  The middle  of the cyl inder  was provided with a 
sma l l  hole on which an opt ical  p y r o m e t e r  was sighted. The en t i re  s y s t e m  was p laced within the inductor of a 
h igh- f requency  furnace.  

The objects  of invest igat ion were  rhenium w i r e s  of d i a m e t e r s  0.2 and 0.3 m m  made  by the powder 
me ta l lu rgy  method.  The rhenium content in the s amp le s  was 99.99%. 

The wire  was annealed in a vacuum of 10 -5 m m  Hg for  a few hours.  The m a s s  of a known length of wire  
was de te rmined  before  and a f te r  the exper imen t  by weighing. 

The ca lcula t ions  were  c a r r i e d  out using fo rmu la  (3). 

The r e su l t s  of the calcula t ions  a re  shown in Fig. 1 and in Table  1. Random m e a s u r e m e n t  e r r o r  is  
c h a r a c t e r i z e d  by a m e a n - s q u a r e  deviat ion of ~ 0.06 c a l / g - a t o m -  ~ in a s e r i e s  of 10 m e a s u r e m e n t s ;  the 
confidence in te rva l  of the r e su l t s  is  ~ 0.14 c a l / g - a t o m .  ~ at 0.95 rel iabi l i ty.  The sys temat ic  e r r o r  in the 
expe r imen ta l  data ,  by the e s t i m a t e s  of [3, 4], is  3-5%. The main  sou rces  of e r r o r  a re  the i m p r e c i s e  m e a -  
su remen t  of T (contribution up to ~ 2c/0), the e r r o r  in the de te rmina t ion  of ~ (~ 1%), and the e r r o r  in the 
m e a s u r e m e n t  of the ra t io  V ~ / I ~  [see fo rmula  (3)]. The exper imen ta l  data on the specif ic  heat  Cp a re  in good 
a g r e e m e n t  with the r e s u l t s  of ca lcula t ions  via Fi l ippov '  s genera l i zed  fo rmula  [4]: 

Cp = 6 ~- 3 T__. (4) 
rm 

In the cou r se  of the expe r imen t s  we also de te rmined  the e l ec t r i ca l  r e s i s t iv i ty  and the in tegra ted  degree  
of b lackness  of rhenium (see Table  1); the sys t ema t i c  e r r o r s  in the  ci ted values a r e ,  r e spec t ive ly ,  ~ 1 and ~ 5%. 

N O T A T I O N  

V=, V~,  dc and ac components  of vol tage a c r o s s  a segment  of the wire;  m,  R, m a s s  and the e lec t r i ca l  
r e s i s t a n c e  of the segment ;  w, angular  f requency  of the ac voltage;  L| ampli tude of the t e m p e r a t u r e  osc i l l a -  
t ions;  I~ ,  ampli tude of the a l ternat ing signal  at the output of the recording  device,  which i s  propor t iona l  to 
~ i ;  I, dc  component  of the signal  at the output of the device,  which co r r e sponds  to the mean  t e m p e r a t u r e  of the 
sample  T; Cp, specif ic  heat;  Cp, specif ic  heat  pe r  g - a tom;  Tin, mel t ing  point of the sample ;  a ,  coeff icient  
of propor t ional i ty .  
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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 

! 
T, ~ 90 [ 200 400 450 

~,, W / m . d e g  

P, ~ . m  

10~5 

t00 150 

12,0 16,5 

- -  0,490 

18.5 

0,557 

l i 
250 300 i 350 

18 3 i 

18,7 01715 -- 
0,643 0,760 0,775 O, 795 
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