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Using the ac  induction heat ing method this pape r  s tudies the t he rma l ,  e l ec t r i c a l ,  and radia t ive  
p r o p e r t i e s  of t i tanium,  z i r con ium,  and hafnium over  a wide t e m p e r a t u r e  range and compares  
the data obtained with the l i t e ra tu re .  Special f ea tu res  in the p rope r t i e s  of the meta l s  studied 
a re  identified and d iscussed.  

T i tan ium,  z i r con ium,  and hafnium belong to a group of meta l s  which a r e  finding increas ingly  wide use.  
However ,  until now the t he rma l ,  e l ec t r i ca l ,  and radia t ive  cha r ac t e r i s t i c s  of these me ta l s ,  pa r t i cu la r ly  in the 
h igh - t empe ra tu r e  range,  have not r ece ived  sufficient  study. 

The fact  that  group IV e lements  have rece ived  l i t t le  study in the t e m p e r a t u r e  range above 1000~ is a s s o -  
ciated with a specif ic  fea ture  of thei r  p r o p e r t i e s ,  namely  the enhanced capaci ty of meta l s  of this group to ad-  
so rb  oxygen and ni t rogen,  fo rming  a solid intruded solution [1-3]. In addition, these meta l s  undergo a phase  
t rans i t ion ,  which may  be accompanied  under  speci f ic  conditions by considerable  deformat ions  of the tes t  sp ec i -  
men. All of this makes  it ve ry  difficult  to work  with group IV meta l s .  

One m u s t  consider  these spec ia l  f ea tu res  of the group IV e lements  in choosing a method for  inves t iga-  
ting the i r  p r o p e r t i e s ,  offer ing an advantage ove r  methods using large  spec imens ,  since the ra te  of diffusion 
of oxygen and ni trogen is sma l l ,  and these  a re  located in the sur face  layer .  T h e r e f o r e  data obtained on sp ec i -  
mens  with a developed sur face  will be l e s s  r e l i ab le , in  pr inc ip le ,  than when la rge  spec imens  a re  used ,  e s p e -  
c ia l ly  if one takes into account  the poss ib i l i ty  of the spec imens  deforming  during phase  t rans i t ions .  

To study the p r o p e r t i e s  of these e lements  it is des i rab le ,  for  these r easons ,  to use  complex methods 
which will  evaluate  a group of p r o p e r t i e s  in a single exper iment .  I t  is a lso des i r ab le  that the exper imen t  
should be of shor t  durat ion and should be conducted on a single spec imen  under identical  conditions. 

To invest igate  the t he rm a l  p r o p e r t i e s  of group IV meta l s  the authors  have used a compound method of 
ac  induction heat ing,  offer ing a d i r ec t  m e a s u r e m e n t  of the t he rma l  diffustvity a, the speci f ic  heat  Cp, and the 
t he rma l  conductivity }t of the t es t  spec imen.  The method is based on the use of radia l  t e m p e r a t u r e  waves ,  
c rea ted  in a cyl indrical  spec imen  by modulated heat ing in a h igh-f requency oven [4, 5]. The speci f ic  e l e c t r i -  
cal r e s i s t i v i t y  p and the e m i s s i v i t y ,  the s pec t r a l  value ek,  T (X = 0.65 pro) and the in tegra l  value eT , were  m e a -  
sured  s imul taneous ly  with the t he rma l  c h a r a c t e r i s t i c s  in the s ame  faci l i ty  [6] under  identical  conditions. 

The z i rcon ium spec imen  invest igated,  p r e p a r e d  by the iodide method,  consis ted of la rge  grains  elongated 
in the radia l  d i rec t ion ,  with weak bonds between them. Since this can lead to some anisot ropy in the p r o p e r -  
t ies  of the spec imen  in mutual ly perpendicu la r  d i rec t ions ,  it should be st ipulated that  our data desc r ibe  the 
t he rma l  p r o p e r t i e s  of z i rcon ium in the rad ia l  d i rec t ion ,  and the e l ec t r i ca l  p rope r t i e s  in the axial  direct ion.  
The z i rcon ium spec imen  had a composi t ion (weight %) of: 99.44 Zr ;  0.3 Ti;  0.2 A1; 0.~J5 Mg; 0.02 (Si, Mn); 
< 0.01 Ni; 0.04 SiO 2. 

The density and the specif ic  e l ec t r i ca l  r e s i s t iv i ty  at 20~ were  6.26 g/cm 3 and 49.6 ~2 . c m ,  respec:-  
t ively,  the spec imen  d i a m e t e r  was ~10 ram,  and its length ~9 cm.  The t e m p e r a t u r e  was de te rmined  in a black 
body model ,  having a rad ia l  ape r tu re  of d i a m e t e r  ~1 m m  and a depth of ~6 mm.  Before  the m e a s u r e m e n t s  the 
spec imen  was annealed for  ~2 h in vacuum e t a  t e m p e r a t u r e  of 1900~ In reducing the exper imen ta l  data for  
z i rcon ium a cor rec t ion  was made for  the t he r ma l  expansion of the spec imen  according  to the data of [7]. 
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Fig. I.  T h e r m a l  diffusivity a, the specif ic  heats  Cp and Cv, and the 
t he rma l  conductivity k. Units a r e :  for  a .  104, m2/sec;  for  Cp, ca l /g -  
a tom-  deg; fo r  X, W / m - d e g ;  and fo r  T ,  ~ 

Fig.  2. Specif ic e l ec t r i c a l  r e s i s t iv i ty  p ,  in tegra l  e T and spec t r a l  
ek,T e m i s s i v i t y ;  p is in 108 ~2 "m;  T in ~ 

TABLE i .  The T h e r m a l  (a, Cp, k), E l e c t r i c a l  (p), and Radiat ive 
(e T and ek,T) P r o p e r t i e s  of Z i rcon ium 

T, ~ 

II00 

1t35 

1200 

1300 

1500. 

1700 

1900 

2100 

a . l  0~, m 2 /  
~ c  

9,6 

9,6 

10,8 

13,0 

14,6 

15,0 

15,4 

15,8 

cal/g- 
atom-deg 

8,6 

8,95 

8,6 

7,9 

8,0 

8,25 

8,55 

8,85 

x . W ~ "  
d ~  

~,1 

~,1 

29,6 

32,4 

34,0 

35,5 

37,3 

* The revivify values are for the rever~ change 

p- 10% e T 

t35,7 0,233 
136,3" 
134,2 0,242 
136,4" 
116,2 0,220 
126,t* 
118,2 0,229 
1t8,9" 
122,3 0,247 
122,8" 
126,4 0,259 
126,0" 
130,4 0,269 
130,6* 
134,5 0,275 
134,5" 

in temperature. 

e~,T 

0,470 

0,468 

0,481 

0,453 

0,435 

0,417 

0,399 

0,381 

Smoothed data f r o m  the study of s ix p r o p e r t i e s  of t rans i t ion  me ta l s  of group IV a re  shown i n F i g s .  1 and 
2, and for  z i rcon ium in Table  1 (the data for  t i tanium and hafnium and a compar i son  with the l i t e r a tu re  values  
a r e  given in [8, 9]). 

The change in t he rma l  diffusivity fo r  z i rcon ium in the ~ - ~  t rans i t ion  is apprec iab ly  g r ea t e r  than the 
s ame  thing for  t i t an ium,  and is m o r e  than 50%. 

The di f ference  between the spec i f ic  heat  va lues  of the w and.~ phases  of z i rcon ium is about 17%. Our 
data l ie above the r e su l t s  of [10] by ~7~ and of [11] by ~15%, and have p rac t i ca l l y  the s ame  t e m p e r a t u r e  b e -  
hav ior .  
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The variat ion in the thermal  conductivity of z i rconium during a phase transit ion is ~20%. Our resul ts  
pract ica l ly  coincide with those in [12, 13], and exceed the data of [14] for a specimen of closely s imi lar  chemi-  
cal composition. The data of [15] lie above ours  by ~30% at a tempera ture  of ~1500~ 

The specific e lec t r ica l  res is tance  of z i rconium var ies  by ~12% in a phase transit ion both for  the forward 
and the r eve r se  variat ion in temperature .  In the transi t ion region hys te res i s  occurs ,  but its nature is dif-  
ferent-, for titanium the values of p during the ~-/3 transi t ion lie above the same values for  the ~-c~ t ransi t ion,  
and for z i rconium the reverse  is observed.  The question of whether the anomalous nature of the hys te res i s  
branch for z i rconium relative to titanium, can be related with the fact  that the specimen of z i rconium we 
studied may not have been sufficiently pure ,  or with the number of phase t ransi t ions experienced by this 
specimen before and during the exper iment  (in the experiments  with zirconium this was considerably la rger  
than with titanium) can be explained only with additional experiments .  One can rel iably a s se r t  that the in- 
crease  in the number  of phase transi t ions leads to both an increase  in the tempera ture  range in which t r ans i -  
tion begins and ends,  and also to a smoother  variat ion in all the proper t ies  of the metal  within the range. In 
par t icu lar ,  in [15] the tempera ture  range of t ransi t ion is more  than 100 degrees ,  which is evidence of a large 
number of ~ - ~  transi t ions experienced by the specimen,  and therefore  the smooth dependence of p obtained 
in this work  in the transi t ion region cannot be considered typical of zirconium. A small  difference in the 
t empera tu re  below 1800~ (Fig. 2) is observed in the ~ phase in the values of p for  z i rconium in the forward and 
reve r se  tempera ture  change. The resul ts  of measuremen t  of p for zirconium agree  wellwith the dataof  [13] and 
are  2-5% above the data of [15, 16]. 

The values of integral  emiss iv i ty  e T of the metals  studied show discontinuities of ~8~ in the region of 
phase t ransi t ion tempera tures .  Within the l imits of measurement  e r r o r  of e r our data agree with the data of 
[13, 16] for fief z i rconium. 

The resul ts  for the spectra l  emiss ivi ty  of z i rconium agree with the data of [16]. We note that none of 
the group IV metals  studied showed sharp variat ions in eh ,  T during phase transit ion,  like those shown with 
titanium in [17]. In [18] for  eh, T of titanium a discont inui tycomparable  in magnitude with that for  e T was ob-  
served.  

F r o m  this study of t i tanium, z i rconium,  and hafnium one can single out certain charac te r i s t i cs  in the 
thermophysical  proper t ies  of these metals .  

F i r s t  one should note the increase  in thermal  diffusivity with temperature  (Fig. 1) which distinguishes 
this group f rom all of the transit ion meta ls ,  which, according to [19], have a negative tempera ture  coefficient 
of thermal  diffusivity. 

Because we studied the proper t ies  of group IV elements in the range (0.4-0.99)T/Tf, the ma t t e ro f  the 
heat capacity of these elements  war ran t s  par t icu lar  discussion.  As can be seen f rom Fig. 1, the variat ion in 
heat capacity is l inear with tempera ture  even in the region far  f rom the melting tempera ture .  A s imi lar  r e l a -  
tion is observed for other t ransi t ion metals  [19], and f rom this one can conclude that there is a s imi lar i ty  in 
the tempera ture  dependence of the heat capacity of r e f r ac to ry  metals  and that there is no significant r ise in the 
heat capacity near fusion t empera tu res ,  as was associated In [20, 21] with the role of thermal  vacancies .  In 
par t icu lar ,  in [21] the heat  capacity of titanium at 1900~ reaches  10.06 ca l /g -a tom-deg .  However, t h e e o n -  
centration of vacancies  found f rom these values is an order  of magnitude smal le r  than f rom the other data. 
Since the experiment  in [21] was conducted with large ra tes  of temperature  variat ion,  the role of the kinetics 
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of vacancy format ion  and the influence on heat  capaci ty  r ema in  unclear .  Final ly ,  it should be noted that  the 
expe r imen t s  in [20, 21] a r e  not conclusive ,  tha t the  data on the t e m p e r a t u r e  dependence of the specif ic  e l e c t r i -  
cal r e s i s t iv i ty  of the m a t e r i a l s  studied were  not m e a s u r e d  d i rec t ly ,  but taken f r o m  the l i t e ra tu re  data ,  which 
is  pa r t i cu l a r ly  undes i rab le  for  group IV e l emen t s  because  of the noted speci f ic  behavior  of the i r  p rope r t i e s .  

F igure  I shows i sochors  of spec i f ic  hea t  of  t i tanium and z i rcon ium (for the f~ p h a s e ) ,  calculated f r o m  
known f o r m u l a s ,  us ing the expe r imen ta l  data for  c o n s t a n t - p r e s s u r e  spec i f ic  hea ts .  I t  can be seen  that  C v a lso  
i nc rea se s  monotonical ly  (and l inearly)  with t e m p e r a t u r e ,  which does not conform with the D u l o n g - P e t i t  law. 
If one a s s u m e s  that the anharmonie  contribution is sma l l ,  one should evidently s eek  an explanation for  this in 
the inc rease  with t empe ra tu r e  of the e lec t ron ic  hea t  capaci ty ,  which leads to an inc rease  in the contribution 
of e lec t ron ic  speci f ic  heat  to the spec i f ic  heat  of the metal .  F o r  a m o r e  detai led study of this quest ion one 
mus t  conduct s y s t e m a t i c  inves t iga t ions ,  us ing the methods of u l t raacous t ic  engineer ing ,  of the longitudinal 
and t r a n s v e r s e  sound speeds  in me ta l s  in the h igh - t empe ra tu r e  region. 

We now consider  the quest ion of the behavior  of the spec i f ic  heat  of the me ta l s  studied (Fig. 1). I t  is 
noteworthy that  the heat  capaci ty  of t i tanium does not fal l  off with inc rease  of t e m p e r a t u r e  and tend to a s y m p -  
totic va lues ,  as  would follow f r o m  e l e m e n t a r y  kinetic theory ,  but i n c r e a s e s ,  and the t e m p e r a t u r e  coefficient  
is la rge  in compar i son  with i ts  value fo r  the other  t rans i t ion  me ta l s  [19]. 

Analys i s  of the quest ion of f ac to r s  governing the behavior  of the spec i f i c  hea t  leads to the conclusion that 
the t e m p e r a t u r e  dependence of spec i f ic  hea t  is de te rmined  p r i m a r i l y  by the nature  of the t e m p e r a t u r e  depen-  
dence of the e l ec t r i c a l  conductivity,  and by the deviat ion f r o m  l inear i ty  of p(T),  s ince in both cases  the main  
por t ion of the r e s i s t a n c e  is  de te rmined  by the e lec t rons .  A s u m m a r y  of the var ia t ion  in spec i f ic  e l ec t r i c a l  r e -  
s i s tance  with t e m p e r a t u r e  fo r  the me ta l s  studied is given in Fig. 3 as  a graph of p (T) /T  as  a function of t e m -  
pe ra tu re .  I t  can be seen  that the function f(T) = p/T d e c r e a s e s  not iceably with inc rease  of t e m p e r a t u r e .  The 
f a s t e r  p/T fal ls  off with t e m p e r a t u r e ,  the s h a r p e r  is the t e m p e r a t u r e  dependence k(T), and the l a t t e r  is p o s i -  
t ive.  By compar ing  the re la t ions  obtained with s i m i l a r  re la t ions  fo r  tungsten [22], molybdenum [23] and a 
t a n t a l u m - t u n g s t e n - c a r b o n  alloy [24] (for these  me ta l s  and the alloy p/T i n c r e a s e s ,  but X(T) fal ls  off with 
t e m p e r a t u r e ) ,  one can evidently a s s e r t  that  the dependence of X(T) is de te rmined  by the nonl inear  dependence 
of r e s i s t ance  on t e m p e r a t u r e .  Ana lys i s  of the expe r imen ta l  curves  of p ~ ,  shown in Fig. 3, r e v e a l s  a s ingle 
law, and the l a r g e r  the value of p ,  the s h a r p e r  is the fal l  off of the function MT with t e m p e r a t u r e .  F r o m  this 
one can calcula te  that high values  of p and the nonl inear  nature  of p/T evidently s t em f r o m  the s a m e  cause.  
The cause may  be the in teract ion of the S - d  e lec t rons  i n t h e  t rans i t ion  me ta l s  - the l a r g e r  the role  of this 
in teract ion in absolute values  of p, the l a r g e r  is its influence on the t e m p e r a t u r e  coefficient.  

Amongst  the typical  f ea tu res  of group IV e lements  one should note the sharp ly  p ronounced  nonl inear  
nature  of the var ia t ion  of p with t e m p e r a t u r e  in the c~-phase (for rhen ium,  which a lso  a hexagonal  l a t t i ce ,  a 
s i m i l a r  p ic ture  is obse rved  [25]), and a l inea r  var ia t ion  in the ~ phase ,  as wel l  as a v e r y  l a rge  absolute value 
of p, l a r g e r  by a fac tor  of 2-5 than p for  the o ther  r e f r a c t o r y  me ta l s .  

To  explain the role  of the lat t ice component  of t he rma l  conductivity one m u s t  consider  the behavior  of 
the Lorentz  number .  The Lorentz  number  for  all  the me ta l s  we studied exceeds  the theore t ica l  value and de -  
pends on the t e m p e r a t u r e  (L drops  off with inc rease  of the la t te r ) ,  a sympto t ica l ly  approaching the theore t ica l  
value L 0. This  behavior  of L is the same  for  all  the t rans i t ion  meta l s  [19], including group IV meta l s .  At the 
s ame  t ime in [15] the Loren tz  numbers  for  z i rcon ium inc rea se  with t e m p e r a t u r e ,  and this is  at va r i ance  with 
expe r imen ta l  data fo r  t rans i t ion  me ta l s  and with the conventional theore t ica l  ideas.  In fac t ,  computat ion of the 
la t t ice  component  of t h e r m a l  conduction )~p on the bas is  of the data of [15] for  X and L gives an i nc rea se  with 
t e m p e r a t u r e ,  i . e . ,  a dec r ea s e  in the t he rm a l  r e s i s t ance  of the la t t ice  with inc rease  in t e m p e r a t u r e ,  which is 
s ca r ce ly  unders tandable  physical ly .  The r e su l t s  obtained in [15] for  z i rcon ium once again conf i rm the 
above-ment ioned  viewpoint ,  namely  that  it is inappropr ia te  to study the p r o p e r t i e s  of group IV e lements  in 
sma l l  spec imens  (wire or  foil), where  the inabili ty to calculate  p rope r t i e s  with sufficient  a ccu racy  can s t rongly 
d i s to r t  the t rue  p ic ture .  

Identif ication of the la t t ice  component  of the t he rma l  conductivity of t i tan ium,  z i rconium,  and hafnium on 
the bas is  of our  data shows that  )tp for  the m e t a l s  studied at  T ~ 1000~ is  approx imate ly  20% of the total  t h e r -  
mal  conductivity,  and fa l ls  off with inc rease  of t e m p e r a t u r e ,  while the re la t ion  )tp(T) does not follow the Aitken 
law, even allowing fo r  the e r r o r  in the method of de te rmin ing  hp, which may  be la rge .  

The e lec t ron ic  component  X e of the t he rma l  conductivity,  accord ing  to our data ,  i nc rea se s  with inc rease  
of t e m p e r a t u r e  and explains the posi t ive nature  of the t e m p e r a t u r e  coeff icient  of the total  t he rma l  conductivity 
of group IV meta l s .  We note that  s i m i l a r  re la t ions  fo r  the t he rma l  conductivity and i ts  components  as  a function 
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of temperature were obtained also in [13, 25], in which measurements of the electrical and thermal conduc- 
tivity were conducted, not along mutually perpendicular planes, as we did, but along a single axial direction. 

a 

Cp, Cv 
k 
P 
eT 
eX,T 
T 
L 

N O T A T I O N  

is the thermal diffusivity; 
are the constant pressure and constant volume specific heats; 
is the thermal conductivity; 
is the specific electrical resistance; 
is the integral emissivity; 
is the spectral emissivity; 
is the temperature; 
is the Lorentz number. 
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