
THE THERMAL CONDUCTIVITY OF POLYCRYSTALLINE CORUNDUM IN THE 
RANGE FROM 90 to l l 0 0 ~  

I. I. V i shnevsk i i  and V. N. Skripak 

I n z h e n e r n o - F i z i c h e s k i i  Zhurnal ,  Vol. 15, No. 2, pp. 329-334 ,  1968 

UDC 5 3 6 . 2 h  548 

We describe a method for the measurement of the thermal 
conductivity of a dielectric ceramic at low temperatures. We present 
the results from the measurements carried out on polycrystalline A1 z O~ 
in the range from 90 to ll00~ and we discuss the nature of the tem- 
perature relationship to thermal conductivity. 

The m e a s u r e m e n t  of the t h e r m a l  conduct iv i ty  of 
d i e l e c t r i c s  and s e m i c o n d u c t o r s  at low t e m p e r a t u r e  i s  
of i n t e r e s t  for  p u r p o s e s  of c o m p a r i n g  the t h e o r e t i c a l  

, and e x p e r i m e n t a l  t e m p e r a t u r e  r e Ia t ionsh ips  • = f (T) ,  
as wel l  as to d e t e r m i n e  the inf luence of s t r u c t u r a l  
de fec t s  on the phonon s c a t t e r i n g  p r o c e s s e s .  The 
l a t t e r  is al l  the m o r e  impor tan t ,  the lower  the t e m -  
p e r a t u r e ,  s ince  the cont r ibut ion  of anha rmon ic  p r o -  
c e s s e s  to the t h e r m a l  r e s i s t a n c e  of the c r y s t a l  l a t t i ce  
is m a r k e d l y  r educed  in th is  case .  

To c a r r y  out the inves t iga t ions  in the r ange  f r o m  
80 to 300~ we deve loped  a c o m p a r a t i v e l y  s imp le  
t e s t  ins ta l l a t ion  to d e t e r m i n e  the t h e r m a l  conduct iv i ty  
and we c a r r i e d  out these  m e a s u r e m e n t s  on p o l y c r y s t a l -  
l ine A12 O z. Above 300 ~ K, we used the method of [1] 
to d e t e r m i n e  the t h e r m a l  conduct ivi ty .  

We based  our  des ign  fo r  the I o w - t e m p e r a t u r e  in -  
s t r u m e n t  on the method  of two s p e c i m e n s  in a s t e ady -  
s ta te  t h e r m a l  r e g i m e ,  used  for  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 .  A d i a g r a m  of the ins ta l l a t ion  is shown 
in Fig .  1. 

Be tween  two s p e c i m e n s  1 in the f o r m  of squa re  
p la t e s  15 x 15 m m  2 and a th i ckness  of 12 m m  we 
pos i t ion  a f lat  n i c h r o m e  sp i r a l  ~ 0 .5  m m  in Iength 
h e a t e r  2, which is  imbedded with m i c a  insu la t ion  into 
copper  foi l .  

The s p e c i m e n s  a r e  held in p l ace  by m e a n s  of guide 
s t r i p s  and a socke t  in suppor t  3. The suppor t  is a t -  
t aehed  to a m a s s i v e  copper  rod  4, which is sea led  in -  
to the l i q u i d - n i t r o g e n  v e s s e l  5. The s p e c i m e n s  with 
the h e a t e r s  a r e  p r e s s e d  up aga ins t  the suppor t  by 
m e a n s  of s c r e w  6. Copper  sp r ings  7, a t tached to the 
suppor t  p la te  of the s c r e w  and to s c r e e n  8, s e r v e  to 
even  out the t e m p e r a t u r e  along the s p e c i m e n  axes .  

Reduct ion  of the heat  l o s s e s  due to r ad ia t ion  f r o m  
the s ide  s u r f a c e s  of the s p e c i m e n s  is ach ieved  by the 
c h r o m e  pla t t ing  of s c r e e n  9 cove r ing  the s p e c i m e n s  
with a c l e a r a n c e  of ~ 1 .5  mm.  The side s u r f a c e s  of 
the s p e c i m e n s  a r e  b lackened with ca rbon  black o r  
g raph i t e .  

The spec i f i ed  m e a s u r e m e n t  t e m p e r a t u r e  is a t -  
rained by m e a n s  of cy l ind r i ca l  h e a t e r  10. To r e d u c e  
the n i t rogen  flow ra t e ,  the m e a s u r e m e n t s  f r o m  150 
to 300oK a r e  c a r r i e d  out with the use  of a l amina ted  
Bake l i t e  s p a c e r  11 whose  th ickness  is chosen  so as to 
a l t e r  the magni tude  of the t r a n s i t i o n  t h e r m a l  r e -  

sistance, thus to regulate the extent to which the 
specimens are cooled. 

The quantity of heat passing through the specimens 
is determined from the electrical power consumed in 
the flat heater. The measurement of the temperature 
gradients is accomplished by means of copper-con- 
stantan differential thermocouples 12, with 0.08-mm-thi 
thick thermal electrodes which are mounted in orifices 
filled with Wood's alloy. To reduce the removal of 
heat from the thermal electrodes, current-conducting 
and potentiometric wires are wound onto coil 13. 

The installation is evacuated to a pressure of ~ 5 " 
~ 10 -3 N "  m -2.  

We find the t h e r m a l  conduct ivi ty  f r o m  the f o r m u l a s  
tV--Q 

• = , ( ! )  

s-L h TI + s2 h T~. 
Ii lz 

O = ~o (~oc - -T :o )  S~e. (2) 

It is obvious that  Q i n c r e a s e s  with a r i s e  in t e m -  
p e r a t u r e .  F o r  AI20 ~ s p e c i m e n s ,  when T ~ 270~ 
the rad ia t ion  c o r r e c t i o n  does not exceed  5% of the 

main  heat  flow. This  quanti ty is in a g r e e m e n t  with 
the ca lcu la t ion  of the heat  ba lance  in an analogous 
s y s t e m  [2]. 

7 --.._._._~ ~ @ J 9 
�9 /2 . ~ 2 ~  /3 

i , o  

- ' - - . ~  Liquid Nitrogen 

Fig. I. Instrument for measuring thermal con- 
ductivity substitution impurity from 80 to 300 o K: I) 
specimens; 2) plane heater; 3) support; 4) copper 
rod; 5) vessel for liquid nitrogen; 6) regulating 
screw; 7) springs; 8) outer screen; 9) inner screen; 
I0) cylindrical heater; 11) spacer; 12) differential 

thermocouples; 13) coil; 14) tube for nitrogen supply. 
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Table 1 

Concent ra t ion  of Impur i t i e s  in A12O 3 Specimens  (mole %) 

SiO~ Ti02 

5.96. I0 -"~ 7.6.10 -3 

FezO3 CaO [ MgO 

1,28.10-2 5 .4 .10-3  5.1.10-3 

AI~O~ (various) 

99.91 

The instrumental measurement error is determined 

primarily by the accuracy with which the temperature 

gradients are measured, and these are functions of 
the thermal conductivity of the material. For ~ - 500 
Worn -I odeg -1 we have A~</~ -~ 14%, while for 34 -~ 1-50 
W o m -1 o deg -1 we have A~4/34-~ 4 -6%.  

The ca l ib ra t ion  of the ins ta l l a t ion  in the reg ion  of sma l l  
va lues  for 34 was c a r r i e d  out on spec imens  of mol ten  
quar tz ,  which is r ega rded  as a m a t e r i a l  typical  of poor 
heat  conductors  [3]. The m e a s u r e m e n t  r e s u l t s  showed ex-  
ce l l en t  a g r e e m e n t  with the s t anda rd  ca l ib ra t ion  curve  for 
quar tz  conta in ing  impur i t i e s  of ~1 .4  wt.%. The data for 
p u r e r  quar tz  (a content  of SiO 2 > 99.5 wt.%) a re  found to 
be approx imate ly  40% higher .  The sca t t e r ing  of the points 
f rom the smoothed values does not exceed the i n s t r u m e n t  
e r r o r .  

We m e a s u r e d  the t h e r m a l  conduct iv i t ies  of pe lyc rys t a l -  
l ine co rundum spec imens  on the in s t a l l a t ion  desc r ibed  
here ;  the A1203 spec imens  exhibi ted a pur i ty  of 99.9% and 
were  s in t e red  to zero  poros i ty .  

Table 1 shows the chemica l  composi t ion of the A1203 
t e s t  spec imens  on the bas i s  of s p e c t r a l  ana ly s i s .  

The data on the t e m p e r a t u r e  r e l a t ionsh ip  to the t h e r m a l  
Conductivity ~ and the t he rma l  r e s i s t a n c e  R a re  shown in 
Fig.  2. 

Compar i son  with the t h e r m a l  conduct iv i ty  of a 
h igh -pur i ty  A1203 m o n o c r y s t a l  [4] shows that at 100~ 
the value  of ~ is g r ea t e r  by 15% than the value of ~t; 
this  d i f fe rence  is  g radua l ly  reduced  with i n c r e a s i n g  
t e m p e r a t u r e  and, s t a r t i ng  at 150~ has v i r tua l ly  
d i sappea red .  Such a r e s u l t  is  na tu ra l l y  explained by 
the g r e a t e r  effect  of the i m p u r i t i e s  at the low t e m -  
p e r a t u r e s .  The boundary  s ca t t e r i ng  at T ~ 100~ 
can be neglected,  s ince  the mean  f ree  path of the 
phonons is 10-6 cm, which is cons ide rab ly  s m a l l e r  
than the d i m e n s i o n s  of the c r y s t a l l i t e s .  

The l o w - t e m p e r a t u r e  m e a s u r e m e n t s ,  together  with 
the r e s u l t s  f rom the in t e rva l  between 300 to 100~ 

"~ 
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Fig.  2. T e m p e r a t u r e  dependence  of t h e r m a l  
conduct ivi ty  (W ~ m -1 -deg -1) and t h e r m a l  r e s i s t a n c e  
A1203 (W-tom �9 deg): 1) t h e r m a l  conductivi ty;  2) t h e r m a l  

r e s i s t a n c e .  

a re  p r e sen t ed  in Fig.  3 and make  up a s ingle  smooth 
curve .  The funct ion ~4 =f(T) in the h i g h - t e m p e r a t u r e  
r eg ion  is in good a g r e e m e n t  with that given in [5]. 

In the 140-300~ in te rva l  the function R =f(T)  is a 
s t r a i g h t  l ine  whose equation is given by R = (1.316 - 10 -4 
T--0 .0128 W -1. m ~ deg, which is v i r tua l ly  coincident  

wi th  the l ine  ext rapola ted f rom the l o w - t e m p e r a t u r e  
reg ion  (Fig 4). 

Thus ,  the t e m p e r a t u r e  as a funct ion of the t he rma l  
r e s i s t a n c e  of A1203 f rom 140 to l l 0 0 ~  is desc r ibed  
by a l i nea r  function of the form 

R =aT--b. (3) 

An analogous re la t ionsh ip  was observed  for s e v e r a l  
h igh -me l t i ng  oxides between 300 and 2100~ [6] and 
for a lka l i -ha l ide  c r y s t a l s  f rom 80 to 400~ [7]. 

In accordance  with the Leibfr ied  and Schl~Jmann 
theory  [8], the t h e r m a l  r e s i s t a n c e  of a d i e l ec t r i c  
c ry s t a l ,  de t e rmined  exclus ive ly  by the p r o c e s s e s  of 
th ree -phonon  in te rac t ion ,  mus t  be desc r ibed  by the 
s t ra igh t  l ine  pa s s i ng  through the point  T = 0: 

R = Re  ___T , (4)  
O 

R 0 = L(h/2~k)37~/M60 ~ is the t h e r m a l  r e s i s t a n c e  at 
the Debye t e m p e r a t u r e .  A s s u m i n g y  ~ 2 and 0 ~ 1010~ 
[4], we have ~ 0 - - 6 0  W .  m - l "  deg- I  aga ins t  an ex-  
p e r i m e n t a l  value of 8.3 W ~ m-1 ~ deg -a. Consequent ly,  
we are not in a position to describe the properly the 

derived experimental data by means of (4). 
Qualitatively speaking, the experimental results 

are in better agreement with the concepts of Ioffe [9]: 

who assumed that the mean free path for the phonons 

is inversely proportional to the total thermal energy 

of the crystal, 

,700 

20C 

80  

O0 \ 
JO 

mill|! 
eo ~o ~oo 30o ~oo aoo~oor 

Fig. 3. Thermal conductivity AI~O 3 (W �9 m -i - 
~ deg -i) 80 to II00~ I) low-temperature measure- 
ments; 2) high-temperature measurements. 
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Fig. 4. Thermal resistance AI 203 (W -i ~ deg -i) 

from 300 to II00~ Dashed line) extrapolation of 
low-temperature data from equation R = (i. 316.10 -4 T 
--0. 0128) W -i o m o deg. 

T 

l - I  ~ ~ cdT, 
0 

(5) 

H o w e v e r ,  e x t r a p o l a t i o n  of  t h e  e x p e r i m e n t a l  

s t r a i g h t  l i n e s  to R = 0 l e a d s  to v a l u e s  of 0 / ]0  r a t h e r  

t h a n  to 0/3.  T h i s  i s  no t  a s u p r i s i n g  d i v e r g e n c e ,  if  we  
b e a r  in  m i n d  t h a t  (5) i s  a n  e x t r e m e l y  c o a r s e  a p p r o x i -  

m a t i o n .  L e t  u s  n o t e  t h a t  a t  low t e m p e r a t u r e ,  i n s t e a d  
of a p r o n o u n c e d  e x p o n e n t i a l  i n c r e a s e ,  Eq.  (5) a g a i n  

y i e l d s  z ~ T - L  

An a t t e m p t  w a s  m a d e  to c o m p a r e  t h e  e x p e r i m  ~ t a i  

r e s u l t s  w i t h  t h e  c a l c u l a t i o n  b a s e d  o n  t h e  C a l l o w a y  

h i g h - t e m p e r a t u r e  m o d e l  [10],  w h i c h  i n c o r p o r a t e s  
b o t h  o v e r s h o o t  p r o c e s s e s  w i t h  t h e  r e l a x a t i o n  t i m e  

r - t  = B T w  2, a n d  p h o n o n  s c a t t e r i n g  a t  p o i n t  d e f e c t s  w i t h  
a r e l a x a t i o n  t i m e  r - t =  Awt  . 

F o r  T ,- 6 t h e  t h e r m a l  c o n d u c t i v i t y  c a n  b e  w r i t t e n  

• = arctg . 
2 ~- v V ABT h l~ -~ f  (7) 

A c c o r d i n g  to [11] ,  

V x  {m-miT" vz.h ; 
A - -  ~ ( 8 )  

48 ;~ v ~ 

as 

When v ~- 66 "103 m " sec-1 [4], we obtain a value 

of I" 3 ~ -5~ hr" deg -I for A. 

Table 2 

Experimental and Theoretical Data on the Ther- 
mal Conductivity of AI203 (W. m -I �9 deg -I) 

T; ~ 

IO0 
150 
200  
250 
300 
400 
500 
600 
700 
800 

lOOO 

~exp  p-  

330 
150 
75 63 
50 43 
38, I 34 
25, 2 25 
18,6 20 
15.2 17 
12.6 15 
11 " 1 3  
8,3 I0 

A:4 - - .  % 
Xthe~ ' ~exp  _ 

101 70 
66 56 

16  
14 
i i  

I 
13 
12 
19 
18 
2O 

On calculating B we use the expression for the 
thermal conductivity of the pure crystal at T = 

~2 

• = ~ (9) 
a hvB 

Assuming the influence of the impurities at these 

temperatures to be inconsequential, and further 
assuming that ~4--- 8W~ -I, wehave 13=14 " 
~ I0 -20 m "deg -I. 

Table 2 shows the experimental values and those 

calculated f=onl (7) for the thermal conductivity at 
various temperatures. 

As we can see from the table, we find rather good 

agreement between ~4 exp and W.theor starting with 
T ~ 200~ below this temperature, the theoretical 
values are substantially lower than the experimental. 

Apparently, this is the limit of applicability for (7) 

in the calculation of the thermal conductivity of 
corundum. 

N O T A T I O N  

y, is the thermal conductivity; R is the resistance; W 0 
is the power oftheplane heater; Q is the flux between the 

lateral surface of the specimen and the inner screen; s i 

and s 2 are the cross-sectional areas of the specimens; 
ATI and AT 2 are the temperature differences in the spe- 

cimens at distances Ii and /2; or0 is the Stefan constant; 

k is the Boltzmann constant; h/2 rr is the Planck constant; 

M is the mean atomic weight; 5 is the distance between 

atoms; 2/is the Griineisen constant; e is the Debve tem-~ 

perature; L is the dimensionless factor; c is the heat 

capacity; co is the frequency; v is the speed of sound; V 
is the volume of the elementary cell; A and B are the 

proportionality factors; xj and mj are the concentration 

and mass of type j; m is the mean mass per one cell. 
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