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F o r m u l a s  have  b e e n  d e r i v e d  fo r  the  c a l c u l a t i o n  of the  coe f f i c i en t  of t h e r m a l  c onduc t i v i t y  fo r  
th in  p l a t e s  and f i lms ;  t h e s e  a r e  b a s e d  on d a t a  f r o m  the  m e a s u r e m e n t s  - b y  a n o n s t e a d y  me thod  
- f o r  the c a s e  in which the  t r a n s f e r  of hea t  to  the  s p e c i m e n  s u r f a c e  is c o m p a r a b l e  to the  f low 
of hea t  t h rough  the  s p e c i m e n .  

In m e a s u r i n g  the  t h e r m a l  c o n d u c t i v i t y  of th in  s p e c i m e n s  such  as ,  f o r  e x a m p l e ,  p l a t e s  and f i l m s  made  
of s e m i c o n d u c t o r  m a t e r i a l s ,  we m u s t  t ake  into c o n s i d e r a t i o n  the hea t  l o s s e s  f r o m  the  s p e c i m e n  s u r f a c e ,  
s i nce  t h e s e ,  in t h i s  c a s e ,  a r e  c o m p a r a b l e  to the  f low of hea t  t h r o u g h  the s p e c i m e n .  

Le t  us i n i t i a l l y  e x a m i n e  how t h e s e  l o s s e s  w e r e  t a k e n  into c o n s i d e r a t i o n  in a v a r i a n t  of a s t e a d y - s t a t e  
m e a s u r e m e n t  me thod .  A t e s t  s p e c i m e n  of l eng th  l ( see  F ig .  1) connec t ed  to  a h e a t e r  unit  is  e n c l o s e d  in a 
c o n t a i n e r  whose  w a l l s  a r e  kep t  a t  a c o n s t a n t  t e m p e r a t u r e  T 0. We m e a s u r e  the  t h e r m a l  c onduc t i v i t y  h a s  a 
f low of h e a t  is  p r o p a g a t e d  a long  a s p e c i m e n  whose  u p p e r  end h a s  a t e m p e r a t u r e  T O = cons t .  The hea t  f low 
q th rough  the  c r o s s  s e c t i o n  of' the  s p e c i m e n ,  at  i t s  l o w e r  end,  is  equa l  to  q 0 - q l ,  w h e r e  q0 = ui is  the  p o w e r  
of the  h e a t e r ;  ql d e n o t e s  the  h e a t  l o s s e s  f r o m  the  s u r f a c e  of the  h e a t e r  uni t  and the quant i ty  of h e a t  r e m o v e d  
t h rough  the  w i r i n g  of the  t h e r m o c o u p l e  and the  h e a t e r .  The magn i tude  of q0 is  c h o s e n  so as  to s a t i s f y  the  
cond i t ion  AT << To, w h e r e  AT d e n o t e s  the  t e m p e r a t u r e  d i f f e r e n c e  a c r o s s  the  length  of the s p e c i m e n ;  h e r e  
we can  a s s u m e  tha t  7t(x) = cons t .  The  l o s s e s  of the h e a t  ql at the  s p e c i f i e d  t e m p e r a t u r e  T 1 = T o + AT a r e  
d e t e r m i n e d  e x p e r i m e n t a l l y  ( see  be low) .  We can  ne g l e c t  the  t h e r m a l  r e s i s t a n c e  of the  po in t s  at  which the  
s p e c i m e n  c o m e s  into con tac t  wi th  the  h e a t e r  uni t  and the c o n t a i n e r  in the  c a s e  of thin s p e c i m e n s .  At a l l  
po in t s  of the  h e a t e r  uni t  - m a d e  of c o p p e r  - w e  can  a s s u m e  the  t e m p e r a t u r e  to be  cons t an t  and equal  to T~. 

The  h e a t - c o n d u c t i o n  equa t ion  in th i s  c a s e  can  be  p r e s e n t e d  in the  f o r m  

O~T~ox ~ _ C~, OT xOt + ~HP (Tx_To) .  (1) 

Since  T x - T  0 << T 0, we can  a s s u m e  H(x) ~ cons t .  The  second  t e r m  in the  r i g h t - h a n d  m e m b e r  of (1) 
r e f l e c t s  the  ac tua l  h e a t - t r a n s f e r  cond i t i ons  a l l  the  m o r e  e x a c t l y ,  the  s m a l l e r  the  f r a c t i o n  of t he  r a d i a t i v e  
h e a t  e x c h a n g e  b e t w e e n  the  s p e c i m e n  and the  h e a t e r  uni t  r e l a t i v e  to  the  h e a t  exchange  b e t w e e n  the  s p e c i m e n  
and the  c o n t a i n e r .  T h i s  f r a c t i o n  can  be  r e d u c e d  to a m i n i m u m  by us ing  a h e a t e r  unit  of a p p r o p r i a t e  shape  
(see  F i g .  1). The  t r a n s f e r  of hea t  t h r o u g h  the gas  s u r r o u n d i n g  the  s p e c i m e n ,  in th i s  c a s e ,  can  be kep t  s u b -  
s t a n t i a l l y  l o w e r  than  the r a d i a t i o n  l o s s e s  (given a su f f i c i e n t l y  high v a c u u m  in the  con t a ine r ) .  L e t  us  deno te  
T x - T  0 = T and Hp/XS = p 2  Since 0 T x / 0 t  = 0 in the  s t e a d y - s t a t e  r e g i m e ,  we wi l l  have  

O~T 
Ox 2 __~2T=0. (2) 

The so lu t i on  of th i s  equa t ion  fo r  the  s p e c i f i e d  b o u n d a r y  cond i t i ons  (T = 0 f o r  x = 0 and T = T 1 - T  0 when x 
= / ) :  
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Fig. 1. Measurement circuit :  
1) specimen; 2) hea ter  unit; 
3) leads for  the differential 
thermocouple to measure  T 1 
-To;  4) hea ter  leads and po- 
tent iometer  leads for the 
measurement  of u; 5) the rmo-  
couple leads for the measu re -  
ment of To; 6) container.  

Hence 

sh ~tx 
r----- (T~--To) sh~7" (3) 

= kS rdTx = (T~ - -  To) ~LS cth ~l. (4) q 

Having measured T1-T0, u, i, H, and ql and knowing the constants S 
and p, we can find X f rom Eq. (4). 

We can determine the magnitude of ql by suspending the heater  
block within the container f rom a thin and highly hea t - res i s tan t  thread. 
Setting the heater  power u0i 0 in this ease so that the heater  t e m p e r a -  
ture is T1, we will find that ql = u0i0. We can also determine H in 
s imi lar  fashion, attaching the test  specimens to the surface of the c o r -  
responding unit being heated. 

The calculations for the nonsteady method of measur ing thermal  
conductivity, as proposed by Ioffe [1, 2], were performed by Kaganov 
[3] and by Swan [41; however, Swan failed ent irely to provide for  the 
heat losses  f rom the specimen surfaces  and f rom the unit, while in 
Kaganov's  paper the t r ans fe r  of heat at the specimen surface is as -  

sumed to be substantially smal le r  than the exchange of heat between the unit and the medium and is not in- 
cluded in the formulas  which he derived for  the determination of )t. 

Let us examine the procedure  for measurement  by the nonsteady method. The measurement  circui t  
remains  as before (see Fig, 1); however,  in this case the heater  is not switched on. The thermal  conduc- 
tivity of the specimen is determined f rom the relationship between the tempera ture  difference T 1-  T O and 
time. For  thin specimens we easi ly  sat isfy the condition C0/C 1 << 1 and C i can always be made la rger  than 
C o by 2 o rders  and more.  

In the s implest  case in which we neglect the t r ans fe r  of heat involving the specimen, the heater  unit, 
and the ambient medium, and if we also neglect the heat capacity of the specimen, the difference T 1 - T  0 as 
a function of time has the following form 

T = Ot exp ( ~S ) - -  Q--7-  t , ( 5 )  

where | = T when t = 0. 

However, we can use express ion (5) to determine the thermal  conductivity only within a limited 
range of t empera tures  T o and specimen thicknesses  (the low tempera tures  and comparat ively  great  thick-  
nesses),  in the remaining cases ,  we must make provision for  radiation losses.  The condition C0/C 1 << 1 
substantially simplifies the solution of this problem. 

The calculation is reduced to the solution of (1) for  the following boundary conditions: 

x = O; T = O; 

x = l; c3T LS OT HqT (6) ,, 
Ot -- C i Ox + C t 

We will demonstra te  that when Co/C 1 << 1 the f i rs t  t e rm in the right-hand member  of (1) can be 
equated to zero.  Differentiation of (5) yields 

OT ~,S T. 
~-- ~--~/~/ (7) 

If the heat t r ans fe r  at the specimen surface is comparable to the heat flow through the specimen, the order  
of magnitude for  OT/Ot in (1) must be the same as in (7). Consequently, 

C O  TT ~ Co T (8) 
~, Ot C l l ~ " 
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The second  t e r m  in the r i gh t -hand  m e m b e r  of (1) can be p r e s e n t e d  in the f o r m  

Hpl ~ T 
~S t 2 " 

The quant i ty  Hpl2/XS under  our  condi t ions  is of the o r d e r  of  unity o r  tenths of a f rac t ion;  the f i r s t  t e r m  in 
the r i gh t -hand  m e m b e r  of (1) can t h e r e f o r e  be t r e a t e d  as negl ig ib ly  sma l l  in c o m p a r i s o n  with the second  
t e r m .  (However,  if Hpl2/~.S << 1, Eq.  (1-) a s s u m e s  the f o r m  a2T/0x 2 = 0.) Phys i ca l l y  this means  that  the t e m -  
p e r a t u r e  d i s t r ibu t ion  o v e r  the s p e c i m e n  length at any instant  of t ime  (a f t e r  e s t ab l i shmen t  of the r e g u l a r  
r eg ime)  d i f fe rs  v e r y  l i t t le  f r o m  the d i s t r ibu t ion  in the s t e a d y - s t a t e  c a s e .  Equat ion (1) thus a s s u m e s  the 
f o r m  

02T H p 
Ox ~ ~S T =  O, (9) 

i .e . ,  we find the solut ion fo r  Eq. (2): 

T = 0 sh ~tx, (10) 

howeve r ,  in this ca se  | = |  while the boundary  condi t ions  a r e  e x p r e s s e d  by re la t ionsh ips  (6). F r o m  
e x p r e s s i o n s  (10) and (6) we obtain the fol lowing f o r m u l a  fo r  T(t) when x = l: 

T = A e x p [ - - ( ~ - i  ~ c t h ~ l + ~ )  t ] ,  (11) 

w h e r e  A = eons t .  

The e x p r e s s i o n  for  the ra te  of change in t e m p e r a t u r e ,  with cons ide ra t ion  of the heat  t r a n s f e r ,  hence  
has  the f o r m  

~.S Hq 
m = ~ ~ cth ~l + -C~t" (12) 

In the spec ia l  ca se  in which # ~ 1, expanding e t h p l  in s e r i e s ,  and l imi t ing  o u r s e l v e s  to two of its t e r m s ,  
we obtain 

Hence we eas i ly  d e t e r m i n e  ~.: 

1 (~S ~1 +Hq) m =  k - F  + . (13) 

l (  Hpl Hq) (14) = - S  taCt 3 " 

As with the s t e a d y - s t a t e  m e a s u r e m e n t  method,  we can d e t e r m i n e  the magni tude of Hq by suspending  
the h e a t e r  unit within the con ta ine r  f r o m  a t h r ead  exhibi t ing g rea t  heat  r e s i s t a n c e .  Then X = 0 and Hp/ = 0, 
and f r o m  (14) we obtain 

Hq = re'C,. 

We can a l so  d e t e r m i n e  H ana logous ly  , a t tach ing  the t e s t  s p e c i m e n  to the s u r f a c e  of a h e a t e r  unit  which e x -  
hibi ts  a known hea t  capac i ty .  

T O is the 
T 1 is the 
T x is the 
l is the 
S is the 
~. is the 
C is the 
C o is the 
C 1 is the 
H is the 

N O T A T I O N  

con ta ine r  t e m p e r a t u r e ;  
h e a t e r - u n i t  t e m p e r a t u r e ;  
t e m p e r a t u r e  of the point on the s p e c i m e n  at a d i s tance  X f r o m  the con ta ine r ;  
s p e c i m e n  length;  
c r o s s - s e c t i o n a l  a r e a  of the spec imen ;  
coef f ic ien t  of t h e r m a l  conduct iv i ty  for  the spec imen ;  
vo lume  hea t  capac i ty  of  the spec imen ;  
hea t  capac i ty  of the spec imen ;  
hea t  capac i ty  of the h e a t e r  unit; 
h e a t - t r a n s f e r  coeff ic ient ;  
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is the p e r i m e t e r  of the s p e c i m e n ' s  c ros s  section;  
is the power  of the hea ter ;  
is the hea te r  cur rent ;  
is the he a t e r  voltage; 
is the loss  of heat  f r o m  the su r face  of the hea te r  unit and the loss  of heat  through the wir ing of the 
thermocouple  and the hea ter ;  
a re ,  r e spec t ive ly ,  the cu r ren t  and the voltage of the hea te r  for  the case  in which ~ = 0; 
is the h e a t - t r a n s f e r  coefficient  for  the hea te r  {radiation and remova l  of heat  through the t h e r m o -  
couple wiring);  
is the r a t e  of t e m p e r a t u r e  change. 
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