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An equation of the hyperbol ic  kind is p roposed  for  descr ib ing  the effect ive t h e r m a l  conduct iv-  
ity of porous  graphi te  over  the 0.6 to 0.01 range of poros i ty .  

Art i f ic ia l  g raphi tes  const i tute  ce l lu la r  solid s y s t e m s  a lmos t  without c r a c k s  and with po re s  m o r e  or  
l e s s  un i formly  dis t r ibuted over  the volume.  One may  as sume ,  within a ce r ta in  approximat ion,  that  the po re s  

�9 in graphi te  a re  regu la r ly  shaped. The effect ive t h e r m a l  conductivity of porous  graphi te  can apparen t ly  be 
descr ibed  by the Maxwell equation, which is  appl icable to he te rogeneous  m a t e r i a l s  made up of spher ica l  
pa r t i c l e s  [1]. Calculations made by A. }~ucken and based  on a theore t ica l  ana lys i s  of the Maxwell equation 
have led to the following expres s ion  [2]: 

~=~o~l--P (1) 
1 -}-P/2 

This  equation fi ts  the t e s t  data in [3]. More p rec i se ly ,  however ,  the po re s  in graphi te  become an i so -  
me t r i c  under  the p r e s s u r e  applied during molding. F o r  this  reason ,  it is  p e r m i s s i b l e  to use  equations ac -  
cording to H. W. Russel  [4] o r  A. L. Loeb [5]: 

)~ = )~o (1 - -  KPe). (2) 

Such an equation desc r ibes  sa t i s fac to r i ly  well the t es t  r e su l t s  p re sen ted  in [3, 6]. Although in [7, 8] the 
graphi te  was made porous  by different  techniques,  the authors  have concluded in each case  that the t h e rma l  
conductivity of porous  graphi te  follows Eq. (2) at t e m p e r a t u r e s  T < 800r Only in one of the exper imenta l  
s tudies enumera ted  here ,  namely  in [8], was graphi te  made porous  by dri l l ing holes  into compact  spec i -  
mens .  In the other  s tudies the poros i ty  was va r i ed  e i ther  by adding different  amounts  of a foaming agent 
to the raw batch [3, 6] or  by seal ing the initial  ca lc ined batch through supp lementa ry  impregnat ion  with 
c o a l - t a r  pitch [7]. In both c a s e s  the m a t e r i a l  was subsequently subjected to the usual  h i g h - t e m p e r a t u r e  
heat  t r e a t m e n t  (graphitization), a lways n e c e s s a r y  for  producing graphi te .  

On the bas i s  of published t e s t  data per ta in ing  to the effect ive conductivity of graphi tes ,  one may a s -  
sume that  the t he rm a l  conductivity of the solid graphi te  ma t r i x  is a function of i t s  poros i ty ,  if the l a t t e r  
has  been produced in the initial m a t e r i a l  (pr ior  to graphit izat ion).  

According to [9], a dec rea se  in poros i ty  f r o m  0.26 to 0.20 (such a dec rea se  was at tained the re  by an 
additional impregnat ion  of calcined m a t e r i a l  in pitch) is followed by a 20% inc rease  in t h e r m a l  conductivity.  
It  has  been shown in [10] that,  as  the poros i ty  d e c r e a s e s  (there the poros i ty  was produced by means  of a 
foaming agent), the m ax i m um  on the t he rm a l  conductivity curve  shif ts  toward lower  t e m p e r a t u r e s ,  which 
indicates  a higher  t he rm a l  conductivity ~0 of the solid graphi te  mat r ix .  It  is evident,  then, that Eqs.  (1) 
and (2) do not c o r r e c t l y  descr ibe  the re la t ion  between the effect ive t h e r m a l  conductivity and the poros i ty ,  
inasmuch as  the t he rma l  conductivity of the solid graphi te  ma t r i x  ~0 is  a l so  a function of the poros i ty .  

The purpose  of this  study was to es tab l i sh  a re la t ion  between the effect ive  t h e r m a l  conductivity of 
graphi te  and the poros i ty  of graphi te  ove r  the 0.6 to 0.01 range  of the la t te r .  So f a r  only g raphi tes  with a 
poros i ty  f r o m  0.2 to 0.8 have been invest igated [3, 6, 7]. Vv-tthin that  range  of poros i ty  the t he rma l  con-  
ductivity X 0 v a r i e s  stil l  only slightly.  A significant change is, apparent ly ,  to be expected when the poros i ty  
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Fig. 1. Mean gra inodimen-  
sion of graphi te  La(A) as  a 
function of the poros i ty  P.  

of graphi te  approaches  zero .  The t he rma l  conductivity of the solid 
graphi te  ma t r i x  is  de te rmined  by the s ize of i ts  nondefective regions  
(grains).  The gra in  growth and, the re fo re ,  a lso  the i nc r ea se  in the 
t h e r m a l  conductivity of the solid graphi te  m a t r i x  a r e  re la ted  to the 
p a r a m e t e r s  of the h i g h - t e m p e r a t u r e  t r ea tmen t .  Thin graphi te  g ra ins  
grow in the direct ion of t he i r  dominant mutual  orientat ion.  During 
heat  t r e a t m e n t  there  appea r  internal  s t r e s s e s ,  as  a resu l t  of the l a rge  
di f ference between the t he rma l  expansivi ty  of a graphi te  c r y s t a l  along 
the a - a x i s  and the c - a x i s  r espec t ive ly .  A concur ren t  re laxat ion of in-  
t e rna l  s t r e s s e s  p roduces  a comple te  or ienta t ion of c rys ta l lograph ic  
p lanes  and, as  a resul t ,  gra in  boundar ies  a r e  annihilated so that  the 
g ra ins  can grow. A m o r e  comple te  or ienta t ion of c rys ta l lograph ic  
planes  co r re sponds ,  as  a rule ,  to a lower  poros i ty  of po lycrys ta l l ine  
graphi te .  When the g ra ins  a r e  c lose ly  packed,  then the re laxat ion  of 
in ternal  s t r e s s e s  sp reads  deeper  into the bulk. Both f ac to r s  contr ibute  
to a f a s t e r  gra in  growth and r a i s e  the t h e r m a l  conductivity of the solid 
graphi te  mat r ix .  As ze ro  poros i ty  is approached,  the re fo re ,  one may  
expect  an e x t r a o r d i n a r i l y  fas t  i nc rease  in the effect ive t he rma l  con-  
ductivity of graphi te .  

The technological  means  of reducing the poros i ty  of a r t i f ic ia l  graphi te  below 0.2 a r e  ve ry  l imited.  
By many repea ted  impregna t ions  with pitch, it is poss ib le  to reduce the poros i ty  of graphi te  to 0.16 app rox -  
imate ly .  In o r d e r  to at tain a poros i ty  of about 0.07, one subjects  graphi te  to a h i g h - t e m p e r a t u r e  t r e a t m e n t  
under  p r e s s u r e .  Note mus t  be taken of the cons ide rab le  an iso t ropy  of p r o p e r t i e s  of such a graphi te :  the 
t he rma l  conductivi ty is 3-4 t imes  higher  pe rpend icu la r  than para l l e l  to the di rect ion of molding. Finally,  
pyroly t ic  carbon is obtained while the products  of methane p y r o l y s i s  p rec ip i ta te  on the hot graphi te  sur face .  
The po re s  vanish  a lmos t  comple te ly  (the poros i ty  d e c r e a s e s  to below 0.015 a f t e r  an additional h i g h - t e m -  
pe ra tu re  anneal in pyroly t ic  carbon.  In t e r m s  of s t ruc tu re  and p rope r t i e s ,  this  m a t e r i a l  is  s i m i l a r  to a 
single c ry s t a l  of graphi te .  The p r o p e r t i e s  of annealed pyroly t ic  carbon a re  highly anisotropic:  i ts  t h e r m a l  
conductivity is 200-250 t i m e s  higher  along the prec ip i ta t ion  sur face  than no rma l ly  to it. Resul t s  of t h e r -  
mal  conductivity m e a s u r e m e n t s  made on high-densi ty  g raphi tes  a re  given in [11]. The anisot ropy of p r o p -  
e r t i e s  of h igh-dens i ty  g raph i tes  c a s t s  some doubt on the val idi ty  of the es tab l i shed  re la t ion  between the i r  
t he r ma l  conductivity and poros i ty .  Graphi te  with a 0.3 or  h igher  poros i ty  is a lmos t  i sot ropic .  This  i so -  
t ropy  is a consequence of an equiprobable  distr ibution of c rys ta l lograph ic  a - a x e s  within a grain  volume.  
Heat  t r a v e l s  through po lycrys ta l l ine  graphi te  essen t i a l ly  along the a - a x e s  in gra ins ,  because  the t he r ma l  
conductivity along the c - a x e s  is v e r y  low. The re fo re ,  the path of phonons in po lycrys ta l l ine  g raph i tes  is  
longer  than the dimension of a spec imen.  The dif ference between these  two lengths is  m a x i m u m  in i so t ropic  
g raphi tes .  Because  of a dominant or ienta t ion of c r y s t a l s  in h igh-densi ty  g raph i tes ,  this  d i f ference de-  
c r e a s e s  he re  and becom es  min imum in annealed pyroly t ic  carbon.  In an ana lys i s  of the re la t ion  between 
t h e r m a l  conductivi ty and poros i ty ,  t he re fo re ,  the f o r m e r  mus t  be based on the length of the phonon path. 
It is a lso  des i rab le  to e l imina te  phonon--phonon interact ion,  which s e e m s  different  in different  g rades  of 
graphi te  at the s ame  t e m p e r a t u r e .  This  r e q u i r e m e n t  is me t  by a t he rma l  r e s i s t a n c e  solely due to a s c a t t e r  
of phonons at the grain  boundar ies .  It  has  been es tab l i shed  that the mean f ree  path of phonons in graphi te  
re ta ins  a constant  length up to a t e m p e r a t u r e  T = 1 2 0 - 1 3 0 ~ .  This path length has  been adopted as  the a -  
dimension (La) of graphi te  g ra ins .  With the aid of t e m p e r a t u r e  c h a r a c t e r i s t i c s  of the t he rma l  conductivity 
es tab l i shed  expe r imen ta l ly  in [10, 11] for  va r ious  g r ades  of graphi te ,  the mean  L a d imensions  of g ra ins  
have been ca lcu la ted  accord ing  to the modif ied Debye equation 

). 1/4TC,F/,. cos q,:L,v (35 

In d i rec t ions  para l l e l  and pe rpend icu la r  to the di rect ion of molding, cos  ~o for  graphi te  is ca lcula ted  
as  follows: 

-'q'. '2 a , , 2  

l' I (q~ sinaq~ dq~ .t I (q,) sina~ " d~p 
1 b O 

cosqDlt =: 1 - -  2 .~.2 ; coscf: =: ~/2 (45 
i' I (q.) sin ,~ d~ .i" I (qo) sin q~ dcp 

o 
F o r  the g raph i t e s  t e s t ed  this  mean  value cos  q~ v a r i e s  f r o m  0.6 to 0.95 [11]. 
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The mean grain dimension L a as a function of the poros i ty  is shown in Fig. 1 for  graphite with po ros i -  
t i e s  0.6, 0.5, 0.4, 0.28, 0.16, 0.07, and 0.01. This re la t ion is  distinctly of the hyperbolic kind. Within an 
accuracy  of • the curve  can be descr ibed  by the equation 

945 
/~ = ~ -- 690 [~1], (5) 

At P = 0 this semiempirical relation becomes physically meaningless. This relation is valid for 
graphites with a porous structure. Even in annealed pyrolytic carbon, which comes close to a single crys- 
tal in terms of properties, there exist defects which produce some slight porosity. Within the 0.6-0.3 range 
of porosity Eqs. (1) and (5) yield the same relative increase in thermal conductivity. This means that the 
thermal conductivity of the solid graphite varies very little within this range of porosity. 

At a less than 0.3 porosity the thermal conductivity of the solid graphite matrix begins to increase 
appreciably, which leads to a large difference between values calculated by Eqs. (1) and (5) respectively. 

Thus, with the porosity decreasing from 0.3 to 0.05, the thermal conductivity increases relatively 
4.6 times according to Eq. (5) and 1.53 times according to Eq. (1). The thermal conductivity of graphite 
as a function of its porosity is described by the Maxwell equation with sufficient accuracy, therefore, as 
long as the thermal conductivity of the solid graphite matrix remains constant. However, technological 
processes by which a reduction in porosity is attained also increase the thermal conductivity of the solid 
graphite matrix, especially at a below 0.3 porosity. For this reason, the effective thermal conductivity of 
artificial graphites must be calculated according to Eq. (5) applicable within the 0.6 to 0.01 range of poros- 
ity. 
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N O T A T I O N  

effective the rmal  conductivity; 
thermal  conductivity of the solid matr ix;  
porosi ty;  
poros i ty  r e f e r r e d  to a c r o s s  section; 
specific gravity; 
specific heat; 
angle between the crys ta l lographic  c -ax i s  and the direct ion of the molding p ressure ;  
mean cosine of angles ~0; 
distribution function of e -axes  in gra ins  of a specimen; 
mean veloci ty  of phonons along a -axes  in graphite c rys ta l s ,  1.23" 106 c m / s e c  [12]; 
mean f ree  path of phonons, equal to the mean grain dimension. 
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