
E X P E R I M E N T A L  S T U D I E S  C O N C E R N I N G  T H E  

E L E C T R I C A L  C O N D U C T I V I T Y  O F  H I G H - P O R O S I T Y  

C A R B O N -  G R A P H I T I C  M A T E R I A L S  

F.. A.  B e l ' s k a y a  a n d  A.  S. T a r a b a n o v  UDC 537.311:553.93 

The e lec t r i ca l  r e s i s t ance  of c a r b o n - g r a p h i t i c  m a t e r i a l s  with different  poros i t ies  (19- 
78%) was studied in the 300-1700~ t e m p e r a t u r e  range,  and the r e su l t s  a re  presented 
here.  It is shown that, in genera l ized coordinates ,  the the rma l  and the e lec t r i ca l  con-  
ductivity a r e  analogous functions of porosi ty.  

The e lec t r i ca l  conductivity of porous c a r b o n - g r a p h i t i c  m a t e r i a l s  was studied on spec imens  with an 
overa l l  poros i ty  of 19, 44.3,  54.3, 61, and 78%. All spec imens  were  p repared  f r o m  the same  raw ma te r i a l  
by the s ame  technology (extrusion, heat  t r ea tmen t  at  2700~ The poros i ty  was regulated by vary ing  the 
amount  of coke additive and the ext rus ion  p r e s s u r e .  The data on the s t ruc tu re  of these m a t e r i a l s  were  ob- 
tained {Fig. 1) by m e r c u r y  poros imet ry .  Blind poros i ty  amounted to 2% and the sol f rac t ion  was 0.6%. The 
c h a r a c t e r i s t i c s  of spec imens  tested ea r l i e r  for  t he rma l  conductivity a r e  given in [1]. The spec imens  were  
made  f r o m  the s a m e  ingots he re  and, the re fore ,  their  d imensions  had to be l imited r = 120 mm,  rou t 
= 15 ram). Specimens of h igh-dens i ty  graphi te  (grades I, II, and III) were  made in the shape of tubes (rin 
= 8 ram) while the porous spec imens  (grades IV and V), because  of their  b r i t t l eness ,  we re  made in the 
shape of rods .  The spec imens  were  mounted a c r o s s  two current -conduct ing  graphi te  beams ,  each l = 180 
m m  long and having an e lec t r i ca l  r e s i s t a n c e  not much different  f r o m  the r e s i s t a n c e  of the tes t  pieces .  

The e lec t r i ca l  conductivity was measu red  by the potent iometr ic  method. The spec imens  were  heated 
d i rec t ly  by passing e lec t r i c  cu r r en t  through them. All m e a s u r e m e n t s  were  pe r fo rmed  on the act ive l = 35 
m m  long port ion of each spec imen  with the t e m p e r a t u r e  maintained constant  there  within 1%. The e l ec -  
t r i ca l  r e s i s t i v i t y  was calculated according to the formula:  

v S (1-}-at)~ (1) 
P= -7"7 

The m e a s u r e m e n t s  were  pe r fo rmed  over  the 300-1700~ t e m p e r a t u r e  range in an a rgon  a tmosphe re  at  a 
1.1 a t m  p re s su re .  The voltage drop was m e asu red  with an R-56 Class  0.3 ac potent iometer  through a U T T -  
6M Class  0.2 cu r ren t  t r a n s f o r m e r .  The t e m p e r a t u r e  was measu red  with WR5/20  t u n g s t e n - r h e n i u m  t h e r -  
mocouples .  The la t ter  were  made up of 0.2 m m  (diameter) wi re  in a two-s t rand  alundum jacket  d = 1.8 ram, 
which had been tightly inser ted  all  the way into a 12-13 m m  deep radia l  hole in the specimen.  The t e m -  
pe ra tu re  along a spec imen  was m eas u red  a t  four locations,  one of the thermocouples  was placed along the 
act ive  port ion of a specimen.  Based on the four measu red  t e m p e r a t u r e s ,  f i r s t  the m e a n - o v e r - t h e - l e n g t h  
t e m p e r a t u r e s  at  radius  r 0 and then the m e a n - o v e r - c r o s s - s e c t i o n  t e m p e r a t u r e s  were  found according to 
fo rmulas  

-- v'S { 2 r~ut) (2) 

for rods and 

-- - rin (3) 
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Fig. 1. Differential s t ructure  curves for the test  specimens,  represent ing 
the distribution of porosi ty  volumes with respec t  to the size of an equivalent 
pore radius: radius r (A), volume v (cm3/cm3). 

Fig. 2. Experimental  data on e lect r ical  res is t iv i ty  of mater ia ls  with poros i -  
ties: 19% (I), 44.3~ (II), 54.3~c (III), 61~ (IV), and 78~c (V); p(p~ .m), T, (~ 

for tubes. Axial heat flow was disregarded here. A temperature  calculated according to (2) and (3) was 
taken to be the mean-ove r - the -vo lume  tempera ture  of the active portion. For  dense specimens this t em-  
perature  differed only slightly f rom Trout  and Tr in '  since the temperature  drop along the radius was 
only less than 10~ Specimens with a low thermal  conductivity and, consequently, a high radial t empera -  
ture  gradient had (as mentioned earl ier)  the shape of rods. Therefore,  the deviation of the mean-ove r - the -  
volume tempera ture  f rom Trout  and Tr  =0 may for some points have been as high as 3%. 

According to [2], the macroporos i ty  of carbon does not affect its thermal  expansivity, which depends 
pr imar i ly  on the micros t ruc ture .  Test  data on a a re  usually analyzed on the basis of two parameters :  the 
degree of c rys ta l  anisotropy and the magnitude of the interst i t ial  volume. Considering the technology used 
in the preparat ion of these specimens (extrusion, same raw material ,  same calcination temperature) ,  
the degree of anisotropy may be assumed to have been the same in all. The interst i t ial  volume is usually 
measured  by the volume P - P '  of blind pores. For  the specimens under study this volume varied between 
1.5 and 2.5~, which could resul t  in a var ia t ion of a not exceeding 3~c. Based on all this, a was assumed 
to be equal to 5" t0 -G deg -1 and the same for all specimens over the entire range of test  tempera tures ,  and 
the e r r o r  due to such approximation did not exceed 0.1~ in the determination of p. 

The maximum total experimental  e r r o r  fluctuated for the various specimens within a 2-5% range. 
The deviation of test  points f rom the fitted curve did not exceed 2~. 

As the graph in Fig. 2 indicates,  the trend of the p(T) curve is not exactly the same for  all tested 
specimens,  while the deviation f rom any one curve plotted in p/P300 = f(T) coordinates is not more than 
10%. There m a y b e  severa l  reasons  for this. F i r s t  of all, the conditions of the crys ta l  s t ructure  growth 
will va ry  somewhat - even when the specimens a re  prepared f rom the same raw mater ia l  by the same 
technology - because of the var iable  rat io of graphite base to amorphous coke additive. A high coke con- 
tent may re tard  fur ther  c rys ta l  growth in the tar  pitch binder, which will resul t  in shifting the tempera ture  
of minimum elect r ica l  res is t iv i ty  (Tmi np) upward [4]. Such a pattern is charac te r i s t ic  of specimen V, 
whose Train p is within 1600-1700~ 

Secondly, the specimens may contain macrodefects which are a source of an additional resistance 
variationwith temperature. Such an additional resistance increasing with temperature should shift Tmin p 
downward, should increase the temperature coefficient of resistivity dp/dT in the temperature range above 
Tminp, and should increase the absolute value of the electrical resistivity. 
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TABLE 1. Resu l t s  of E l e c t r i c a l  R e s i s t a n c e  M e a s u r e m e n t s  P e r -  
f o rmed  on the Var ious  Mate r i a l s  (t = 18~ 
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Fig. 3 .  Reduced e l e c t r i c a l  r e s i s t i v i t y  p~ Pd =1.62 as  a funct ion of the bulk 
weight:  data  f r o m  this s tudy (1), data  f r o m  [3] (2); 1 / d  (cm3/g) .  

Fig.  4. T h e r m a l  and e l e c t r i c a l  conduct iv i ty  as  funct ions  of poros i ty ,  in 
gene ra l i zed  coord ina te s :  based  on the data  in [5] (1), in  [9] (2), in [8] (3), 
and in [3] (4); a = a / a o ,  b = k/k 0, blank dots r e f e r  to 500~ b lack  dots 
r e f e r  to 1500~ 

The au thor s  have m e a s u r e d  the e l ec t r i c a l  r e s i s t i v i t y  of the m a t e r i a l s  fo r  this s tudy at  r o o m  t e m p e r a -  
tu re  with d i r e c t  and with a l t e rna t ing  c u r r e n t  before  the t es t s  and with a l t e rna t ing  c u r r e n t  a f t e r  the tes t s .  
The m e a s u r e m e n t s  w e r e  made  on s p e c i m e n s  which had been  s l ight ly  c o m p r e s s e d .  Dur ing  h i g h - t e m p e r a t u r e  
m e a s u r e m e n t s ,  however ,  the spec imens  w e r e  placed under  tens ion  (to compensa t e  for  l inear  elongat ions) .  
The data obtained in al l  these  tes t s  a r e  shown in Table  1. Thei r  ana lys i s  shows that dur ing the p r o c e s s  some  
m a t e r i a l  burned out [(p0, _ p)/p0,] and an  addi t ional  r e s i s t a n c e  appea red  in the s p e c i m e n s  as  a r e s u l t  of 
c r a c k s  and poor contac t  be tween g ra ins  [(p~ _ p0,) /p0,] ,  this r e s i s t a n c e  having poss ib ly  i n c r e a s e d  under  
tens ion  at  high t e m p e r a t u r e s .  This should cause  a downward shift  of T �9 and an i n c r e a s e  of the t e m -  m m  p 
pe ra tu re  coeff ic ient  d p / d T  which,  as  can be seen  in Table  1, indeed o c c u r r e d  in c o r r e s p o n d e n c e  with an  
i n c r e a s e d  de fec t iveness  of the ma te r i a l .  It ought to be noted that  some  d i f f e rences  in the p(T) cu rves  a r e  
not indicat ive  of a gene ra l  t rend concern ing  the effect  of p o r o s i t y  on the t h e r m a l  and the e l ec t r i c a l  c o n -  
duct iv i ty  of c a r b o n - g r a p h i t i c  ma te r i a l s .  

The a u t h o r s '  expe r imen ta l  data a r e  c o m p a r e d  with the data in [3]. Accord ing  to Fig.  3, the cu rve  
proposed  he re  is much  l e ss  s teep than the one proposed  in [3] and plotted f o r  a n a r r o w  range  of po ros i t i e s .  
Those  s p e c i m e n s  w e r e  impregna ted  to d i f fe ren t  d e g r e e s ,  contained d i f fe ren t  amounts  of t a r  pitch binder ,  
and w e r e  p r e p a r e d  under  d i f fe ren t  ex t ruding condit ions.  In [3] the r e l a t ion  ?~/?'0 = f ( P ) i s  seen  to be d i f ferent  in 
c h a r a c t e r  than the r e l a t i on  e / a  0 = f(P) plotted f r o m  expe r imen ta l  data fo r  a 17:30% poros i ty  range  at  c o n -  
s tant  r o o m  t empe ra t u r e .  As can be seen  in Fig. 4, this r e l a t i on  di f fers  cons ide rab ly  f r o m  the r e l a t ion  p r o -  
posed on the bas i s  of va r i ous  theor i e s  and would lead to absu rd  c o n c l u s i o n s a l r e a d y  at P = 40~c. In the 
a u t h o r s '  opinion, the p o r o s i t y ' r a n g e  17-30% covered  in [3] is too n a r r o w  to s e r v e  as  a bas i s  fo r  defining the 
?~/~0 = f(P) and the a ~  a o = f(P) re la t ions ,  and the data p resen ted  the re  mus t  be used with g r e a t  caution.  
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Our test data were checked against calculations by formulas  which had been proposed by various 
authors.  The mater ia ls  in this study comprised cellular s t ruc tures  with a stat is t ical ly uniform dis t r ibu-  
tion of pores i r r egu la r ly  shaped and interconnected through fine channels. At low porosity levels (under 
50%) one may - to a f i rs t  approximation - t rea t  the mater ia l  as a regular  cellular sys tem with regular ly  
shaped blind pores. It appears  f rom studies of such sys tems that the experimental  data fit best into the 
Maxwell formula [5] and into the closely approaching it in this porosity range Rayleigh formula for spheres  
stacked into a cube [6]. With zero conductivity through the pores,  the Maxwell formula becomes 

. 2 + P  (4) 

For  porosi t ies  in the 20-50~c range it is entirely permissible  to apply the superposition rule [7], but 
~0 and X 0 must  also be calculated accordingly:  

The test  points (specimens I, II, and III) for ~ and ~ do not deviate f rom the relat ion (4) by more than 10~c 
over the entire tempera ture  range. Relation i5) descr ibes  this range within a 5% accuracy,  but yields values 
for a0 and ~0 which are  7-i0~c lower than according to Maxwell. 

Among the various relat ions which may be considered for describing high-porosi ty  systems,  the 
one given in [8] has been found most  applicable. The largest  deviation f rom it is 35~c for some points. Our 
test  values for cr and X [1] a re  shown in Fig. 4 in generalized coordinates. The isotherms have been con- 
structed on the basis of smooth cr (T) and ~(T) curves.  Both ~0 and ;~0 were calculated according to Maxwell. 
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N O T A T I O N  

elect r ica l  res is t ivi ty;  
voltage drop; 
current ;  
specimen c ross  section at room temperature;  
active specimen length at room temperature;  
thermal  expansivity; 
mean-ove r - the -vo lume  temperature  of specimen; 
mean-ove r - i so the rma l - l eng th  temperature  of specimen at radius r0; 
thermal  conductivity of specimen; 
outside radius of specimen; 
inside radius of specimen; 
total volume of pores;  
volume of open pores;  
e lec t r ica l  res is t iv i ty  at room temperature;  
thermal  conductivity of dense material ;  
e lec t r ica l  conductivity of dense mater ia l ;  
e lect r ical  res is t iv i ty  of dense material .  
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