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We obtain fo rmulas  for  de te rmin ing  the pr inc ipa l  values  of the the rmal -conduc t iv i ty  and 
e lec t r i ca l -conduc t iv i ty  t enso r s  of m a t e r i a l s  obtained by the p r e s s i n g  of a powder  consis t ing 
of anisot ropic  g ra ins .  

P r e s e n t - d a y  industry  makes  extensive use  of a number  of m a t e r i a l s  obtained by p r e s s ing  of a powder 
consis t ing of anisot ropic  pa r t i c l e s .  Thus ,  for  example ,  the branches  of t he rmoe lemen t s  used in r e f r i g e r a -  
t o r s  and g e n e r a t o r s  a r e  obtained by p re s s ing  pulver ized  t e r n a r y  al loys with a Bi2Te 3 base  [1] which have 
s t rong anisot ropy in the or ig inal  (s ingle-crys ta l )  s ta te .  

Even though the powder  is i so t ropic  before  p r e s s ing ,  a f t e r  the p re s s ing  it d isplays  anisot ropic  p r o p e r t i e s ,  
although to a l e s s e r  degree  than in a single c ry s t a l .  These  phenomena were  mentioned in [2-4]. The authors  
of those studies a t t r ibuted the phenomenon to the p r e s e n c e  of m i c r o c r a c k s .  

However ,  an explanation of the anisot ropy phenomenon on the bas i s  of m i c r o c r a c k s  alone is unjustified. 
In [5] it  was shown that  the anisot ropy in t h e r m a l  conductivity and e l ec t r i ca l  conductivity that may a r i s e  as a 
r e su l t  of poros i ty  in the p re s s ing  p roce s s  is much lower than the obse rved  value,  and, consequently,  c r acks  
alone cannot explain the anisot ropy.  It should a lso  be noted that  in [2], although the anisot ropy was at t r ibuted 
to the p r e s e n c e  of m i c r o c r a c k s ,  it was s ta ted outr ight  that  no m i c r o c r a c k s  were  obse rved .  In [4] it is noted 
that spec imens  made of p r e s s e d  m a t e r i a l  have a "visible t ex tu re ,  " indicating the p r e s e n c e  of a ce r ta in  degree  
of d i so rde r  in the d i spe r sed  pa r t i c l e s  which r e su l t s  f rom p res s ing .  

We shal l  show below that the anisot ropy of p r e s s e d  spec imens  can be comple te ly  explained by the appea r -  
ance of a degree  of d i s o rde r  in the or ienta t ion of the d i spe r sed  pa r t i c l e s  with r e spec t  to the d i rec t ion of p r e s s -  
ing. 

Fo r  this purpose ,  we shal l  der ive  re la t ions  for  the effective t h e r m a l  conductivity n e f  f and the effect ive 
e lec t r i ca l  conductivity %ff  of a d i spe r sed  m a t e r i a l  consis t ing of anisot ropic  pa r t i c l e s .  

We shall  solve the p rob lem for  the following assumpt ions .  

1. In der iv ing the re la t ion,  we shal l  s t a r t  f r o m  the fundamental  assumpt ion  that a d i spersed  medium is 
a s y s t e m  of chaot ical ly  a r r anged  anisot ropic  pa r t i c l e s  whose or ienta t ion is cha r ac t e r i z ed  by a different ial  d is -  
t r ibut ion function with r e spec t  to some  direct ion.  

2. At d is tances  much g r e a t e r  than the dimensions  of the individual gra ins  the d i spe r sed  medium is spa-  
t ia l ly  homogeneous.  
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! Y Fig. 1. E lement  of a d i spe r sed  
anisot ropie  medium [1) i n d i ~ d -  

i ual gra ins] .  

3. We shal l  a s s um e  that  we know the components  of the the rmal -conduc t iv i ty  and e lec t r i ca l -conduc-  
t ivity t enso r s  fo r  a s ingle c r y s t a l  along the pr inc ipa l  axes:  Wxx , ~yy, Uzz andaxx , ayy, azz- 

4. The effects  of the gra in  boundaries  a r e  negligible.  

5. A d i spe r sed  par t ic le  has the ave rage  d i m e n s i o n s / x ,  ly ,  / z ,  r e spec t ive ly ,  in the direct ions of the 
pr inc ipa l  axes X, Y, Z. 

Such a p rob lem was solved in [6,7]. However ,  the resu l t s  of [6] a re  confined to the case  of axial  s y m -  
m e t r y  in the individual c r y s t a l s  making up a po lyc rys t a l  and also to the case  of a low degree  of inhomogeneity 
(i. e . ,  the cases  of weakly anisotropic  c ry s t a l s  and sma l l  d i spers ion  in the or ientat ion of the c rys ta l l i t e s ) .  

Odelevski i ' s  study [7] is r e s t r i c t e d  by the assumpt ion  that  the c rys ta l l ine  pa r t i c les  a re  "not elongated" 
and can be s imula ted  by spheres  (whereas the gra ins  of t e r n a r y  al loys with a Bi2Te 3 base ,  owing to the i r  high 
c leavabi l i ty ,  have a lent icular  shape,  with a t h i c k n e s s - t o - d i a m e t e r  ra t io  of about 1/4) and also by the a s s u m p -  
tion of equal probabi l i ty  of distr ibution of the gra ins  along var ious  d i rec t ions ,  which is valid only when the re  
is no anisot ropy in the p r e s s e d  spec imen .  We shal l  not adopt such r e s t r i c t ions .  

Since the re la t ions  for  the e lec t r ica l -conduc t iv i ty  t ensor  a r e  comple te ly  analogous to the re la t ions for  
the the rmal -conduc t iv i ty  t enso r ,  all  the der iva t ions  below will be c a r r i e d  out for  the case  of t he rma l  conduc- 
t ivi ty.  

Consider  an e lement  of volume of the d i spe r sed  medium dv = dxdydz, where we a s sume  that the quanti- 
t ies  dx, dy, dz a r e  much l a r g e r  than the d imensions  of individual g ra ins .  We se lec t  the z axis of the Car t e -  
s ian coordinate  s y s t e m  to lie along the p r e s s ing  axis .  Since the d i rec t ions  perpendicu la r  to the p res s ing  axis 
a r e  equivalent ,  the or ientat ion of the x and y axes  may be a r b i t r a r y .  

With each gra in  of the p r e s s e d  s y s t e m  we assoc ia te  a Car tes ian  coordinate  s y s t e m  X, Y, Z whose axes 
will be d i rec ted  along the pr inc ipa l  axes of the thermal -conduc t iv i ty  and e lec t r ica l -conduct iv i ty  t ensors  of the 
individual grain;  the components  of these t enso r s  in the d i rec t ions  of the X, Y, Z axes  will be ~xx,  ffxx; 
~Sry, ~yy; ~tzz, ~zz, r e spec t ive ly .  

The or ienta t ion of the X, Y, Z axes with r e spec t  to the s y s t e m  of coordinates  x, y ,  z will be c h a r a c t e r -  
ized by the Euler ian  angles ~ ,  r 0 (Fig. 1). In view of the chaotic or ienta t ion of the g ra in s ,  the angles ~v, r 
0 will be random quanti t ies.  

Let  the t e m p e r a t u r e  gradient  lie along the z axis (the p res s ing  axis) .  We.define the effect ive t h e r m a l  
conductivity in this p r e s s ing  di rec t ion as ~eff  z. 

Any s t ra igh t  line drawn in the volume e lement  dv pa ra l l e l  to the z axis will i n t e r s e c t  some number  of 
g ra ins  of the d i spe r sed  s y s t e m  (see Fig. 1). We denote the segment  of this line which l ies  inside an individual 
pa r t i c le  by A Obviously,  A is a function of the angles ~v, r 0 and of the coordinates  of the cen te r  of iner t ia  
of the g r a in s ,  x,  y ,  z: 

A =  Fo(X, y, z, r ~, 0). (1) 
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T A B L E  1. E f f e c t i v e  V a l u e s  of  T h e r m a l  Conduc t i v i t y  and E l e c t r i c a l  
Conduc t iv i t y  

Calculated values ~xperi-t! Calculated values [Experi- 
Conductivity - - m i d ~  e---d ]mental[l Conductivity I t  [midd~ [ end mental 

I t~ [(side)| face [values 11 I up !(side)lface ivalues 

n-type alloy: 
~ e f f z ,  

W" m "1" deg "l 

~effx'l 1 
W" m" "deg- 
oeffz. 104, 
~-1. m-I 
~ x "t0-~' 
~-1. 111"I 

~ effx/Oeffz 

v, effx)~effz 

80% BloT%--20% Bi 

0,61 0,65 { 0,62 

1 
0,93 0 945~ 0,94 

3,0 315 3,0 

9,6 9,75 9,6 

3,2 2,8 3,2 

1,52 1 ,45 1,51 

Sea) 

0,635 

0,925 

2,75 
t 

8,0 

2,9 

,46 

p-type alloy: 
Ueff z, 
W- m -I. deg "l 
~eff x~l . 1 
W_:'m" " aeg" 
o elf x" 10"4' 
~-1 ,m-I 
Oeffx i i0 ~, 
~ - 1  i - n - l - I  " 

~ x/~ z 

•215 z 

74% Sb2Tea--26 % BloT%) 
I 

0,73 0,783[ 

0,90 0,935' 

3,75 4,20 

8,25 7,90 

2,20 1,90 

1,23 1,14 

J 

0,74 i 0,836 

0,90 ! 0,925 

3,85 4,00 

8 , 0 0  ' 8 , 0 0  

2,08 2 

1,22 1,1 

In v i ew of  a s s u m p t i o n  1, the  c o o r d i n a t e s  x ,  y ,  z and  the  a n g l e s  9 ,  r  0 a r e  i n d e p e n d e n t  r a n d o m  quan t i -  
t i e s ,  and ,  c o n s e q u e n t l y ,  we can  a v e r a g e  the  q u a n t i t y  A wi th  r e s p e c t  to  x ,  y ,  z .  The  a v e r a g i n g  p r o c e s s  y i e l d s  

A a v  = Fl(go , r  0). 

The  t h e r m a l  c o n d u c t i v i t y  n z of  t he  m a t e r i a l  of the  g r a i n  in the  d i r e c t i o n  of  the  z ax i s  wi l l  be [8] 

z~ = zz. cos 2 0 -+- zu~ sin 2 (p sin 2 0 -5- nx. ~ sin 2 0 cos 2 % (2) 

F o r  h e a t  f lux  in the  d i r e c t i o n  of  t he  z c o o r d i n a t e  we then  have  

q = • AT/Aa v, (3) 

w h e r e  AT i s  the  t e m p e r a t u r e  d r o p  a c r o s s  an i n d i v i d u a l  p a r t i c l e  of the  d i s p e r s e d  s y s t e m .  

In o r d e r  to d e t e r m i n e  the t e m p e r a t u r e  d i f f e r e n c e  dT o v e r  a l ength  d z ,  we m u s t  s u m  the  t e m p e r a t u r e  
d r o p s  o v e r  a l l  the  p a r t i c l e s  i n t e r s e c t e d  by the  z ax i s  a long  a l eng th  dz .  To do t h i s ,  we m u s t  know the p r o b -  
a b i l i t y  t ha t  the  E u l e r i a n  a n g l e s  wi l l  have v a l u e s  equa l  to 9 ,  r  and 0. Th i s  p r o b a b i l i t y  wi l l  be c h a r a c t e r i z e d  
by  the  d i f f e r e n t i a l  d i s t r i b u t i o n  funct ion  fo r  the  E u l e r i a n  a n g l e s ,  f(~a, ~,  0). 

S ince  9 ,  r  0 a r e  i ndependen t  r a n d o m  v a r i a b l e s ,  i t  fo l lows  tha t  f ( r  ~,  0) can  be r e p r e s e n t e d  in the  

f o r m  of  a p r o d u c t  [9] 

f (% % 0) = f: ((p) [~ (r f3 (0). (4) 

T h u s ,  the  n u m b e r  of p a r t i c l e s  din i n t e r s e c t e d  by a s t r a i g h t  l ine o v e r  the  length  dz  f o r  which  the z ax i s  

has  d i r e c t i o n  c o s i n e s  c o r r e s p o n d i n g  to the a n g l e s  ~fl, r  0 wi l l  be 

d N  - -  1 f (% % O)dzd~d~idO. (5) 
A av 

Making u s e  of  (3)-(5) ,  we fend 

2,'~ 2:Z .': 

q n-: . . . .  x 2 -  
0 0 0 

Since  

d T  
q = neff dz  ' 

i t  fo l lows  tha t  fo r  ~ e f f  z we ob ta in  f r o m  (3), (6), (7) the  e x p r e s s i o n  
1 

Zeffz = 2.~ 2.~ .~ 

�9 , , xz~ cos ~ 0 --' • sin2 q~ sine 0 --!- • cos 2 q~ sin 2 0 
0 0 0 

S i m i l a r l y ,  f o r  the  d i r e c t i o n  of the  y and x axes  we ob ta in  

(7) 

(s) 
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• = s~ ~.~ ~ ' (9) 

,f J" f fl((P) f~'(r 
r (~, 4, O) 

0 0 o 

w h e r e  

(% 4, O) = • cos s 4 sin~ 0 + • (cos 4 cos ~ cos 0 - -  sin 4 sin q)) q- • (cos q; sin4 q- sin q) cos 4 cos O) ~, 

and 

w h e r e  

t 
neff x=  2~ 2, u (10) 

F (~, 4, o) 
0 o o 

F (~, 4, 0) = • sin s 4 sins 0 + • (cos 4 sin (p ,'-- sin 4 cos (p Cos 0) * --[ • (cos 4 cos r - -  sin ~0 sin 4 cos 0) 2. 

F o r m u l a s  (8)-(10) a r e  the  d e s i r e d  r e l a t i o n s  f o r  d e t e r m i n i n g  the  e f f ec t ive  t h e r m a l  conduc t i v i t y .  The  
f o r m u l a s  fo r  neff  a r e  obv ious ly  ob t a ined  by a s i m p l e  s u b s t i t u t i o n  of o f o r  n .  

In o r d e r  to d e t e r m i n e  •  and neff ,  we m u s t  know the d i s t r i b u t i o n  func t ions  j~(~) ,  f2(~) ,  and f3(0) ,  
which can  be  o b t a i n e d  by  x - r a y  s t r u c t u r a l  a n a l y s i s .  

We conduc ted  i n v e s t i g a t i o n s  o f  the  a n i s o t r o p y  of  the  b r a n c h e s  of  t h e r m o e l e m e n t s  ob ta ined  by p o w d e r  
m e t a l l u r g y  f r o m  the  t e r n a r y  a l l o y  Bi2Te 3 +Bi2Se 3 and Sb2Te 3 +Bi2Te 3. 

The  o r i g i n a l  p o w d e r  had i s o t r o p i c  p r o p e r t i e s .  B e c a u s e  of the  high c l e a v a b i l i t y  of  the  m a t e r i a l  a long  
p l a n e s  p e r p e n d i c u l a r  to  the  Z d i r e c t i o n ,  the  p a r t i c l e s  had  the  s h a p e  of a l a m e l l a ,  wi th  a much  s m a l l e r  d i m e n -  
s i on  in the  Z d i r e c t i o n  than  in the  X and Y d i r e c t i o n s .  The  d i m e n s i o n s  a long  X and Y v a r i e d  be tween  0.2 and 
2 m m  fo r  p o w d e r s  of  v a r i o u s  d e g r e e s  of  g r a n u l a r i t y .  

Since  the  s i ng l e  c r y s t a l  i s  a x i a l l y  s y m m e t r i c  wi th  r e s p e c t  to the  Z a x i s ,  

Z x x  = :4yy a n d  (Yxx --= C~yy. (11) 

D e s p i t e  the  i s o t r o p i c  p r o p e r t i e s  of the  o r i g i n a l  p o w d e r ,  du r ing  the  p r e s s i n g  p r o c e s s ,  b e c a u s e  of the  
c h a r a c t e r i s t i c  f o r m  of the  g r a i n s ,  the  i n d i v i d u a l  l a m a l l a e  s l i p  wi th  r e s p e c t  to one a n o t h e r  a long  c l e a v a g e  
p l a n e s ,  and as  a r e s u l t  the  p r e s s e d  m a t e r i a l  d i s p l a y s  a n i s o t r o p i c  p r o p e r t i e s .  S ince  a x i a l , s y m m e t r y  i s  en-  
s u r e d  by the  p r e s s i n g  c o n d i t i o n s ,  i t  fo l lows  tha t  i f  we c h o o s e  the  z ax i s  in  the  d i r e c t i o n  of  p r e s s i n g ,  t h e r e  
wi l l  be no a n i s o t r o p y  in the  a n g l e s  ~0 and ~, i . e . ,  

fl((P) = const and f2 (~) = const. (12) 

Tak ing  accoun t  of (11) and (12), we can  w r i t e  E q s .  (8)- (10) in  the  fo l lowing  f o r m :  

1 
Zeffz= .~ - - ,  (13) 

f., (o) dO 
• cos2 8 -[- u.~ sin 2 0 

0 

1 
• == ~.~ .x , (14) 

fJ' f3(O) d~dO 
, • cos 2~ sin2 0 + xyy(1 - -  cos2 4 sin2 0) 
0 0 

1 
ueffx= :~ ~ (15) 

f ; f~(O)d4dO 
�9 • s ins 4 sin~ 0 + ~y~ (1 - -  sin ~ 4 sin 20) 
o o 

A v e r a g i n g  with r e s p e c t  to the  ang le  ~ in  (14) and (12), we ob ta in  

1 
(].6) neff x---- • y == ~, 1c a (0) dO 

j V • (~z sinSO-k cos s O) ~ g y  
o 
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The distribution functionf3(tg) was obtained f rom x - r a y  s t ruc tura l  analysis  data [in (16), f3(O) is nor -  
malized].  

The resul ts  of the experimental  determination of f3(O) for specimens of various degrees  of granular i ty  
are  given in [4]. According to the data of [4], in p res sed  specimens there is s t rong anisotropy in the or ienta-  
tion of the c ry s t a l s ,  which must  also affect the amount of anisotropy in the coefficients ~ and a. In [4] the 
absence of any texture in two cases  in the middle of the specimen should be attributed not to the absence of 
anisotropy,  but to the fact that in o rde r  to take x - ray  pictures in the middle of the specimen,  the exper iment -  
e r s  cut it into two par t s ,  which probably led in some eases  to a breakdown of the s t ruc ture  a~d to a change 
in the anisotropy in compar ison with whole specimens.  

In Table 1 we show the experimental ly measured  effective values of e lec t r ica l  conductivity aeffz  , aeffx = 
aeffy ,  the effective values of the lattice component of the thermal  conductivity ~tef f z, ~effx  =~ef fy ,  and the 
rat ios of the coefficients aef fx /aef f  z and >teffx/~ef f z (characterizing the anisotropy in the x and z directions} 
and the same coefficients obtained by calculation using formulas  (13) and (16). The calculations were ca r r i ed  
out for  specimens of types n and p (see Table 1), with grain s izes  ranging f rom 0.2 to 0.25 mm for  the n-type 
and f rom 1 to 2 mm for  the p- type.  The calculations per formed for  specimens  of types n and p with different 
granular i ty  ffrom 0.05 to 2 mm) yielded analogous resu l t s .  

The components of the e lectr ical-conduct ivi ty  and thermal-conduct ivi ty  tensors  along the principal  axes 
for the mater ia l  of the grains  are  the following [4]: 

n.type:(rzz=2.10.10 ~ ~-l.m-~; ~ x x : o ~ / :  12.10 a p-l.m-1; 

y.~ ----- 0.526 W.rn -1- deg-1; •215 W,m -1. deg-1; 

c~ = 183.10 -~ V. deg -~; 

p-type: gzz--2.50.104 ~ -1.m-1; ox.~=cryy= 10.0- 10 a f~-x. m-~; 

• W.m'l.deg'l;  ~xx=zyu=0.98 W.m".deg'l ;  

cz=210.10 -6 V-deg "1. 

The calculated values in Table 1 are  shown for  three values of the distribution function f3(O), which 
charac te r ize  the orientation of the grains  both near  the surface ("top," "end face ' )  and in the middle ("middle, " 
"side"). As can be seen f rom the table,  the calculated values are  in sa t is factory agreement  with the experi-  
mental  data. 

Thus, it must  be recognized that the observed anisotropy in the values of ~ and ~ in p ressed  specimens 
can be completely explained by the orientation of the grains during the press ing p rocess ,  and the conclusions 
drawn in [4] concerning the absence of grain orientation in p res sed  specimens are  based on an incor rec t  t rea t -  
ment of the data obtained by x - r a y  s t ruc tura l  analysis .  

N O T A T I O N  

~,  lattice component of the rmal  conductivity; ~, specific e lectr ical  conductivity; q, heat flux; T, ab- 
solute t empera ture ;  x, y , z ,  axes of Car tes ian coordinate sys tem associa ted with the p ressed  specimen (where 
the z axis coincides with the press ing  direction); X, Y, Z, axes of Cartesian coordinate sys tem associated 
with an individual grain.  

1. 

2~ 

3. 
4. 

5, 
6. 
7. 
8. 
9. 

L I T E R A T U R E  C I T E D  

]3. M. Gol ' t sman,  V. A. Kudinov, and I. A. Smirnov, Semiconductor Thermoelec t r ic  Materials with a 
Bi2Te 3 Base [in Russian],  Nauka, Moscow (1972) 
A. W. Penn, Adv. Energy Conv. ,  7 ,  257 (1967). 
H. I. Goldsmid and F. A. Underwood, Adv. Energy Conv. ,  7 ,  297 (1967). 
A. S. Barash ,  R. Z. Grinberg,  T. B. Zhukova, and A. I. Zaslavskii ,  Izv. Akad. Nauk SSSR, Neorgan. 

Mate r . ,  _8, 1765 (1972). 
A. D. Terekhov and ]~. M. Sher, I nzh . -F i z .  Zh . ,  3._00, No.4 {1976). 
V. A. Kudinov, Fiz.  Tverd.  Tela,  1__11, 3399 (1969}. 
V. I. Odelevskii,  Zh. Tekh. F i z . ,  2__fl, 1379 (1951). 
E. S. Vent tse l ' ,  Theory of Probabil i ty [in Russian] ,  Nauka, Moscow (t974). 
J .  F. Nye, Physical  Proper t i es  of Crys ta ls :  Their  Representat ion by Tensors  and Matr ices ,  Oxford 

University P r e s s  (1957). 

834 


