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The relation of segregation and diffusion in the solid phase with refractory-material heat conduc- 
tion is shown. * 

Exper imenta l  invest igat ion shows that on at tenuation of the gaseous medium the t he rma l  conductivity [1, 
2] and the rma l  diffusivity [3] of dense and c o m p r e s s e d  r e f r a c t o r y  m a t e r i a l s  i nc rease  with r i s e  in the a i r  t e m -  
p e r a t u r e .  In [4-6] this r i se  is a t t r ibuted to the intensif icat ion of heat  and m a s s  t r a n s f e r  through the gas phase  
with he te rogeneous  phys icochemica l  t r ans fo rma t ions  (vaporizat ion,  chemical  t r ans fo rma t ion ,  etc.) .  However ,  
as  was  noted in [4-6], this mechan i sm may  only opera te  for  any cons iderable  t ime in thin (semiclosed) po res  
and m i c r o c r a c k s ,  f r o m  which the e scape  of gaseous products  is difficult ,  and in which the p r e s s u r e  is c l o s e  
to equi l ibr ium.  In addition, only a few components  of r e f r a c t o r y  m a t e r i a l s  - mainly  impur i t i e s  - a re  able to 
develop an equi l ibr ium p r e s s u r e  (0.1-1 to r r )  at  t e m p e r a t u r e s  of the o rde r  of 1000~ and thereby to ensure  
that  the p r o c e s s e s  a re  sufficiently rapid.  The re  is the re fo re  a need for  fu r the r  invest igat ion of heat  and m a s s  
t r a n s f e r  in r e f r a c t o r y  m a t e r i a l s ,  in pa r t i cu l a r  when no gaseous products  a r e  fo rmed .  

The p r e sen t  work  continues the analys is  of he terogeneous  (heterophase) p r o c e s s e s  in r e f r a c t o r y  m a -  
t e r i a l s  in the field of a t e m p e r a t u r e  gradient .  In pa r t i cu l a r ,  the re la t ion of segrega t ion  and diffusion to the 
grain boundar ies  with the change in effect ive heat  conduction of the m a t e r i a l  is demons t ra ted .  

As a p r e l i m i n a r y ,  to es tab l i sh  the bas is  of the proposed  model ,  some r e su l t s  on segregat ion  and diffu-  
sion in porous  m a t e r i a l s  will be br ie f ly  considered.  

It  is known that the impur i ty  concentra t ion in regions  adjacent  to the pore  su r faces  and the grain bound- 
a r i e s  of po lycrys ta l l ine  m a t e r i a l s  often exceeds  the bulk impur i ty  concentrat ion.  This  effect  is usual ly  known 
as  segregat ion.  An up- to -da te  review of segrega t ion  and assoc ia ted  p r o c e s s e s  in polycrys ta l l ine  m a t e r i a l s  
may  be found in [7] and for  c e r a m i c  oxides in [8]. Segregation in c e r a m i c s  is genera l ly  unders tood to include 
the following f o r m s  of change of s ta te:  i nc rea se  or  dec r ea se  in the concentra t ion of la t t ice  defects  or  d issolved 
m a t e r i a l  c lose to an internal  boundary,  adsorpt ion of a toms of d issolved m a t e r i a l  at such a boundary,  the ap -  
pea rance  of new phase  between the gra ins  (the fo rmat ion  of f i lms  and pa r t i c l e s  along a boundary).  It  has been 
shown in many works  that  even when the total  amount of impuri ty  is ve ry  sma l l ,  segrega t ion  may  be ve ry  con- 
s iderable .  The following is a typical  example  [9]. High-pur i ty  s amples  of po lycrys ta l l ine  magnes ium oxide 
were  invest igated using an e lec t ron ic  mic rop robe .  At a bulk Si concentra t ion of 55 ppm (determined m a s s -  
spec t roscop ica l ly ) ,  the Si concentrat ion of the grain boundary,  r eca lcu la ted  as SiO2, reached  22 wt.%. In [8], 
in p a r t i c u l a r ,  it was  mainta ined that at p r e s en t  there  is no oxide c e r a m i c  in which segrega ted  impur i ty  is ab -  
sent; even in the so -ca l l ed  "very  pure"  m a t e r i a l s  the f rac t ion  of the su r face  occupied by impur i t i e s  (i .e. ,  
covered  by at l eas t  a monolayer)  is to be m e a s u r e d  in tens of percent .  

T h e r m o d y n a m i c  ana lys i s  of segregat ion  [7, 8, 10] shown that the t r a n s f e r  of impur i ty  f r o m  the volume 
to the sur face  and in the opposite direct ion is accompanied  by a definite ene rgy  expendi ture  AQ (on the o rde r  
of 10-50 kcal /mole) .  The equi l ibr ium concentrat ion of segrega ted  m a t e r i a l  p(T) may  be desc r ibed  in the f i r s t  
approximat ion  by the re la t ion  

p (T) = .% exp (AQ/RT). (1_) 

Here  T is the t e m p e r a t u r e  and R the un iversa l  gas constant.  

Thus ,  when the sample  contains a t e m p e r a t u r e  gradient ,  there  is a d i f ference  in the concentra t ion of 
segrega ted  m a t e r i a l  at the "hot" and "cold" walls  of po res  and m i c r o c r a c k s  and, cor respondingly ,  a m a s s  flux 

*The bas ic  calculat ion scheme  was p roposed  by E. Ya. Li tovski i .  
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TABLE 1. Calculated Values of ~E, W/10-3 deg K 

D .  cmZ/l~c 
d ,  lTl I 

1 0 - '  10 - T  1 0 - - "  [ 10  - i  

lO-S 

I0-7 
10-6 

2,1.10-" 
2,1.10 -s 
2,1.10-~ 

2,1.10-4 
2,1-10-" 
2,1.10-1 

2,1.10 -s 2,1.10--" 
2,1.10-4 2,1.10-~ 
2'1"10-5 I 2' 1" 10-'l 

by su r face  diffusion. If the ra te  a t  which equi l ibr ium concentra t ions  a r e  es tab l i shed  is suff iciently high, the 
m a s s  flux will  be d i rec ted  f r o m  the volume to the sur face  at one side of the pore  and f r o m  the su r face  to the 
volume at  the opposi te  side.  A heat  t r a n s f e r  through the pore  co r respond ing  to this flux is  evidently caused by 
the change in i ts  effect ive  hea t  conduction. 

Note that  the concentra t ion d i f ference  at  the su r face  and the m a s s  flux due to sur face  diffusion cause a 
shift  in the bulk equi l ibr ium concentra t ion and hence m a s s  t r a n s f e r  in the opposi te  d i rec t ion in the deeper  
l a y e r s  and in the gra in  volume.  Adopting the model  of the e l e m e n t a r y  s tages  of he te rogeneous  p r o c e s s e s  de -  
veloped in [11], i t  m a y  be a s s u m e d  that both m a s s  f luxes a re  localizecl in the sur face  l aye r .  The resu l t ing  
m a s s  flux in the m a t e r i a l  depends on the ra t io  between these f luxes [10], but the effect ive heat  t r a n s f e r  r e -  
mains  in all  cases .  

To  e s t ima t e  the s ize  of this ef fec t ,  cons ider  a pore  model  in the f o r m  of a finite cyl inder  of d i a m e t e r  d 
and height 5. The plane pa ra l l e l  ends of the cyl inder  a r e  at  t e m p e r a t u r e s  Tl and T2; to be spec i f ic ,  le t  T 1 > T 2. 
The t e m p e r a t u r e  dis t r ibut ion along the gene ra t r ix  of the pore  is l inear .  Assume  fu r the r  that an impur i ty  is 
segrega ted  in the su r face  l aye r  of the p o r e ,  of th ickness  h; the impur i ty  concentra t ions  a t  the plane ends of the 
pore  co r re spond  to Eq. (1), and a r e  p(Tt) and P(T2). The m a s s  flux over  the side sur face  of the cyl inder  is 

] = D  p (r,) - -  p (T2) ~dh. (2) 

He re  D is  the sur face-d i f fus ion  coefficient .  

Substi tuting the  va lues  of Pt and P2 into Eq. (2), and taking into account  that AQATART 2 << 1, where  &T = 
T 1 - T2,  T = {TIT2) 1/2, the following r e s u l t  is obtained 

adh AQAT 
] = D  p(T) - -  (3) 

5 RT 2 

The effect ive heat  t r a n s f e r  through the pore  is 

q ]AQ D . a d h  (AQ)ZAT 
= = p ( r )  ( 4 )  

6 RT ~ 

Defining the a s soc ia t ed  component  of the pore  heat  conduction as  

i t  f o l l o w s  that  

�9 E q 46 
i .  - . . . . .  , ( 5 )  

AT ad ~ 

3. e = Dp (T) (AQ)-----~+" �9 41___~z (6) 
RT 2 d 

Note at once that  this e x p r e s s i o n  has  been der ived on the bas i s  of a very  coa r s e  schemat iza t ion  of a c o m -  
plex p r o c e s s .  In p a r t i c u l a r ,  the concepts  developed in [7, 8, 10] may  be used to ref ine the dfffusional-f lux 
pa ths ,  to dis t inguish between diffusional mot ive  fo r ce s ,  to take into account  the nonequi l ibr tum fea tu re s  of the 
p r o c e s s  and the spec i f ic  f ea tu res  of the individual diffusion m e c h a n i s m s ,  etc.  However ,  this leads  to con-  
sider 'able compl ica t ion of the caIcuIat ions  and, above all ,  to the appearance  of new p a r a m e t e r s  which a r e  not 
easy  to de te rmine .  Accord ingly ,  a f i r s t  e s t i ma t e  will  be made using Eq. (6). 

As a p r e l i m i n a r y ,  the o rde r  of the absolute  heat  conduction (3t 6) of m i c r o c r a c k s  (or pores)  at  a grain 
boundary is de te rmined ;  this is n e c e s s a r y  for  the in te rpre ta t ion  of expe r imen ta l  data on the effect ive heat  
conduction of the m a t e r i a l  (Xeff). Suppose that the effect ive contact  a r ea  between pa r t i c l e s  at  grain bounda- 
r i e s  (~2) is  1-5% of the grain c r o s s - s e c t i o n a l  a r e a ,  while the m i c r o c r a e k  (boundary) th ickness  5 is 0.1-1% of 
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the par t i c le  d iamete r .  This  o rde r  of magnitude follows f r o m  boundary - s t ruc tu re  invest igat ions in p o l y c r y s -  
talline m a t e r i a l s  [7, 12], and al lows the change in keff in var ious  gaseous media to be explained [13, 14]. With 
the given p a r a m e t e r s  it may  readi ly  be shown, us ing the equations proposed  in [13], that the value of X 5 mus t  
be 5 .10-5 -10  -3 W/1O -3 OK in o rde r  to ensure  the exper imenta l ly  obse rved  heat-conduct ion values  of p o l y c r y s -  
tall ine r e f r a c t o r y  oxides at  T = 1000~ 

The p a r a m e t e r s  in Eq. (6) will now be es t imated .  In accordance  with [7, 8], suppose that AQ = 20 kca l /  
mole ;  le t  M = 16 g/mole,  p = 106 g/m 3, h = 10 -s m ,  and T = 1000~ The sur face-d i f fus ion  coefficient  of va r ious  
e lements  is 10-9-10 -7 cm2/sec in po lyc rys t a l s  and 10-7-10 -5 cm2/ sec  Inv i t r eous  phase  [7, 8]. ]~ is suggested in[15] 
that the boundary s t ruc tu re  of c e r a m i c  m a t e r i a l s  and, cor respondingly ,  the diffusion coefficient  co r re spond  
m o r e  closely to data on the v i t reous  phase .  Since a highly i r r e g u l a r  boundary may be r ega rded  as an u l t r a -  
pore  s t ruc tu re  [7, 12, 15], d may va ry  ove r  the range  10-8-10 -6 m.  Values of k E calculated for  di f ferent  
values  of D and d a re  shown in Table  1. It  is evident  f r o m  Table  1 that  for  the given p a r a m e t e r  values  k E takes  
values  of 10-5-10 -3 W/10 -3 deg K in u l t r a p o r e s ,  i .e . ,  makes  a m a r k e d  contribution to the effect ive heat  conduc- 
tion of the ma te r i a l .  With d e c r e a s e  in t e m p e r a t u r e ,  the diffusion coeff icient  fal ls  sharply  (as an exponential  
with a l a rge  exponent) and, cor respondingly ,  so does h E,  which a lso  ag rees  with expe r imen ta l  data on the 
effect ive  heat  conduction of r e f r a c t o r y  m a t e r i a l s  on attenuation of the gaseous medium.  In view of the l imited 
ra te  of diffusional m a s s  t r a n s f e r  in the model  adopted,  the contribution of the given m e c h a n i s m  to the e f fec -  
t ive heat  conduction of m a c r o p o r e s  is negligibly smal l .  
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