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The r e s u l t s  of an  e x p e r i m e n t a l  s tudy of the t e m p e r a t u r e  dependence  of the t h e r m a l  conduc-  

t iv i ty  of c e r a m i c  m a t e r i a l s  u n d e r  cond i t ions  of r a r e f a c t i o n  of the gas m e d i u m  a r e  exp la ined  
by p r o c e s s e s  of d e g a s s i n g  of the m a t e r i a l  du r ing  the e x p e r i m e n t .  

Experimental studies [I, 2] show that the thermal conductivity of refractory materials based on alu- 
minum and magnesium oxides in a vacuum differs sharply from the data at normal pressure not only in 
absolute value but also in the nature of the temperature dependence. In particular, according to [i, 2] the 
thermal conductivity of corundum and magnesite ceramic displays a positive temperature coefficient at a 
pressure of the external medium of i0 -4 mm Hg and at low temperatures. At increased temperatures a 

breakdown in the monotonic nature of the curve of thermal conductivity of magnesite ceramic is observed 
under conditions of the same pressure of the external medium. The latter is confirmed by our data, ob- 
tained on an instrument described in [3] (Fig. la). 

Attention must also be drawn to the hysteresis in the temperature dependence of the thermal conduc- 
tivity of magnesite ceramic (Fig. la). The data obtained during heating of the samples are located above 
the values of the thermal conductivity measured during cooling. 

interpretation of these facts on the basis of the known methods of calculation is not successful. The 
best results (Fig. la, b) are obtained with calculation by the equation proposed in [4]. At the same time, 
calculation by this equation does not give the nature of the temperature dependence of the thermal conduc- 
tivity with rarefaction which was discovered experimentally. The growth in thermal conductivity with 

TABLE i. Calculation of Pressure in Pores of Corundum Ceramic 

at an External Pressure of 10 -4 mm Hg 

JSotlrce T, ~ 200 400 600 800 900 1000 N o t e  

Xexp, W/m �9 deg 

ksk , W/m. deg 

M 

~6" 10 4 

~5" 104' W/m .deg 

I7.105, N/m .deg 

k o.10 a,w/m-deg 

H, mm Hg 

1,1 1,15 1,25 

22,4 13,1 9,12 

0,I02 0,183 0,28 

0,12 1 4,5 

2, 15 6,3 19,5 

i ,50 

J 

7,21 
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7,5 

25,9 

6,95 

1,68 

6,68 

0,526 

9,2 

29,5 

6,99 

1,86 

6,16 

0,63 

15 

44,4 

6,88 7,4 

39,4 

14,4 

7,35 

52 

45,2 

7,1 

62,5 
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71,6 76,6 

210 242 

79,6 
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5:10 -~ In 
L =  10 -4  m 
a:O,05 
P=24% 

I(P, v) 
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Fig.  1. Thermal  conductivity of magnesite (a) and corundum 
(b) ce ramic  at different p res su res  (W/m.  deg): 1) 760 mm 
Hg; 2) 10-4; 1') 760; 2') 10 -4 (during heating); 3') 10 -4 
(during cooling). Solid curves are  experimental  data of [1], 
dashed curves are  authors '  experimental  data, and d a s h -  
dot curves are  calculated functions (without allowance for 
degassing).  

ra refac t ion  is explained in [1, 2] by an increase  in the radiant  component of heat conduction. At the same 
t ime, the concrete  es t imates  of [3-7] show that because of the small  size of the mic roc racks  the radiant 
component does not make a significant contribution to the effective thermal  conductivity, especial ly for 
dense r e f rac to ry  mate r ia l s .  The change in the monotonic nature of the thermal  conductivity curve (Fig. 
la) is not even discussed in [1-2]. 

In the present  repor t  an at tempt is made to explain the tempera ture  dependence of the thermal  con- 
ductivity with rarefact ion of the gas medium by p rocesses  of gas re lease  f rom the ce ramic .  

It is known [8, 9] that there is a large amount of absorbed gas in ce ramic  ma te r i a l s .  This gas is 
re leased  during heating and can a l ter  the p ressu re  by an order  of magnitude or  more  in an evacuated vol- 
ume of the test  samples .  Besides the absorbed and adsorbed gas,  with a decreased  pa r t i a loxygenpres su re  
and an increase in tempera ture  a powerful source of gas re lease  is the dissociation of oxides of variable 
valency, in par t icu lar  Fe203, TiO2, etc.  [10], of which there are  usually admixtures in r e f rac to ry  m a t e -  
r ials  [11]. In par t icular ,  durIng the heating of magnesite ce ramic  under conditions of rarefact ion it 
whitens, which is connected with the convers ion of admixtures of Fe203 Into FeO. In connection with the 
above it can be assumed that because of the great  hydraulic res is tance  of the fine pores and m i c r o c r a c k s ,  
the p ressu re  in them differs considerably f rom the p res su re  in the volume of the vacuum chamber .  In the 
presence  of a large rese rve  of absorbed gas in the solid phase of the ceramic  and with a constant external  
p re s su re ,  t h e p r e s s u r e  In the pores may remain  constant for a long t ime.  We note that in this case the 
p res su re  in the fine pores and mic roc racks  at  the contact between par t ic les  can be considerably g rea te r  
than in the large pores which have relat ively low hydraulic res i s tance .  Below an attempt is made to es t i -  
mate the p ressu re  in the m i c r o c r a e k s .  

Let us assume that the d isagreement  in the calculated and experimental  curves of thermal  conductivity 
(Fig. l a ,  b) is entirely due to the incor rec t  est imate of the p ressu re  in the mic roc r acks .  One can calcu-  
late the p ressu re  for the condition of agreement  of calculation and experiment .  

Let us dwell in more  detail on the course of the calculation. The model and calculating equation pro-  
posed in [4] is taken as the basis .  The equation for the efficiency of heat conduction can be represented  in 
the following form: 

= M ) , s k f ( P ,  v). (i) 

The function f ( P ,  v) in the case of open porosi ty must  be calculated from G. N. Dul 'nev 's  equation 
[12]. The pa rame te r  M is a function of the pa ramete r s  of the s t ruc ture  and the thermal  conductivity of the 
gas 
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F i g .  2. T e m p e r a t u r e  d e p e n d e n c e  of p r e s s u r e  in m i c r o c r a e k s  
of r e f r a c t o r y  c e r a m i c  a t  d i f f e r e n t  e x t e r n a l  p r e s s u r e s :  1) 6 
m m  Hg; 2) 1; 3) 10-1; 4) 10-4; 5) 760. So l id  c u r v e s  a r e  

S h L B - 0 . 4 ;  d a s h e d  c u r v e  is c o r u n d u m  c e r a m i c ;  d a s h - d o t  
c u r v e  is m a g n e s i t e  c e r a m i c .  

F i g .  3.  Dependence  of a c t i v a t i o n  e n e r g y  on t e m p e r a t u r e  a t  
d i f f e r e n t  e x t e r n a l  p r e s s u r e s  ( k c a l / m o l e ) :  1) 6 m m  Hg; 2) 1; 
3) 10-1; 4) 10-4; 5) 760. So l id  c u r v e s  a r e  S h L B - 0 . 4 ;  d a s h e d  
c u r v e  is c o r u n d u m  c e r a m i c ;  d a s h -  dot  c u r v e  i s  m a g n e s i t e  

c e r a m i c .  

M = M ( a ,  fl66). (2) 

The t h e r m a l  c o n d u c t i v i t y  ~ of the gas  in the m i c r o c r a e k s  is  c o n n e c t e d  wi th  the p r e s s u r e  H and  the 
t h i c k n e s s  6 of the m i c r o e r a c k s  by the equa t ion  [13] 

~'o (3) 
~'6 - -  H T  ' 

l + - -  
I f 6  

whe re  

I I  -~ 4 c v / c ,  (2 - -  A) K 

The d e p e n d e n c e  (2) is  c a l c u l a t e d  and  p r e s e n t e d  in the f o r m  of g r a p h s  in [14]. The c a l c u l a t i o n  was  
c o n d u c t e d  as  f o l l o w s .  

The  c o e f f i c i e n t  M was  d e t e r m i n e d  f r o m  the equa t ion  

M -- (4) 
~sk/ (P ,  v) 

The  t h e r m a l  c o n d u c t i v i t y  of the m a t e r i a l  was  d e t e r m i n e d  e x p e r i m e n t a l l y ;  the l i t e r a t u r e  da ta  p r e -  
s e n t e d  in F i g .  l a ,  b w e r e  u s e d  in p a r t i c u l a r .  The  m e t h o d  of d e t e r m i n i n g  ~sk is  d e s c r i b e d  in [5, 6]. The 
p a r a m e t e r s  of the t e x t u r e  w e r e  c h o s e n  on the b a s i s  of the known da ta  on the s t r u c t u r e  of r e f r a c t o r y  m a t e -  
r i a l s  [11] and  f r o m  the cond i t ion  of a g r e e m e n t  of c a l c u l a t i o n  and  e x p e r i m e n t  a t  low t e m p e r a t u r e s .  I t  can  
be shown tha t  the a c c u r a c y  in the cho i ce  of the p a r a m e t e r s  has  a l m o s t  no e f f ec t  on the e r r o r  in d e t e r m i n i n g  
the p r e s s u r e  H. Th i s  is  c o n n e c t e d  wi th  the m u t u a l  c o m p e n s a t i o n  of d i f f e r e n t  s y s t e m a t i c  e r r o r s .  

F r o m  the v a l u e s  of M found we d e t e r m i n e d  ~5 and  

~6 = ~'sksk (5) 

on the  b a s i s  of E q .  (2). 

Then  the p r e s s u r e  H was  c a l c u l a t e d  u s i n g  E q .  (3).  

An e x a m p l e  of the c a l c u l a t i o n  of the p r e s s u r e  in the m i c r o c r a c k s  of c o r u n d u m  c e r a m i c  on the b a s i s  
of the e x p e r i m e n t a l  da t a  p r e s e n t e d  in F i g .  l b  is  p r e s e n t e d  in T a b l e  1. The c a l c u l a t i o n  was  conduc ted  with  
the p a r a m e t e r s  5 = 10 -7 m,  L = 10 -4 m ,  d = 0 . 0 5 ,  and  P = 24~ .  

1227 



As seen f rom Table 1, the p ressu re  in the pores increases  with temperature  and differs by severa l  
orders  of magnitude f rom the p ressu re  in the chamber .  Similar  resul ts  occur  for other r e f r ac to ry  mate-  
r ials  (Fig. 2), in par t icu lar  the ul tral ight-weight  ShLB-0 .4  br ick with a porosi ty of 80%. 

An explanation for  the breakdown of the monotonic nature of the )t(T) curve for  magnesite r e f r ac to ry  
mater ia ls  can be given on the basis of the hypothesis of a p ressu re  difference between the pores and the ex- 
ternal  medium. The p res su re  in the pores increases  with an increase in tempera ture ,  which corresponds 
to a positive tempera ture  coefficient.  When the p res su re  in the mic roe racks  reaches  760 mm Hg the tem-  
pera ture  dependence begins to depend mainly on Xsk, and MT) has a negative temperature  coefficient.  The 
hys teres is  in the thermal  conductivity (see Fig.  la) during cooIing and reheating is obviously explained by 
gradual degassing of the ce ramic .  

The qualitative argument  given above indicates an increase  in the p ressu re  in the pores ,  but at  the 
same time it is desirable to have an additional argument  for  confirmation of the assumption that there is a 
sharp  p ressu re  difference between the mic roc racks  and the external  medium. Unfortunately, there are  
a tp resen tno techno log ica l  means for  the direct  measurement  of the p ressu re  in m i c r o c r a c k s .  The degas-  
sing time for  ce ramic  was es t imated on the assumption that the contact between the baked part icles  r ep re -  
sents a sys tem of semiclosed  pores having an exit opening 10 -9 m in diameter ;  each pore can be filled 103 
times with gas at  normal  p r e s su re .  The es t imates  showed that the degassing time is 30 days or  more ,  
i . e . ,  in ordinary experiments  on thermal  conductivity not exceeding 10-15 h the effect of a degassing de- 
c rease  can be observed in the form of hys te res i s  in the thermal  conductivity, which was discovered (Fig. 
la ) .  

The calculated values of the p ressu re  in mic roc racks  can be justified by methods of thermodynamics  
by comparing the activation energy  of the degassing process  with cer tain data on the energy of: desorption 
of gases f rom ceramic  ma te r i a l s .  At low tempera tures  one can expect values of 2-10 kcal /mole  [8, 16] 
for  the energy corresponding to physical  desorption; with an increase in temperature  the activation energy 
corresponds  to p rocesses  of chemosorpt ion and diffusion of 20-100 kcal /mole  [16-17]. 

Fo r  the case of equilibrium sys tems  the connection between the gas p res su re ,  temperature ,  and 
activation energy of desorption is given by the well-known Clapeyron-Clausius  equation. We can show that 
an analogous equation is valid in our case .  

Let us consider  a sys tem consist ing of two phases.  We will assign the subscr ip t  1 to the f i r s t  phase 
(the gas absorbed on the surface) and the subscr ipt  2 to the second (the gaseous phase). The sys tem is 
thermosta t ic ,  i . e . ,  all the thermal  effects are  compensated for  by an external  heat source .  We take the 
tempera tures  of the two phases as equal (T 1 = T 2 = T). The p re s su res  of the phases are  H i and H 2. A 
flow of gas f rom phase 1 to phase 2 occurs  in connection with the p ressu re  drop. The steadiness of the 
p re s su res  is a ssured  by the large r e se rve  of gas in the ce ramic  and by communication with the external  
medium to which the gas is drawn off. 
of the two phases: 

Let us write equations for the thermodynamic (chemical) potentials 

Z1 = UI  - -  T S I  @ H1VI '  (6) 

Z 2 =~ U~. - -  T S ~  + H 2 V  2. 

We assume that 

/-/1 -- H - -  A/-/1, AH~ = const, 

H ~ = H -  AN2, AH~=const, 

where H is the equilibrium p res su re  corresponding to the temperature  T. 

Z 1 - -  U 1 -  TS~ - -  H V  1 - -  AH1V1,  

Z 2 = U~ - -  T S ~  ~- H V ~  - -  Af t~V. . .  

Then 

Because of Eqs.  (7) we have 

(7) 

(8) 

d Z  1 = d Z >  (9) 

i . e .  
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- -  S l d T  -b V ldH = - -  $2 d T  ~ V2dH, 

d H  __ S~ - -  Sj  r (1 O) 

d T  V~. - -  VI (V~ - -  V 1) T " 

The p r e s s u r e  H is unknown, and at  the same  t ime it follows f r o m  the conditions (7) that 

dH 2 dH 
- -  (11) 

d T  d T  

Neglect ing the spec i f ic  volume of the adsorbed  m a t e r i a l  and using the equation V 2 = RT/H2,  we obtain 

d In H2 r 
- ( 1 2 )  

d ( 1 / T )  R 

Equation (12) is analogous to the Clapeyron-Claus ius  equation for  equi l ibr ium s y s t e m s .  In addition 
it should be emphas i zed  again that in this equation we use  not the equi l ibr ium p r e s s u r e  but the p r e s s u r e  of 
the gas in the m i c r o c r a c k  under  conditions of continuous evacuat ion.  Equation (12) is c o r r e c t  when the 
conditions (7) a re  sa t i s f ied ,  i . e . ,  when the curves  H 2 (T) a re  equidis tant  under  conditions of a different  
p r e s s u r e  in the vacuum c h a m b e r .  The l a t t e r  can s e rve  as a means  of exper imen ta l ly  tes t ing the l imi ts  of 
appl icabi l i ty  of Eq.  (12) for  the s y s t e m s  studied.  As seen  f r o m  the expe r imen ta l  curves  p resen ted  in Fig .  
2, the functions tt 2 ( T ) a r e  a r r a n g e d  equidis tant ly  fo r  di f ferent  m a t e r i a l s .  The phase  t rans i t ion  energ ies  
(Fig.  3) ca lcula ted  on the bas is  of the H 2 (T) cu rves  a r e  in s a t i s f ac to ry  a g r e e m e n t  with the l i t e ra tu re  data 
indicated above for  heats  of desorp t ion .  

We note in conclusion that  the a rguments  p resen ted  provide a bas i s  for  cons ider ing  the hypothesis  
that the t e m p e r a t u r e  dependence of the t he r ma l  conductivity under  conditions of r a r e f ac t ion  of the ex te rna l  
med ium is connected with p r o c e s s e s  of degass ing  of the c e r a m i c  as suff icient ly ]ust if ied.  

NOTATION 

%, ?~sk, ?~5: c o e f f i c i e n t s  of effect ive t h e r m a l  conductivity and of t he rma l  conductivity of skeleton 
(solid phase) and m i c r o c r a c k s ;  M: p a r a m e t e r  cha rac t e r i z ing  the ef fec t  of m i c r o c r a c k s  on t h e r m a l  con-  
ductivity; / ( P ,  v): function cha rac t e r i z ing  the ef fec t  of open pores  (except  for  m i c r o c r a c k s )  on t h e r m a l  
conductivity;  P: poros i ty ;  v = ~2/Xsk; ~2: t he rma l  conductivity of ga s in pores ;  a = d/A: ra t io  of d i ame te r  
of contact  spot  between pa r t i c l e s  to d i a m e t e r  of pa r t i c l e s ;  6 = 5 /L:  r a t io  of thickness of m i c r o c r a c k s  to 
dis tance between m i c r o c r a c k s ;  X 6 = ~th/?~sk; Cp/Cv: heat  capaci ty  of gas at  no rma l  p r e s s u r e  and volume; 
K: Bol tzmann constant;  A: accommodat ion  coefficient  (taken as equal to 1); Pr :  Prandt l  number ;  H: 
p r e s s u r e  in microcraeks~; T i, Ui, S1, Hi, V1, T2, U2, $2, H2, V2: t e m p e r a t u r e ,  in ternal  energy ,  entropy,  
p r e s s u r e ,  and speci f ic  volume of phases  1 and 2; r: ac t ivat ion energy;  R: un ive r sa l  gas constant .  
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