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Methods of investigating, improving, and intensifying the clay firing 
process are examined, 

The b r o a d  i n t ens i f i c a t i on  of the hea t  t r e a t m e n t  
(drying,  f i r i ng )  of co l lo ida l  c a p i l l a r y - p o r o u s  m a t e r i a l s  
i s  ch ie f ly  l i m i t e d  by the i r  ab i l i t y  to r e s i s t  heat .  

In gas  k i ln s ,  w h e r e  hea t  is  ch ief ly  t r a n s f e r r e d  by 
convect ion ,  high r a t e s  of f low of hot  gas  through the 
k i ln  zones  a r e  r e q u i r e d  to ach ieve  high t e m p e r a t u r e s .  
Under  t hese  condi t ions ,  the t e m p e r a t u r e  f i e lds  over  
the c r o s s  s ec t i on  of the k i ln  and the s p e c i m e n  a r e  non-  
un i fo rm.  The nonuni fo rmi ty  of the t e m p e r a h t r e  d i s t r i -  
but ion  (high g r a d i e n t s )  f r equen t ly  l e a d s  to po ten t i a l ly  
d e s t r u c t i v e  t e m p e r a t u r e  s t r e s s e s  and s t r a i n s .  Avoiding 
th is  i s  d i f f icul t ,  s ince  gas  k i lns  a r e  not we l l  adapted  to 
au toma t i c  t e m p e r a t u r e  r egu la t ion .  The s m a l l  work ing  
vo lumes  of e l e c t r i c  k i lns  make  p o s s i b l e  the s t ab le  
ma in t enance  of the n e c e s s a r y  hea t ing  r e g i m e s  and hence 
a c o n s i d e r a b l e  r educ t i on  in h e a t - t r e a t m e n t  t ime .  

The r a d i a n t  heat ing technique in e l e c t r i c  k i lns  f a -  
v o r s  the d e v e l o p m e n t  of g r a d i e n t l e s s  hea t ing  Zones and 
c o r r e c t  f i r i ng  condi t ions .  

Clays  and k a o l i n s  a r e  f i r e d  at  high t e m p e r a t u r e s .  
The p r i n c i p a l  ob jec t  is  to r e m o v e  the g a s e o u s  c o m -  
ponents  and obta in  a p roduc t  of d i f f e r en t  c h e m i c a l  c o m -  
pos i t i on  with new m e c h a n i c a l  p r o p e r t i e s .  

During the d ry ing  p r o c e s s  a l l  the m o i s t u r e ,  a p a r t  
f r o m  the c h e m i c a I l y  bound m o i s t u r e ,  i s  r e m o v e d  f r o m  
the c lay .  P.  A. R e b i n d e r ' s  c l a s s i f i c a t i o n  of the f o r m s  
of m o i s t u r e  b inding is  b a s e d  on the d e g r e e  of r e t e n t i o n  
of m o i s t u r e  by the m i n e r a l .  Most  s t r o n g l y  bound i s  
the c h e m i c a l  m o i s t u r e  (water  of c r y s t a l l i z a t i o n ) .  It i s  
r e m o v e d  at  r e l a t i v e l y  high t e m p e r a t u r e s  (550-650  ~ C), 
whereupon  the c r y s t a l  l a t t i ce  of the m i n e r a l  kao l in i t e  
is  d e s t r o y e d  and the subs tance  m e t a k a o l i n i t e  with a new 
s t r u c t u r e  and p r o p e r t i e s  i s  f o rmed .  The a s s o c i a t e d  
vo lume changes  m a y  involve  unaccep tab l e  d e f o r m a t i o n  
and c r a c k i n g  which  a d v e r s e l y  a f fec t  the e x t e r n a l  a p -  
p e a r a n c e  of the a r t i c l e  and t echn ica l  c h a r a c t e r i s t i c s .  

Our e x p e r i m e n t a l  au toma t i c  e I e c t r i c  fu rnace  [1] has  
enabled  us to make  a de t a i l ed  s tudy of  the f i r i ng  p r o -  
c e s s  and e s t a b l i s h  the p r i n c i p a l  c a u s e s  of c r ack ing .  

To obta in  the b e s t  p o s s i b l e  p roduc t  i t  i s  n e c e s s a r y  
to know the laws of hea t  and m a s s  t r a n s f e r  throughout  
the p r o c e s s .  In a c c o r d a n c e  with our  method  of i n v e s t i -  
ga t ion  [2], the e n t i r e  f i r i ng  p r o c e s s  was d iv ided  into 
t h ree  s t a g e s  s tud ied  s e p a r a t e l y .  This  made  i t  p o s s i b l e  
to i m p r o v e  the qua l i ty  of f i r i ng  and e s t a b l i s h  the op t i -  
mum hea t ing  c u r v e .  At  the v e r y  beginning  of the in -  
ves t iga t ion ,  to avoid  d e s t r u c t i o n  of the s p e c i m e n s ,  the 

h e a t - t r e a t m e n t  p r o c e s s e s  ( including drying)  we re  
c a r r i e d  out on the s a m e  a p p a r a t u s .  Thus we w e r e  able  
to avoid m i c r o c r a c k s  in s p e c i m e n s  d r i e d  to cons tan t  
weight .  As the  e x p e r i m e n t s  r e v e a l e d ,  when the d ry ing  
and f i r i n g  p r o c e s s e s  a r e  s e p a r a t e ,  a f t e r  d ry ing  in m o s t  
c a s e s  the a r t i c l e  a b s o r b s  m o i s t u r e  f r o m  the su r round ing  
m e d i u m  owing to i t s  a d s o r p t i o n  p r o p e r t i e s ,  which in -  
vo lves  the f o r m a t i o n  of m i c r o c r a c k s .  Combining the 
two p r o c e s s e s  (dry ing  and f i r ing)  in a s ingle  a p p a r a t u s  
enab led  us  to i m p r o v e  the qual i ty  of the  a r t i c l e  and, 
by r educ ing  the du ra t i on  of hea t  t r e a t m e n t ,  a c c e l e r a t e  
the p r o c e s s .  We found that  in f i r ing  p r o c e s s e s  the mos t  
i m p o r t a n t  s t age  is  the dehyd ra t i on  pe r iod .  Thus, in 
each  ind iv idua l  c a s e ,  depending on the p r o p e r t i e s  of 
the m a t e r i a l  and the s ize  of the s p e c i m e n ,  a p a r t i c u l a r  
op t imum heat ing  r e g i m e  i s  r e q u i r e d .  In the case  of 
kao l in i t i c  c l ays ,  the r educ t i on  of s t r e n g t h  dur ing  the 
d e h y d r a t i o n  p e r i o d  i s  due to the d e s t r u c t i o n  and r e o r -  
gan iza t ion  of the c r y s t a l  l a t t i c e  of the kao l in i t e .  A c -  
co rd ing ly ,  they m u s t  be f i r e d  at  r e l a t i v e l y  low heat ing  
r a t e s  and m o d e r a t e  t e m p e r a t u r e  d r o p s .  

In a c c o r d a n c e  with the method  of i nves t iga t ion  de -  
ve loped ,  the hea t ing  condi t ions  ( f rom room t e m p e r a t u r e  
to 1000-1200 ~ C) for  these  m a t e r i a l s  wi l l  be op t imum 
if: 1) for  s p e c i m e n s  f r o m  25 to 32 m m  in d i a m e t e r  the 
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F ig .  1. T e m p e r a t u r e  g r aphs  for the hea t ing  of a c y -  
l i n d r i c a l  s p e c i m e n  (D = 35 ram) of P r o s y a n o v s k  k a o -  
l in  (t, ~ 7, min):  1) t e m p e r a t u r e  of med ium;  2) 
su r f a c e  t e m p e r a t u r e  of spec imen ;  3) t e m p e r a t u r e  at  

c en t e r  of s p e c i m e n .  
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heat ing ra te  is  5 -6  deg /min ,  the t e m p e r a t u r e  drop be -  
tween the sur face  andthe  cen te r  of the a r t i c l e  30-35  ~ C. 
In f i r ing  spec imens  more  than 35 m m  in d i ame te r ,  it is  
n e c e s s a r y  dur ing the dehydra t ion  per iod to go over to 
a r e g i m e  with constant  heating t e m p e r a t u r e  (Fig. 17; 
27 for  spec imens  up to 25 m m  in d i ame te r  the heat ing 
ra te  is 7 -8  deg /min ,  the t e m p e r a t u r e  drop up to 40 ~ C. 

After  dehydrat ion the s t reng th  and modulus  of e l a s -  
t ic i ty  of kaol in i t ic  c lays  i n c r e a s e  with fur ther  heating.  

In the case of r e f r a c t o r y  clay f rom the Chasov-Yar  
deposit ,  the phenomena assoc ia ted  with r e c o n s t r u c t i o n  
of the c rys t a l  la t t ice  dur ing  the dehydra t ion  per iod a re  
l e s s  c l e a r l y  exp re s sed  than in the case of kaol ini t ic  
c lays .  Accordingly ,  h igher  heat ing r a t e s  a re  p e r m i s -  
s ible  for  this  ma t e r i a l .  Thus, for example,  spec imens  
f rom 25 to 32 m m  in d i ame te r  can be heated at r a tes  
up to 12 d e g / m i n  and t e m p e r a t u r e  drops  on the o rde r  
of 40-45  ~ C. 

In f i r ing  spec imens  more  than 32 m m  in d i ame te r  
it  is  n e c e s s a r y  to go over  to a r eg ime  with cons tant  
h e a t i n g t e m p e r a t u r e  dur ing  the dehydrat ion period.  For  

spec imens  up to 25 mm in d iamete r ,  a heat ing ra te  of 
15 d e g / m i n  and t e m p e r a t u r e  drops up to 50 ~ C a re  p e r -  
m i s s i b l e .  

When a c e r amic  a r t i c l e  is  heated, a s tate  of volume 
s t r e s s  is  c rea ted .  If the t h e r m a l  s t r e s s e s  exceed the 
s t rength  of the ma t e r i a l ,  i t  d i s in t eg ra t e s .  Therefore ,  
we also calculated the c r i t e r i o n  of c rack  format ion ,  
i .  e . ,  the m a s s  t r a n s f e r  n u m b e r  Ki '  for  the mos t  dan-  
gerous  f i r ing  period.  In the r e g u l a r - r e g i m e  stage,  the 
curve  r e p r e s e n t i n g  the m a s s  content  k ine t ics  is  de-  
s c r ibed  by an exponential  equation and the rate  of m a s s  
loss  of bound m a t t e r  dfi/dT is  propor t ional  to the a v e r -  
age m a s s  content  of the body. Then the coefficient  a '  
ca lcula ted  f rom the fo rmula  

a" = R i R 2  (R2 - -  R 1 )  

has the value a'  = 0.64 �9 10 -~ m2/hr .  

The coefficient  a ' ,  which is  expres sed  in the same  
uni ts  as the t he rma l  diffusivi ty a ,  c h a r a c t e r i z e s  the 
ine r t i a l  p rope r t i e s  of the body with r e s p e c t  to p ropa-  
gation of the m a s s  potential  field. 

The m a x i m u m  ra te  of m a s s  t r a n s f e r ,  de t e rmined  
f rom the f i r ing  k ine t ics  curve dur ing  this  period,  q'  = 
1.609 kg /m 2. hr .  The specif ic  m a s s  content  of the 
s p e c i m e n S 0  = 0.1621; the dens i ty  of the f i red  spec i -  
m e n  7o = 1800 k g / m  3. F r o m  these data we de t e rmined  
the m a s s  t r a n s f e r  Kirp ichev  number  

= q ' R  _ 1.609.0.011 ~ 0.95. 
Ki' a'u uo 0.64.10 -~. 1800.0.1621 

As noted in [3], the Ki' number  plays an impor t an t  
ro le  in  the technology of m i n e r a l  heat t r e a t m e n t  and 
can be used as a c r i t e r i o n  of c rack  format ion .  Its 
range  of va r i a t ion  is 0 < Ki'  < 2. 

The expe r imen ta l ly  obtained value Ki '  = 0.95 co r -  
r e sponds  to the mos t  dangerous  stage of f i r ing  f rom 
the s tandpoint  of c rack  format ion .  

Consequently,  the use  of the above-men t ioned  p e r -  
m i s s i b l e  heat ing r a t e s  and t e m p e r a t u r e  drops  leads to 
an in tens i f i ca t ion  of the f i r ing  p rocess .  At the same 
t ime,  the s t r e s s e s  developed in the spec imen  do not 
exceed the p e r m i s s i b l e  l imi t s .  

As our inves t iga t ion  has shown, the cooling per iod 
is a lso impor tan t .  During in tense  cooling af ter  m a x i -  
mum heating,  owing to the l a rge  t e mpe r a t u r e  drops 
between the sur face  and the cen te r  of the a r t i c l e  and 
as a r e s u l t  of modif ica t ional  changes in the body, i n -  
t e rna l  s t r e s s e s  leading to deformat ion  and even d i s i n -  
t egra t ion  may occur .  This is because  on the t e m p e r a -  
ture  in t e rva l  1200-800 ~ C the body undergoes  a phase 
t r a n s f o r m a t i o n  accompanied  by so l id i f ica t ion  of the 
glass  phase.  Accordingly ,  two-s tage  cooling was 
adopted as the sa fes t  p rocedure  (Fig. 2). 

On the t e m p e r a t u r e  in te rva l  1200-800 ~ C the opti-  
mum cooling ra te  is  4 - 5  d e g / m i n  for  P rosyanovsk  and 
Glukhovetsk kaol ins  and up to 8 d e g / m i n  for r e f r a c t o r y  
clay. 

Slow cooling p romotes  the m a t u r i n g  of the body, 
i. e . ,  the comple t ion  of all  the l iqu id-phase  r eac t ions ,  
which have a d i rec t  bea r ing  on i ts  mechan ica l  c h a r a c -  
t e r i s t i c s .  Cooling was in tens i f ied  beyond 800 ~ C (at 
10 d e g / m i n  for  kaol ins  and 15-16  d e g / m i n  for  r e f r a c -  
tory  clay). The reduc t ion  of the s t rength  c h a r a c t e r i s -  
t ics  and the i n c r e a s e  in  water  absorp t ion  of the tes t  
spec imens  at higher  cooling r a t e s  were  taken into 
account  in our  expe r imen t s .  

The water  absorp t ion  of the r e f r a c t o r y  clay was 
about 3% of i ts  own weight (approaching 4% for P r o s -  
yanovsk and Glukhovetsk kaol ins) .  These data indica te  
that the spec imens  were  well  f i red.  

The value obtained for the m a s s  t r a n s f e r  Kirpichev 
n u m b e r  was higher  than that given in [4]. Hence, our 
method of inves t iga t ion  opens up new poss ib i l i t i e s  for 
the improved  heat t r e a t me n t  and in tens i f ied  f i r ing  of 
m i n e r a l s .  

As a l ready  noted, the use  of rad ian t  heat ing e n s u r e s  
un i fo rmi ty  of heat ing and in tens i f ied  f i r ing.  Therefore ,  
e l ec t r i c  fu rnaces  a re  to be r e c omme nde d  for  wide use 
in connect ion  with the m a s s  f i r ing  of individual  a r t i c l e s ,  
the o rgan iza t ion  of product ion l ines  and automation,  

Fig.  2. T e m p e r a t u r e  graphs  for 
the two-s tage  cooling of spec i -  
m e n s  of P rosyanovsk  (a) and 
Glukhovetsk (b) kaol ins  and r e -  

f r ac to ry  clay (c). 
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and the f i r ing  of t h i n - w a l l e d  a r t i c l e s  to s t r i c t  d i m e n -  
s iona l  t o l e r a n c e s ,  when even b r i e f  t e m p e r a t u r e  d r o p s  
over  the work ing  space  of the fu rnace  a r e  unaccep tab l e .  
M o r e o v e r ,  e l e c t r i c  f u r n a c e s  have a number  of o ther  
advan tages  ove r  f l ame  f u r n a c e s :  a c c u r a t e  con t ro l  of the 
t e m p e r a t u r e  r e g i m e ,  to ta l  au toma t ion  of the f i r i ng  
p r o c e s s ,  r educed  p e r c e n t a g e  of r e j e c t s ,  noncon tamina -  
t ion of the p roduc t ,  sho r t ened  h e a t - t r e a t m e n t  t i m e s  
and, hence ,  i n t ens i f i ca t ion  of the p r o c e s s ,  e a s y  o p e r a -  
t ion,  i m p r o v e d  work ing  cond i t ions ,  etc .  

Consequent ly ,  in c o m p a r i s o n  with gas  k i lns ,  e l e c -  
t r i c  k i lns  p e r m i t  the au toma t i c  r e g u l a t i o n  of v a r i o u s  
hea t ing  r e g i m e s  ( l i nea r ,  combined)  ove r  a b r o a d  t e m -  
p e r a t u r e  r ange .  M o r e o v e r ,  they  a r e  r e l i a b l e  and v e r y  
e c o n o m i c a l .  As  noted in [5], s t a r t i n g  only f r o m  the 
t h e r m a l  equ iva len t  (without tak ing  the power  p lan t  e f f i -  
c iency  into account) ,  the hea t  consumed  i n f i r i n g  g l azed  
t i l e  i s ,  on a v e r a g e ,  for  the Czechos lovak  and A m e r i c a n  
i n d u s t r i e s  5 - 6  thousand  kca l  p e r  k i l o g r a m  of p roduc t  
in  o p e n - f l a m e  gas  k i ln s ,  10 -12  thousand kca l  in gas  
muff le  k i lns ,  and only 2 . 5 - 4  thousand k c a l  in e l e c t r i c  
k i ln s .  

E l e c t r i c  tunnel k i l n s  with h e a t e r s  made  by the Kan-  
t a l  Company of Sweden a r e  be ing  wide ly  u sed  ab road .  
In C z e c h o s l o v a k i a  an e l e c t r i c  tunnel k i ln  with K a n t a l -  
Super  h e a t e r s  is  being p lanned  fo r  f i r ing  s t e a t i t e  a r t i -  
c les  a t  1400 ~ C. The length  of the k i ln  is  36 m,  the 
annual  output 900 tons,  the i n s t a l l e d  power  250 kW [6]. 

S i m i l a r  k i lns  with K a n t a l - S u p e r  h e a t e r s  have been  
in t roduced  in Yugoslavia ,  Wes t  G e r m a n y ,  and F in l and  
for  p roduc ing  c a r b o r u n d u m  whee l s ,  d o m e s t i c  p o r c e -  
la in,  and e l e c t r i c a l  c e r a m i c s ,  r e s p e c t i v e l y  [6]. E l e c -  
t r i c  tunnel k i lns  a r e  u s u a l l y  on a s m a l l  s c a l e .  F o r  
e x a m p l e ,  the S i e m e n s - P l a n i a  ki ln ,  in tended for  f i r i n g  
at  t e m p e r a t u r e s  up to 1400 ~ C, has  a c r o s s  s e c t i o n  

of 0.15 m 2 and a to ta l  length  of 13.5 m. These  s m a l l  
vo lumes  make  i t  p o s s i b l e  to ma in t a in  a s t ab le  f i r ing  
r e g i m e ,  thus c o n s i d e r a b l y  r educ ing  the f i r ing  t ime .  
As f a r  a s  p o s s i b l e  k i lns  should be i n e r t i a l e s s .  Thus,  
for  example ,  the h e a t e r s  a r e  exposed  ins ide  the ki ln .  

The w i d e s p r e a d  in t roduc t ion  of e l e c t r i c  k i lns  in the 
c e r a m i c  i n d u s t r y  should  i n c r e a s e  the qual i ty  of p r o -  
duct ion,  f ac i l i t a t e  the work  and r educe  the number  of 
the ope ra t i ng  p e r s o n n e l ,  and cut  cos t s .  

To s u m m a r i z e ,  the op t imum heat ing  r e g i m e s  p r o -  
posed  a r e  des igned  to in tens i fy  the f i r i n g  p r o c e s s ,  
sho r t en ing  i t s  dura t ion  to 2 - 3  h r ,  i . e . ,  by a p p r o x i -  
m a t e l y  50% in c o m p a r i s o n  with o r d i n a r y  p roduc t ion  
condi t ions .  
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