
unequal .  It was shown that  the r ed i s t r i bu t i on  of the s t r e s s e s  in th is  c a se  may re su l t  in a s ignif icant  d e c r e a s e  
of the max imum tens ion  s t r e s s e s  in the spec imen .  
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T H E  D E F O R M A B I L I T Y  C H A R A C T E R I S T I C S  A S  A 

F A C T O R  IN T H E  C A L C U L A T I O N  O F  T H E  C R I T E R I A  

O F  T H E  T H E R M A L - S H O C K  R E S I S T A N C E  O F  

R E  F R A C  T O R I E S  

G .  A .  G o t o t s i  UDC 666.76.017:620.179.13 

The numerous  ca ses  where the ana ly t i ca l ly  p red i c t ed  t h e r m a l - s h o c k  r e s i s t a n c e  of r e f r a c t o r i e s  d i f fe rs  
f rom the e x p e r i m e n t a l  r e s u l t s  a r e  evidence of the un re l i ab i l i t y  of the ana ly t i ca l  methods used when deciding 
on r e f r a c t o r y  produc ts  for  p r a c t i c a l  p u r p o s e s .  An a n a l y s i s  of the s o u r c e s  of th is  d i s c r e p a n c y  [1, 2] showed 
that  to i n c r e a s e  the r e l i a b i l i t y  of the ana ly t i ca l  p red ic t ion  i t  i s  n e c e s s a r y  to take into account not only the con-  
di t ions in which the t h e r m a l  load is  appl ied  to the m a t e r i a l  but a l so  any d i f fe rence  there  may be between the 
c h a r a c t e r i s t i c s  of i t s  ac tua l  behavior  under  a t h e r m a l  load and the a s s u m e d  c h a r a c t e r i s t i c s  upon which the 
de r iva t ion  of the c r i t e r i o n  being used is based .  

It i s  known [1, 3] that nea r ly  a l l  conventional  c r i t e r i a  of t h e r m a l - s h o c k  r e s i s t a nc e  a r e  based on the a s -  
sumption that the e l a s t i c i t y  of the m a t e r i a l s  v a r i e s  l inear ly  r ight  up to the instant  of des t ruc t ion  whereas  many 
r e f r a c t o r i e s  of a he terogeneous  s t r u c t u r e  exhibi t  ine las t i c  deformat ion  at  high and even norma l  t e m p e r a t u r e s  
[4, 5]. 

In this  a r t i c l e  the c r i t e r i a  of t h e r m a l - s h o c k  r e s i s t a n c e  a r e  defined more  p r e c i s e l y  in o r d e r  to a r r i v e  at 
a m o r e  r e l i a b l e  a s s e s s m e n t  of the abi l i ty  of r e f r a c t o r y  m a t e r i a l s  to r e s i s t  the effects  of t h e r m a l  act ion.  It 
was shown e a r l i e r  [3] that  the c r i t e r i o n  of t h e r m a l - s h o c k  r e s i s t a n c e ,  which defines the r e s i s t a n c e  of a m a t e r i a l  
to c r a c k i n g  on the bas i s  of the theory  of max imum s t r e s s e s ,  can be wri t ten as  fol lows:  

~U 
A = -~- B, (1) 

where ~u i s  the u l t imate  s t rength ;  E,  the e las t i c  modulus;  ~ ,  the coeff ic ient  of l i nea r  t h e r m a l  expansion;  and 
B, a p a r a m e t e r  which e x p r e s s e s  the c h a r a c t e r i s t i c s  of the format ion  of uneven t e m p e r a t u r e  f ie lds .  

The c r i t e r i o n  of t h e r m a l - s h o c k  r e s i s t a n c e  based  on the s t a t i s t i c a l  theory  of s t rength  [6, p. 643] can be 
eas i ly  e x p r e s s e d  in the same  fo rm in which ca se  the p a r a m e t e r  B wil l  take  into account a l so  the s t a t i s t i c a l  
c h a r a c t e r i s t i c s  of the m a t e r i a l .  

The ra t io  au /E~  f rom Eq. (1) s o m e t i m e s  ca l l ed  the R c r i t e r i o n ,  d e s c r i b e s  the r e s i s t a n c e  to t h e r m a l  
de format ion  and e x p r e s s e s  the logica l  a s sumpt ion ,  which a g r e e s  with the theory  of t h e r m o e l a s t i c i t y ,  that  when 
the de fo rmab i l i t y  of the m a t e r i a l  i s  high (~u/E i s  the l imi t ing  deformat ion  accord ing  to Hooke 's  law) and i ts  co -  
eff ic ient  of l i nea r  t h e r m a l  expansion low i t s  t h e r m a l - s h o c k  r e s i s t a n c e  will  be high. 

The c r i t e r i o n  [7] which e x p r e s s e s  the r e s i s t a n c e  to c r ack ing  i s  based on a log ica l  a s sumpt ion  which a g r e e s  

Ins t i tu te  of Strength of M a t e r i a l s ,  Academy of Sciences  of the Ukrainian  SSR~ Trans l a t ed  f rom Ogneupory,  
No. 5, pp. 45-50,  May, 1977. 
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Fig. 1. Diagrams of deformation in bending: a) translucent corun- 
dum (AI203 + 0.1% g{gO}; b~ c, and d} zircon-containing corundum 
(AI203 + 15% ZrSiO 4}; ffu, ultimate compression strength; ore. b., 

ultimate strength calculated with account taken of the nonlinearity 
of the deformation diagram of the material (mean bending strength); 
Oe.b. ~ ultimate strength calculated for the linear elasticity of the 
material (conditional bending strength); oU. b., ultimate bending 
strength; ~th, theoreticalultimate relative deformation; ~u, ultimate 
relative deformation (measured); et.b., ultimate relative deforma- 
tion in bending on the tension surface of the specimen; am. b., mean 
(for the tension and compression surfaces) ultimate relative defor- 
mation in bending; and ~th, stresses calculated from a u and E. 

with Griffith's theoIT* viz., that the less elastic energy is stored in the material by the time a crack is 

formed and the greater the destruction ductility of the material the less it will be damaged by a thermal 

load: 

E__L~_ RIny R I v =  o~ -. , (2) 

where 7 is the surface energy of the material. In order to simplify the discussion, the quantity (I -- ~.) ~s 

omitted from the criterion here and elsewhere. 

When the values of Y are unkno,~ or the difference between them can be neglected, RIII can be consi- 

dered an independent criterion of the thermal-shock resistance. 

It can be easily sho~n that the calculation of the energy of elastic deformation W = (I/2)o (OZu/E) ~n 

Eq. (2) conforms to Hooke's law. 

The physical interpretation of Eq. (2) is based on Griffith's relation between the stress Vu arising 

from the instability of the crack and the surface energy ~/of the material: 

Ou___ K ~r-~, 

w h e r e  K i s  a c o e f f i c i e n t  w h i c h  d e p e n d s  on t h e  m o d e  of  l o a d  a p p l i c a t i o n ,  t h e  g e o m e t r y  o f  t h e  c r a c k ,  etc~ 

and  c i s  t h e  c r i t i c a l  l e n g t h  of  t h e  c r a c k s .  

It follows (with a precision to a constant coefficient) that the length of the crack causing destruction 

is c = 7E/~ u, i.e., that it coincides with criterion R IV. 

Thus, when using criterion R If!, the material ~ith the longer critical crack is regarded as better 

able to resist destruction. 

* W. D. Kingery [8] ,~s the fi~'st to apply C-riffith's idea for determining the thermaL-shock ~ ~ .... 
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T A B L E  1. C h a r a c t e r i s t i c s  of t he  T e s t e d  M a t e r i a l s  

Material 

composition 

Al,Os~O,1% MgO . 
(transmcent corundum) 
AtsOsq-1% TiO= 
AlsOsq-1% TiO~q-7% r 
AI2Osq-1% TiO2q-15% a-AlsO~ 
A12Osq-15% ZrSiO 4 
ZrO~q-4% CaOq-4% H3PO~ 
(unfired refractory) 

< 

0 

1--2 
3---4 
5---6 
23 
17 

, Ult. bendin~ .~ 
strength, kgf, ~s 
cm2 a 

O 

�9 • C e . b .  : k . b .  ~ 

09 ,.~ 

�9 . .~o u 

~ ' o  ~ 
f.r.l r-~ GI r ~  -O 

1 

1 

0,85 
0,61 
0,40 
0,38 

1916 

1180 
649 
676 
671 

�9 46  

1916 4,75 

1 t80 3,55 
615 2,65 
524 3,10 
470 9,58 
31 3,20 

4,05 11,0 

3,30 6,0 
2,64 6,7 " 
2,35 7,2 
0,94 7,6 
0,19 10,0 

* a-Al20 a is present in the form of monocrystalline flakes. 

o, kgf/cm 2 

Oe.b. 

7aa .--4 

JOo 

,o.o "qt 
o 

I I 6. i0 4, tel. u n i t s  

~ b . _ _ _  . . . ~  

~ .  ~t.b. max ~-I 

Fig.  2 

d 

OU 

/we i/We 
/ t 1 
/ I! I 
~ t h ~ ' 1 0 4 ,  tel. units 

~ eth 

Fig.  3 
F i g .  2. D i a g r a m  of the  d e f o r m a t i o n  in  bending  of a s p e c i m e n  m o l d e d  
f r o m  r e i n f o r c e d  c o r u n d u m  (A120 3 + 1% T iO 2 + 15% ~-A1203 f l akes ) -  W e ,  
e f f ec t i ve  e l a s t i c  e n e r g y  ; Wh,  h y p o t h e t i c a l  e l a s t i c  e n e r g y ;  eu. e . ,  e l a s -  
t i c  c o m p o n e n t  of  the  u l t i m a t e  r e l a t i v e  d e f o r m a t i o n ;  and et .  b.  m a x ,  u l -  
t i m a t e  r e l a t i v e  d e f o r m a t i o n  r e c o r d e d  up to the  i n s t a n t  of  d e s t r u c t i o n  of  
a s p e c i m e n  fo r  which  the  a c h i e v e m e n t  of the  u l t i m a t e  s t a t e  on the  s u r -  
f ace  (et. b.  ) does  not  r e s u l t  in l o s s  of c a r r y i n g  c a p a c i t y .  

F i g .  3. D i a g r a m  of t e n s i l e  d e f o r m a t i o n .  

Next ,  c o n s i d e r  the  p h y s i c o m e c h a n i c a l  c h a r a c t e r i s t i c s  upon which the  c r i t e r i a  c o n c e r n e d  h e r e  a r e  
b a s e d .  I t  i s  we l l  known [3] tha t  they  a r e  c a l c u l a t e d  f r o m  the  u l t i m a t e  s t r e n g t h  d e t e r m i n e d  in  t e n s i l e  and 
bend ing  t e s t s  in  which a d i s c r e p a n c y  be tween  t h e s e  q u a n t i t i e s  i s  t r e a t e d  m e r e l y  a s  a d i s c r e p a n c y  be tween  
t h e i r  a b s o l u t e  v a l u e s ;  the  d i f f e r e n c e  in the  s t r e s s  c ond i t i ons  of the  s p e c i m e n s  a t  the  i n s t an t  of d e s t r u c t i o n  
a r e  not  t a k e n  into  accoun t .  

C o n s i d e r  the  d e f o r m a t i o n  d i a g r a m s  (the s t r e s s - - s t r a i n  r e l a t i o n )  of r e f r a c t o r i e s  and  the  m e t h o d s  of 
ob t a in ing  the  d i a g r a m s .  In t e n s i l e  t e s t s  m e a s u r e m e n t s  a r e  c a r r i e d  out of  the  load  P and the  e longa t i on  Al  
of the  work ing  p a r t  of  a s p e c i m e n  of l eng th  l ,  o r  of i t s  r e l a t i v e  d e f o r m a t i o n  e in the  d i r e c t i o n  of  a c t i o n  of 
the  d e s t r o y i n g  s t r e s s e s .  The  t e n s i o n  s t r e s s  a = P / F ,  w h e r e  F i s  the  c r o s s  s e c t i o n  of the  s p e c i m e n  [9, 
p .  13],  i s  c a l c u l a t e d  f r o m  the  func t ions  P = f ( A l )  o r  P = f ( e ) .  The d e f o r m a t i o n  and e longa t ion  a r e  l inked  
in  the  equa t ion  e = A l / l .  Thi s  c a l c u l a t i o n  i s  s u i t e d  f o r  a l i n e a r - e l a s t i c  m a t e r i a l  o r  any  o t h e r  so  tha t  t he  
p lo t t ing  of  the  d e f o r m a t i o n  d i a g r a m  is  a s i m p l e  m a t t e r .  

In bend ing  t e s t s  the  q u a n t i t i e s  be ing  m e a s u r e d  a r e  s i m i l a r ,  i . e . ,  the  load  P and the  d e f l e c t i o n  5 of  
the  s p e c i m e n  o r  i t s  r e l a t i v e  d e f o r m a t i o n  in  the  d i r e c t i o n  of a c t i o n  of the  d e s t r u c t i o n  s t r e s s e s  (et .b .  in  the  
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TABLE 2. 
Shock R e s i s t a n c e  

Thermal- ~ ~ Thermal- 
shock resist- ] o ~ ~hock resist- 
ance criter- | ~  ".~ anne criter- 
ion defining / &.~ ion definin~ 
the resistanc~ ~ ;.r, ~ the resistartee x~ 

~" ofmaterialtdS ~ ofmaterialtc 
crackin~,*C] ~ ~= "~ deslr~ction, 

o i--i--i 

Comparative Results of the Assessments of the Thermal- 

g 
or 
or.4 Destruction characteristics of hollow 

cylindrical specimens 

I 43 43 1,1 1 C a t a s t r o p h i c ,  t he  s p e c i m e n  b roke  up  
in to  two  or  t h r e e  par ts  

59 

39 

43 

2,4J 

8,5 

59 

135 I,I I 

153 27]  

132 6,3 

142 5,! 

253 2,1 

122 89,0 

37 

12 40 

The specimen broke up into two parts . 

A continuous and a noncontinuous 
crack developed in most cases 

Only a single continuous crack devel- 
oped 

5 94 126 4,3 5 Ditto 

24 198,0 Uot de- 
termined 32 Slow destruction, continuous cracks 

developed after &T was increased by 
7-~5% 

surface under tension and ec. b. in that under compression). The different behavior of the material in 

bending arises from the fact that in the cross section of the specimen not only is the stress distribution 

uneven but the signs of the stresses undergo reversal. 

It follows therefore that, firstly, only the mean relative deformation can be calculated from the de- 

flection: 

et. b.+Zc b 4it6 
s in .  b. = 2 ~ ( L - - 2 a }  z ' 

where  L is  the d i s t ance  be tween  t h e  ou te r  s u p p o r t s ,  h the height of the specin~en,  and a the d i s t ance  be -  
tween  the i n n e r  and ou t e r  suppor t s .  (To obta in  m o r e  p r e c i s e  t h e o r e t i c a l  data [ i0] ,  c o n s i d e r  the ca se  of 
pure  bending) .  

Secondly ,  t h e r e  a r e  va r i ous  a p p r o a c h e s  to the eva lua t ion  of the r e s u l t s  of the t e s t s .  F o r  l i n e a r - e l a s -  
t ic m a t e r i a l s ,  e . g . ,  the d e f o r m a t i o n  d i a g r a m s  (Fig. la)  a r e  based  on the u l t i m a t e  s t r e n g t h  va lues  c a l c u l -  
a ted  f r o m  the equa t ions  of the s t r e n g t h  of m a t e r i a l s  [9]: 

3Pa 
Oe.b = --g~, 

where  b i s  the  width of the s p e c i m e n .  

F o r  i n e l a s t i c  m a t e r i a l s  th is  c a l c u l a t i o n  g ives  only s o - c a l l e d  nomina l*  d e f o r m a t i o n  d i a g r a m s  (Fig. !b) 
the va lues  of the s t r e s s e s  i n  which a r e  o v e r s t a t e d  to the extent  that  the m a t e r i a l  i s  l ess  e l a s t i c - d e f o r m a b l e  
[tO]. 

A m o r e  g e n e r a l  equa t ion ,  e ~  [11] 

2a F ! dP ] 
qm. b = -gh-r [P -b T'~] , 

is used to determine the actual ultimate strength values of the specimen but they are the mean values be- 

cause in these equations account is taken of the relation between the deformation and the stresses but not of 

* The diagram (broken line in Fig. ib) for which the deformation is not measured but calculated in accord- 

ance with Hooke's law eth = au/E can be called "hypothetical. " Note that this is not the same as the diagram 

broken line, Fig. le) for which the stresses ~th are calculated from the measured ultimate deformation e u 
and the elastic modulus E. 
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the d i f fe rence  between the t ens i l e  and c o m p r e s s i v e  de fo rmab i l i t y  of the m a t e r i a l  (Fig. l e ) .  

Another  approx imat ion  to the r e a l  p i c tu re  cons i s t s  of de t e rmin ing  a poss ib le  d i f ference  in the r e s i s -  
tance  of the m a t e r i a l  to tens ion  and c o m p r e s s i o n ,  e . g . ,  by s t r a i n  gauge techniques .  In this  case  the de -  
fo rma t ion  d i a g r a m  {Fig. ld)  i s  e x p r e s s e d  as  the va r i a t ion  of the r e l a t i ve  t ens i l e  de fo rmat ion  in bending 
e t . b .  with the de s t ruc t i on  s t r e s s e s  on the tens ion  su r f ace  of the spec imen  which can be ca lcu la ted ,  e . g . ,  
f r om the following equation: 

d%.b. 
• 

et. b.='~T-' [ 2aem. b. ] d--~m, b. j 

Such a d i a g r a m  will  be e s p e c i a l l y  n e c e s s a r y  when the spec imen  in the bending t e s t s  does not lose i ts  
c a r r y i n g  capac i ty  {Fig. 2) as  the u l t ima te  s ta te  se t s  in on i ts  su r face  because  i t  i s  on the su r face  that the 
effect ive u l t ima te  r e l a t i ve  de format ion  et. b. co r r e spond ing  to the d i s tu rbance  of the equi l ib r ium on the t en-  
s ion su r f ace  man i fe s t s  i t se l f .  The descending  sec t ion  of th is  d i a g r a m  c o r r e s p o n d s  to the s ta te  when the 
fo rce  of the load i n c r e a s e s  al though the des t ruc t ion  of the spec imen  has a l r e a d y  begun. This  phenomenon 
occurs  when the m i c r o d e s t r u c t i o n s  in the tens ion  su r face  l a y e r  exceed the pe rmi t t ed  l imi t  for  the m a t e r i a l  
concerned  and the load is  taken ove r  by the next l a y e r  of the spec imen  [12]. 

In a d imens ion le s s  a s s e s s m e n t  of the t h e r m a l - s h o c k  r e s i s t a n c e ,  an impor t an t  p rob lem is  that  of the 
e las t i c  moduli  of the m a t e r i a l .  They can be the dynamic e l a s t i c  moduli  Edy n de t e rmined  f rom the r a t e  of 
propagat ion  of u l t rasound in the m a t e r i a l  o r  f rom the f requency of i t s  na tu ra l  o s c i l l a t i ons ,  or  the s ta t ic  
e las t i c  moduli  Est  e x p r e s s e d  as  the tangent of the angle of inc l ina t ion  of the tangent  to the de format ion  d iag-  
r a m  at n e a r - z e r o  s t r e s s e s .  F o r  p r a c t i c a l  pu rposes  the e l a s t i c  moduli  Edyn and Est  can be t r e a t e d  as  equi-  
va lent .  

Mat te r s  a r e  d i f ferent  with the t r a n s v e r s a l  modulus  E t r  which e x p r e s s e s  the ra t io  of the u l t imate  d e f o r m a -  
t ion Eu to the u l t ima te  s t r e s s  o u (see Fig .  1). It is  well  known that  for  e l a s t i c - d e f o r m a b l e  m a t e r i a l s  the 
values  of these  moduli  a r e  iden t ica l  but for  a m a t e r i a l  which de fo rms  i ne l a s t i c a l l y  the t r a n s v e r s a l  modulus 
may di f fer  ve ry  cons ide rab ly  f rom the r e a l  e l a s t i c  modulus.  

In an ana lys i s  of the c r i t e r i o n  of t h e r m a l - s h o c k  r e s i s t a n c e  c o n s i d e r ,  to b e ~ n  with, the case  in which 
the c h a r a c t e r i s t i c s  of the m a t e r i a l s  a r e  de t e r m i ne d  under  a tens ion  load. In the c r i t e r i o n  of t h e r m a l - s h o c k  
r e s i s t a n c e  the u l t imate  de format ions  a r e  e x p r e s s e d  in t e r m s  of Hooke's  law and t h e r e f o r e  c o r r e s p o n d  to the 
ac tua l  de fo rmat ions  only for  l i n e a r - e l a s t i c  m a t e r i a l s .  F o r  o ther  m a t e r i a l s  the  t h e o r e t i c a l  values  of the 
u l t ima te  r e l a t i ve  deformat ion  eth will  be unde r s t a t ed  (Fig. 3), and the d i f fe rence  between the t h e o r e t i c a l  
and m e a s u r e d  values  of % will  i n c r e a s e  with a d e c r e a s e  in the l inea r i ty  of the de format ion  d i a g r a m .  

It follows that  c r i t e r i o n  A ca lcu la ted  f rom the convent ional  equations will  be unders t a t ed  to the extent  
that  the m a t e r i a l  i s  i ne l a s t i c  ( i . e . ,  that  the m e a s u r e  of b r i t t l e n e s s  X d e c r e a s e s  [1]). In o ther  words ,  the 
in format ion  about the t h e r m a l - s h o c k - r e s i s t a n c e  of the m a t e r i a l  wil l  be un re l i ab l e .  One can suggest  t h e r e -  
fore  that  the ra t io  ~u/E in the A type c r i t e r i a  be r ep l aced  by the ac tua l  u l t imate  deformat ion  of the m a t e r i a l  
% ,  a s tep which would be advantageous a l so  for  o ther  r ea sons  [13, 14]. 

In i ts  g e n e r a l  fo rm the c r i t e r i o n  is  then e x p r e s s e d  as  fol lows:  

$ 
A e=--~--B. 

When the values  of the approx ima te  m e a s u r e  ~, of the b r i t t l e n e s s  [1] of the m a t e r i a l  a r e  known the 
c r i t e r i o n  can be wri t ten  as  fol lows:  

~U Ae=x-'-~'~d-B. 

In an ana lys i s  of i ne l a s t i c a l l y  deforming  m a t e r i a l s  no c o r r e c t i o n  is  r equ i r ed  for  R IV type e r i t e r i a  
s ince  the ana ly t i ca l ly  p red ic t ed  de fo rmat ion  values  (see Fig .  3) coineide with the e las t ic*  components  eu. e.  
of the u l t ima te  de format ion  of the m a t e r i a l .  Thus,  the quantity E/~2u e x p r e s s e s  the r e c i p r o c a l  of the ef fec-  
t ive  unit  e l as t i c  energy We s to r ed  in the m a t e r i a l .  This i s  an impor t an t  p a r a m e t e r .  

* The e l a s t i c  modulus i s  a s s u m e d  to be the s ame  in the load appl ica t ion  as in the load removal .  This  is  a d m i s -  
s ib le  in the f i r s t  approx imat ion  in t ens i l e  and bending t e s t s  with r e f r a c t o r i e s .  
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As in the preceding case, when determining the bending strength of elastically deformable materials 
the application of Eqs. (I) and (2) presents no problems. In the ease of inelastieally deforming materials, 
however, the picture is far from clear. If the A type criteria for these materials are calculated from data 
relating to the nominal ultimate bending strength ae. b. and the elastic moduli E, then the picture is similar 
(see Fig. ib) to that for a tension load. When the calculations are based on the more precise values of the 
bending strength am. b. or at.b. (see Fig. Ic and d) the position is no better because for these materials 
ae. b. > ~m. b. > at. b. so that the values of the analytically predicted deformations will be understated to 
a still greater extent. 

The criterion of thermal-shock resistance which defines the ability of brittle and relatively brittle re- 
fractories [5] to resist the onset of destruction, must therefore be formulated on the basis of the ultimate 
relative deformation, i.e., it must be expressed as follows: 

tU 

Ae -- "-Z- B. (3) 

In the case of re f rac tor ies  with low values of the measure  ,~ of bri t t leness (see Fig. 2) the quantity 
e u is replaced by et .b.  so that c r i t e r ion  R is expressed* as Re = ~t .b . /~o  

In a calculation of the R IV type c r i t e r i a  f rom the resul ts  of bending tes ts  the inelasticity of the ma-  
ter ia!  is a more  important  fac tor ,  the reason being that the elastic energh~ of deformation (Wm = (1/2)~ 
(ae .b . /E)  defined as the a rea  of a hypothetical d iagram (see the broken line in Fig. 2) may differ signifi- 
cantly f rom the effective elastic energy W e = (ot. b. eu. e. )/2 s tored in the mater ia l  up to the instant of des-  
truction (see the tr iangle formed by heavy lines in Fig. 2) so that the c r i te r ion  which expresses  the ability 
of the mater ia l  to res i s t  cracking should be calculated in the case of inelast ically deforming re f rac to r i e s  
( i . e . ,  relat ively brit t le types for  which • < t) f rom the effective s t r e s ses  and the elastic components of the 
ultimate deformations and expressed in this form: 

IV ?__ -- ~III~ 
R e  - -  o t .  b.~u. e . ~  ;~e " "  

Agreement  between the a s ses smen t  of the the rmal - sboek  res is tance  on the basis of the proposed 
c r i te r ia  and experimental  findings was checked out on re f rac tor ies  which differed considerably in their  
destruction behavior (Table 1). The resul ts  of the experimental  and analytical determinat ions of the the r -  
ma l - shock  res is tance  a re  given in Table 2. 

CONCLUSIONS 

The c~haracteristics of the behavior of the material after the load application must be taken into ac- 
count in a nondimensional assessment of the thermal-shock resistance. 

For materials that are deformed nonlinearly the calculation of the thermal-shock resistance criteria 
which define the ability of the material to resist cracking must be. based on the measured deformation, 
and that of the criteria which define the ability of the material to resist destruction on the effective elastic 
energy stored in the material up to the onset of destruction. 
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EFFECT OF ZINC MELTS AND VAPOR ON 

FUSION-CAST POTASSIUM FLUOROPHLOGOPITE 

B. Kh. Khan, A. G. Malyavin, 
M. K. Malyavina, and E. S. Lugovskaya 

UDC 546.161:666.76.022.846.001.5 

Micacrystal l ine fus ion-cas t  mater ia l s  possess  good thermophysica l  and physicomechanical  proper t ies  
at effective t empera tu res  up to 1000-1200~ [1]. They are  produced by pyrogenic synthesis f rom appropriate 
composit ions.  

In this ar t ic le  the resul ts  are  reported of an analysis of the interaction of a micacrys ta l l ine  mater ia l  
based on potassium fluorophlogopite with zinc melts  and vapor in laboratory conditions and in industrial  instal-  
la t ions.* The laboratory tests  were conducted by the crucible method at 500, 600, and 1000~ continuously 
for  192 h. The industrial  tes ts  were ca r r i ed  out over  a period of 8 months with molten zinc flowing at a t em-  
pera ture  of 450-500~ and a speed of 0.5-2 m / s e c  (dynamic conditions) along the channel of an MDN-6 type in- 
stallation. Tests were ca r r i ed  out, moreove r ,  in a muffle furnace used for  producing zinc oxide; the exper i -  
mental  muffle const ructed  of a micacrys ta l l ine  mater ia l  was installed in place of a graphi te-chamotte  muffle 
and used for  216 h at a t empera ture  of 1320-1340 on its outside surface .  $ 

The channels of the lViDN-6 installation and the experimental  muffle (inside d iameter  150 ram, length 
300 ram, wall thickness 15 ram) were cas t  f rom a micacrys ta l l ine  mater ia l  at the Institute of Casting Tech-  
niques of the Academy of Sciences of the Ukrainian SSR [2]. The crucibles  for  the laboratory tes ts  were ma-  
chined (diam. 40-50 mm, height 50-60 ram) from rough castings on ordinary  metalworking machines.  

The micacrys ta l l in  e mater ia l  concerned contained 41.6% SiO2, 11.8% A1203, 26.9% MgO, 0.7% Cao ,  9.1% 
K20, and 10.6% F 2. The s t ruc ture  of this mater ia l  is fully crystal l ine;  the flake c rys ta l s  of potassium f luoro-  
phlogopite form c ros s - shaped ,  latticed, and sheaflike concret ions as well as random intergrowths.  The c r y s -  
tals of potass ium fluo'rophlogopite measure  0 .2-2 .5  ram. The mic ros t ruc tu re  of the mater ia l  of the products 
is  shown in Fig. la  and its mac ros t ruc tu re  in Fig. lb. 

The minera l  composit ion (vol. %) of the mater ia l  was as follows: 85-95% potassium fluorophlogopite 
KMg3(Si3A1010)F2, 5-10% glass phase,  and about 5% admixtures of other  minera ls .  The glass  phase and ad-  
mixtures  filled the in ters t ices  between the fluorophlogopite flakes and increased  the density of the s t ruc ture .  
A distinguishing feature of the s t ructure  is the closed porosi ty between the randomly oriented fluorophlogopite 
c rys ta l s .  It accounts for  only 10 wt. % of the mater ia l  while the open porosi ty  does not exceed 0.5-1%. 

After the tests  the products were studied macroscopica l ly  as well as in polished sections and immers ion  
preparat ions  (Table 1). 

It was established that in the tes ts  in static and dynamic conditions at 500-1000~ the cast  mater ia l  of 
the experimental  products did not react  with zinc mel t ,  vapor ,  and oxide. Neither the appearance of the c ru -  
cibles (Fig. 2) nor' the phase composit ion of the mater ia l  of the crucibles  and channel underwent a change. The 
high density of the fus ion-cas t  mater ia l  precluded impregnation with the zinc; the inside surface of the channel 
was coated with an easily removed layer  of zinc no t  more  than 0.1 mm in th ickness .  In the crucibles  the sol i -  
difying zinc had formed a convex meniscus and was easily extracted which showed that over  the range of t em-  
pera tures  used in the tests  the micacrys ta l l ine  mater ia l  was not wetted by the  molten zinc. 

* The work was ca r r i ed  out with the part icipation of S. G. Tresvyatski i .  
t V. A. Trefnyak part icipated in the channel tests  and B. A. Boiko and A. A. Dovgalev in the tes ts  with the 
experimental muffle. 

Institute of Casting Techniques,  Academy of Sciences of the Ukrainian SSR. Translated f rom Ogneupory, 
No. 5, pp. 51-54, May, 1977. 
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