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C e r a m i c s  based on z i rcon ium dioxide a r e  being more  widely  used in var ious  b ranches  of h i g h - t e m -  
p e r a t u r e  technology due to the i r  high r e f r a c t o r i n e s s .  

It has been es tab l i shed  that  to obtain c e r a m i c  pa r t s  with a high t h e r m a l  shock r e s i s t a n c e  a m i c r o -  
c r a z e d  s t r u c t u r e  must  be obtained,  which can be formed in z i rcon ium dioxide due to the format ion  of two 
phases  in the m a t e r i a l  - cubic and monocl inic .  In this case  the amount of monocl inic  (unstabil ized) phase  
in z i rcon ium dioxide s t ab i l i zed ,  for  example ,  with ca lc ium oxide should be 20-40% [1]. The m i c r o c r a z e d  
s t r u c t u r e  in this case  is evident ly  formed due to the high m i c r o s t r e s s e s  that occur  at  monoc l in ic -cub ic  
phase  boundar ies  a t  the phase  t r ans fo rma t ion  t e m p e r a t u r e  dur ing f i r ing  of the pa r t .  These m i c r o s t r e s s e s  
may r each  28,000 k g / c m  2 [2]. The number  of s t r e s s e d  zones and, consequently,  the number  and length of 
m i c r o c r a c k s  in the m a t e r i a l  a r e  de t e rmined  by the degree  of s t ab i l i za t ion ,  i .e . ,  the quanti ty and s ize  of 
inclusions of monocl inic  phase  in the bas ic  ma te r i a l .  

This work concerns  the effect  of the degree  of s tab i l i za t ion  of m a t e r i a l s  based  on z i rcon ium dioxide 
on the i r  t he rmomechan ica l  p r o p e r t i e s .  We invest igated c o m m e r c i a l  z i r con ium dioxide s t ab i l i zed  with 4, 
6, and 8 mole % y t t r i um oxide with holding at  1750~ for 18 h. Monoclinic ZrO 2 was added to z i rcon ium 
dioxide s t ab i l i zed  with 6 and 8 mole % Y203 in o r d e r  to regula te  the phase  composi t ion  within wide l i m i t s .  
The mix ture  was f i red  at 1750~ for  6 h. The charge  for p r e p a r a t i o n  of the s a m p l e s  cons i s ted  of a g r a n u l a r  
mass  with d i f ferent  gra in  s i zes  - 50% 1-0.5 ram, 10% 0.5-0.8 mm,  and 40% l e s s  than 0.088 ram. 

The s amp le s  were  compacted  under a p r e s s u r e  of 1000 k g / c m  2. The composi t ion  and p r o p e r t i e s  a f te r  
f i r ing  a r e  given in Table  1; the s t r u c t u r e  is shown in Fig.  1. 

The t h e r m a l  shock r e s i s t a n c e  of the m a t e r i a l s  was d e t e r m i n e d  expe r imen ta l l y  by c rea t ing  a t e m -  
p e r a t u r e  d i f fe ren t ia l  in the wall  of hollow cy l ind r i ca l  s a m p l e s .  The t e s t s  were  made in the TS-4 appa ra tus  
with a PRT-1  t e m p e r a t u r e  r e g u l a t o r ,  with addi t ional  m e a s u r e m e n t s  of r ad i a l  movements  and t e n s o m e t r i c  
m e a s u r e m e n t s  on the outer  su r f ace  [3]. Cy l indr i ca l  s a m p l e s  with the following d imens ions  were  used: o .d .  
75 mm, i .d .  25 mm, h 12.5 ram. The the rma l  loading r a t e  was constant  - 200 d e g / m i n .  On s a m p l e s  with 
these  d imens ions  and a t  this  heat ing r a t e  the inner su r face  f r a c t u r e d  before  any not iceable  i nc rea se  in 
t e m p e r a t u r e  on the outer  su r f ace ,  which ensured  opera t ion  of the measu r ing  ins t ruments  without subs tan t ia l  
e r r o r s  in t e m p e r a t u r e .  

The c i r c u m f e r e n t i a l  de format ion  of each sample  was r e c o r d e d  by means of four 2PKB-10 s t r a in  
gages  s y m m e t r i c a l l y  a r r a n g e d  on the outer  su r face  of the sample .  A c h a r a c t e r i s t i c  s t r a in  d i a g r a m  for 
6TM samp le s  is shown in Fig .  2, where  the ~delayed n f r a c t u r e  of this  composi t ion under  the influence of 
t h e r m a l  s t r e s s e s  can be seen.  The f i r s t  d rop  of the s t r a in  occurs  in the region of s t r a in  gages  1"I and III 
which is due to the format ion of an init ial  c r a c k  s i m i l a r  to that  obse rved  p r e v i o u s l y  [4]. The sha rp  d e -  
cl ine of the deformat ion  during fur ther  t h e r m a l  s t r e s s  was r e c o r d e d  s imu l t aneous ly  by al l  s t r a in  gages at  
the t ime  the c r a c k  pa s sed  through the en t i r e  wall  of the s ample s .  F o r  this  r e a s on ,  the p a r a m e t e r s  taken 
as c h a r a c t e r i s t i c  of the t he rma l  shock r e s i s t a n c e  were  as follows: AT '  is the t e m p e r a t u r e  d i f fe ren t ia l  
co r r e spond ing  to the beginning of nonsteady movement  of the c r ack ,  *C; AT" is the i n c r e a s e  of the 

Ins t i tu te  of Strength P r o b l e m s ,  Academy of Sciences  of the Ukrainian SSR, Kiev. Ukrainian Inst i tute  
of R e f r a c t o r y  M a t e r i a l s ,  Khar 'kov.  T rans l a t ed  f rom P r o b l e m y  Prochnos t i ,  No. 6, pp. 76-80, June, 1974. 
Or ig ina l  a r t i c l e  submi t ted  July 3, 1973. 

�9 19 75 Plenum Publishing Corporation, 227 West 17th Street, New York, N. Y. 10011. No part o f  this publication may be reproduced, 
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming, 
recording or otherwise, without written permission of  the publisher. A copy of  this article is available from the publisher for $15.00. 

732 



Fig. 1. Structure  of mater ia ls  investigated: a) 6TM; b) 8TM; c) 4T; d) 6T; e) 8T. 
Light microscope  (x 10). Reduced 2 /3  in reproduction. 

TABLE 1" 

4T 
6T 
8T 
6T31 

8TM 

Material  

ICompostrton of samples, ]Phase compo- 
7o }sition ( mono- 

]clinic phase), 
ZrO, YtO~ [% 

89,2 8,0 30 
88 10,2 10 
84 14,0 - -  
90,2 �9 7,1 5- 9 
86,1 11,2 32 

* Data from Ukrainian Scient i f ic-  Research Institute of  
Refractory Materials (UNIIO), 

t empera ture  differential causing development of the thermal  
c rack  through the entire thickness of the wall of the hollow 
cylindrical  sample,  ~ ~T is the breaking temperat t l re  dif-  
ferential  recorded  at the t ime the thermal  c rack  passes  
completely through the wall of the sample; AT = AT'  + AT n. 

The results  of determining the thermal  shock r e s i s -  
tance a re  given in Table 2, where it can be seen that ,,de- 
layed, '  failure occurs  only in samples of incompletely 
stabil ized ZrO 2. Figure 3 shows the change in the b r eak -  
ing tempera ture  differential in relation to the degree of 
stabilization of the material ,  i.e., the extent of m i c r o -  
crazing.  It follows f rom Fig. 3 that the higher thermal  
shock res is tance  of material  based on ZrO 2 is due mainly 

to the res i s tance  to propagation of thermal  c racks ,  since an increase of the monoclinic component up to 
50% affects only the breaking tempera tu re  differential of ZrO 2. 

It is evident that to determine the thermal  shock res is tance  of this type of material  one must use  
a cr i ter ion of thermal  shock res i s tance  descr ibing the behavior of the material  before the initial thermal  
crack occurs  R = ~ t ( 1 - p ) / E ~ ,  and the energy cr i ter ion R N = yeffE/a~(1-~)  taking into account the r e s i s -  
tance of r e f r ac to ry  mater ia ls  to c rack  propagation. Thus, the f i rs t  must correspond to the tempera ture  
differential AT,, and the energy cr i ter ion to AT". In calculating the capacity of mater ia ls  to r e s i s t  c rack  
propagation we used the charac te r i s t i cs  of f rac ture  toughness. In conformity with [5], the effective s u r -  
face energy of fai lure is 

G 
= ~ (i) 

Yeff 2 ' 

where G c is the f rac ture  toughness determined on reaching the cr i t ical  conditions of loading of samples  
with a crack.  

Since the following relat ionship exists between the charac te r i s t i c s  of f rac ture  toughness:  

K~I (2) 
Glc == E ( I - - ~ ) '  
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F ig .  2. C h a r a c t e r i s t i c  s t r a i n  d i a g r a m  of the  o u t e r  s u r f a c e  of 6TM s a m -  
p i e s  d u r i n g  t h e r m a l  l oad ing :  a -d )  s t r a i n  g a g e s  I - IV and t h e i r  r e a d i n g s ;  e) 
r e a d i n g  of t h e r m o c o u p l e  on the inner  s u r f a c e  of  t he  s a m p l e  iT t) t i m e  
c o r r e s p o n d i n g  to the  beg inn ing  of  n o n s t e a d y  t h e r m a l  c r a c k  p r o p a g a t i o n ;  
T 2) t i m e  the t h e r m a l  c r a c k  p a s s e s  c o m p l e t e l y  t h r o u g h  the  wal l  of  the  
s a m p l e ] .  

F ig .  3. V a r i a t i o n  of  the  b r e a k i n g  t e m p e r a t u r e  d i f f e r e n t i a l s  AT,  A T ' ,  and 
the  n u m b e r  of  t h e r m a l  c y c l e s  to f a i l u r e  N wi th  the  d e g r e e  of s t a b i l i z a t i o n  
of the m a t e r i a l :  1) AT;  2) A T ' ;  3) N.  

T A B L E  2 

Material A~, A~, ar,oc R, deg rc, Cmcy'Vc,le s 

4T 
6T 
8T 
6TM 
8TM 

546 
506 
465 
527 
530 

49 
48 

0 

595 
554 
465 
592 
583 

176 
154 
118 
174 
122 

0,67 5 
0,39 3 
0,17 1 
1,13 11 
1,0 7 

the  e n e r g y  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  R IV can 
be w r i t t e n  in the f o r m  

R,v _ K~c (3) 

F o r  m o s t  r e f r a c t o r y  m a t e r i a l s  the va lue  of/~ v a r i e s  
wi th in  l i m i t s  of 0 .25-0 .35 .  N e g l e c t i n g  it in the e a s e  of  c o m -  
p a r a t i v e  c a l c u l a t i o n s  b a s e d  on c r i t e r i a  c a l c u l a t e d  by  f o r -  
m u l a  (3) thus  l e a d s  to an e r r o r  of ~6%. Thus ,  the e n e r g y  

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  can be  w r i t t e n  in s i m p l i f i e d  f o r m  

Kit 
Tc --  (4) 

(/t 

The  c o r r e l a t i o n  of  the  b r e a k i n g  t e m p e r a t u r e  d i f f e r e n t i a l  AT T and the  c o m p u t e d  va lue s  of c r i t e r i o n  R,  
and  a l s o  A T ,  wi th  the  e n e r g y  c r i t e r i o n  T c ,  can be s een  f r o m  F ig .  4. It was  of i n t e r e s t ,  a s  p r e v i o u s l y ,  
to  check  the  e x p e r i m e n t a l  r e s u l t s  of  t h e r m a l  s h o c k  r e s i s t a n c e  t e s t s  by  a n a l y t i c a l  c a l c u l a t i o n s  wi th  use  of 
t he  e n e r g y  c r i t e r i o n  unde r  cond i t ions  of t h e r m a l  i m p a c t  l o a d i n g .  T h e r m a l  i m p a c t  t e s t s  w e r e  m a d e  b y  the  
me thod  g e n e r a l l y  u s e d ,  by  h e a t i n g  30 x 30 m m  s a m p l e s  in a K ryp to l  f u r n a c e  to 1600~ and coo l ing  in 
r u n n i n g  w a t e r  ( t e m p e r a t u r e  20~ T h e s e  t e s t s  r e s u l t s  a r e  g iven  in T a b l e  2, and the c o r r e l a t i o n  be tween  
t h e m  and the  da t a  f r o m  a n a l y t i c a l  c a l c u l a t i o n s  by  the e n e r g y  c r i t e r i o n  can be  s een  in F ig .  4b.  Thus ,  d i f -  
f e r e n t i a l  a p p l i c a t i o n  of  the t h e r m a l  s h o c k  r e s i s t a n c e  c r i t e r i o n  shows  s a t i s f a c t o r y  a g r e e m e n t  be tween  the  
e x p e r i m e n t a l  and a n a l y t i c a l  v a l u e s .  

The  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  of a l l  c o m p o s i t i o n s  w e r e  d e t e r m i n e d  by  t h r e e - p o i n t  be nd ing  of  p r i s -  
m a t i c  s a m p l e s  100 x 15 • 10 m m  on an RM-101  m a c h i n e  equ ipped  wi th  a r e v e r s i n g  g e a r  and an e l e c t r i c  
f u r n a c e  [7]. The  r e s u l t s  w e r e  t r e a t e d  in a c c o r d a n c e  with  concep t s  of the l i n e a r - e l a s t i c  b e h a v i o r  of m a -  
t e r i a l s .  

To d e t e r m i n e  the  t e n d e n c y  of  the  m a t e r i a l s  to c r a c k  f o r m a t i o n  we  d e t e r m i n e d  the c r i t i c a l  s t r e s s  
i n t e n s i t y  f a c t o r  Kic .  

The  t e s t s  w e r e  m a d e  wi th  p r i s m a t i c  s a m p l e s  wi th  a l a t e r a l  c r a c k ,  for  which  p u r p o s e  two l a t e r a l  cu ts  
w e r e  made  a t  an ang le  of 120 ~ f r o m  each  o t h e r  (F ig .  5a),  wi th  i n i t i a t i on  of  the  c r a c k  by  a blow a t  the  b o t -  
t o m  of  the cut  (F ig .  5b). A d e f o r m a t i o n  d i a g r a m  in c o o r d i n a t e s  of  b e n d i n g  v e r s u s  f o r c e  was  m a d e  d u r i n g  
t e s t s  unde r  cond i t ions  of t h r e e - p o i n t  bending .  The  l oad  c o r r e s p o n d i n g  to the beg inn ing  of n o n s t e a d y  m o v e -  
m e n t  of the  in i t i a l  c r a c k  was  d e t e r m i n e d  at  the  po in t  w h e r e  the  d i a g r a m  d e v i a t e s  f r o m  a l i n e a r  r e l a t i o n s h i p .  
The  l eng th  of  the  in i t i a l  c r a c k  b e f o r e  the  t e s t s  was  m e a s u r e d  by m e a n s  of  the  MG-1  m i c r o s c o p e .  The  va lue  
of  Kic was  c a l c u l a t e d  b y  the equa t ion  [8] : 
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T A B L E  3 

Material 

4T 
6T 
81" 
6TM 
8TM 

%end,kg/cm2 e. lO--S, k~/cm 2 
K I c ,  

kg/crn-a~ /e ,cm, 
at 20"C at 20"C 

48 0,16 
32 0,046 
48 0,0088 
51,6 0,44 
43,3 0,32 

20 ~ C 400 ~ C 800 ~ C 

71;0 95,0 205,0 
84,0 70,0 67,8 

285,0 177,0 157,0 
45,1 33,6 63,0 
43,1 42,0 51,9 

20 ~ C 400" C 800 ~ C 

0.807 0,555 0,49 
0,655 0,888 0,46 
3,07 2,55 1,68 
0,52 0,354 0,32 
0,503 0,328 0,38 

a.eo-S, deg-t 

20 ~ C 400 ~ C 800 ~ C 

0,5 0,5 
0,8 1,17 
0,8 1,17 
0,5 0,6 
0,7 0,7 

0 
1,17 
1,17 
0,75 
0,62 

~T~~ I ~ 4T aT,,oc .s 
' 4n; VT"- I"~omM'EIBI/~ 

8Tq~ o - l  A - 5  "~ 87" �9 / "~ 

IOO 120 [~O 16oR, deg. o,f 0,,4 0,7 ~ , c m  ~/2 

a b 

Fig .  4 F ig .  5 

F ig .  4. C o m p a r i s o n  of  e x p e r i m e n t a l  r e s u l t s  of  t h e r m a l  s h o c k  r e s i s t a n c e  t e s t s  
wi th  a n a l y t i c a l  v a l u e s :  1) AT, ;  2) AT;  3) AT" ;  4) N. 

F ig .  5. S a m p l e  f o r  duc t i l e  f r a c t u r e  t e s t  wi th  saw cut  (a) and c r a c k  in i t i a t ed  a t  the  
b o t t o m  of the  cut  b e f o r e  the  t e s t  (b). 

Ki t  ~ Y 6 Mal/2 
bh2 ' (5 )  

w h e r e  M is the  bend ing  mDment ;  a is the  l eng th  of  the  in i t i a l  c r a c k ;  b is  the wMth of the  s a m p l e ;  h is  the  
he igh t  of  the  s a m p l e ;  Y is a func t ion  of  the  s i z e  of  the  o r i g i n a l  c r a c k  in the  s a m p l e .  

The  r e s u l t s  of  d e t e r m i n i n g  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  a r e  given in T a b l e  3. 

F r o m  the  v a l u e s  of Kic  we  found the  c r i t i c a l  c r a c k  l eng th  (Tab le  3) [5]: 

l h = KI2c 
1.12~%en ~ (6 )  

It can be  s e e n  f r o m  c o m p a r i n g  the  d a t a  in F ig .  1 and T a b l e  3 tha t  the  r e s u l t s  of m e c h a n i c a l  t e s t s  
can to s o m e  ex ten t  d e t e r m i n e  q u a n t i t a t i v e l y  the  i n c r e a s e  in the  d e g r e e  of m i c r o c r a z i n g  of  the  m a t e r i a l  
wi th  i n c r e a s i n g  a m o u n t s  of  m o n o c l i n i e  p h a s e .  It is  c h a r a c t e r i s t i c  t ha t  with i n c r e a s i n g  a m o u n t s  of m o n o -  
c l in i c  p h a s e  the  c r i t i c a l  l e n g t h  of the  in i t i a l  m i c r o c r a c k  i n c r e a s e s .  In th i s  c a s e  the  m e c h a n i c a l  s t r e n g t h  
and the  modu lus  of e l a s t i c i t y  d e c r e a s e  (F ig .  6). 

F r o m  the  r e l a t i o n s h i p  shown in F i g .  6 i t  can be s een  tha t  even wi th  a s m a l l  amoun t  of  m o n o c l i n l c  
p h a s e  in m a t e r i a l  b a s e d  on Z r O  2 the  s t r e n g t h  d e c r e a s e s  c o n s i d e r a b l y .  

F r o m  the  v a l u e s  of abend  and l c we p lo t t ed  ( l o g a r i t h m i c  c o o r d i n a t e s )  lOgabend  = f( log 1 / / c )  (F ig .  
7). T h e  s a t i s f a c t o r y  g r o u p i n g  of  the  e x p e r i m e n t a l  po in t s  c l o s e  to a s t r a i g h t  l i ne  and the s l o p e  of the  l i n e  
to the  x ax i s  a t  an a n g l e  c~ fo r  wh ich  tan a = 1 / 2  i nd i ca t e  the  c o r r e s p o n d e n c e  of  the  e x p e r i m e n t a l  r e l a t i o n -  
sh ips  to the  w e l l - k n o w n  equa t ion  

o = A1-1/2, (7) 

w h e r e  A is an e m p i r i c a l  c o n s t a n t  of  the  m a t e r i a l ;  l c is the  c r i t i c a l  c r a c k  length .  
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Fig. 6. Variat ion of bending s t rength  and Young's modulus with degree  
of s tabi l izat ion of the ma te r i a l .  

Fig. 7. LOgabend = f ( l o g l / l c ) .  

The re  a r e  s i m i l a r  changes in s t rength  with variat ion of the grain s ize ,  which is descr ibed  by the 
equation [7] 

o = Ad -112. 

An increase  in the length of the original  m i c r o c r a c k  with inc reas ing  amounts  of the monocl inic  c o m -  
ponent can also be seen  in s t ruc tu ra l  examinat ions of the mate r i a l  (Fig. 1). 
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