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The poor thermal  shock res is tance  of products f rom zirconium dioxide limits the i r  use in high t em-  
perature  equipment having sudden variat ions in tempera ture  [1]. The life of the linings of such installations 
can be increased  by using unfired bodies, which in contras t  to fired re f rac tor ies  possess  g rea te r  res is tance 
to thermal  shock. 

The l i terature contains a lmost  no references  in which a comparat ive a s se s smen t  has been made of 
the thermal  shock res is tance  of fired and unfired products.  

It is not possible to evaluate the thermal  shock res is tance of rammed bodies and to compare the same 
factors  in fired re f rac to r ies  with specimens by the heat exchange method, since af ter  the f irst  heat cycle 
the unfired specimens prove to be fired at a par t icular  tempera ture ,  and will behave as fired re f rac to r ies .  
Determination of the destruct ive drop in tempera ture  on round specimens is the most  suitable method for 
evaluating the thermal  shock res is tance  of unfired rammed bodies [2], comparing it with the thermal  shock 
res is tance  of fired re f rac tor ies ,  and select ing the most spal l ing-res is tant  composit ions.  

An investigation was made on annular specimens with external  d iameter  50 and 75, and internal dia- 
me te r  25 and thickness 12.5 ram. The specimens were prepared from technical z i rconia  containing (% 
byweight):  99.0% ZrO 2 +HfO 2, 0.17% SiO2, 0.05% A[203, 0.11% TiO 2, 0.04% Fe203, <0.03% CaO and <0.03% 
MgO. 

AS the stabilizing additives we used Belgorod chalk containing 54.24% CaO with 42.22% Ioss on ignition. 
The stabilizing additive was incorporated on the basis  of 6% and 4% by weight. The mater ia l  was pelletized. 
The zireonla was stabilized at 1750~ with 18-h soaking. The chemical  and phase composit ions,  and poro- 
si ty of the pellets af ter  firing are  given in Table 1. 

The pellets af ter  firing were crushed and screened into fractions 2-1, 1-0.5, and < 0.5 ram. Some of 
the mater ia l  (< 0.5 mm) was fur ther  ground in a vibromill  to obtain the fine fractions,  < 0.09 mm. The 
powder was molded into bodies without additions, and with additions of monoclinie zirconium dioxide p re -  
ground to particle s izes of mainly less than 0.03 mm. 

The body composit ions were selected bear ing in mind the concentrat ions in them of 20-40% monoclinie 
phase which yields products with the maximum spelling res is tance [3]. The gra in-s ize  distribution of the 

TABLE 1. Charac te r i s t i cs  of Pellets af ter  Fir ing 

09 ZrO~+ 
+HIO~ 

94,24 
92,68 

Chemical composition 

AI20~ 

0,52 
0,56 

TiO~ Fe208 

0,25 1 0,13 0,17 . 0,13 

CaO MgO 

4,3 0,33 
6,2 0,27 

Phase com- 1 
p~176 .1 
:honor[ cubic [ = 'g 

0,2a 15 ] 85 5,1 
i 

0,29 -- ] lOO 13,5 

*Notation corresponds to the content of stablizing additive, % by weight. 

EL ~ C9 

5,44 
4,9~ 
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T A B L E  2. 
Spec imens  

C~176 t0 I sition 

Kh-ll 6 i Kh-1 64 
Kh-15 
Kh-8 
R-47 
G 

C h a r a c t e r i s t i c s  of Spec imens  of Unfired Bodies  and F i r e d  
of Z i r con ta  

Bond 

S. s. b,. 
HaPO~ 
S.s.b. 
HsP04 

ZrOzc~ I ~o ~ 

stabilized a amnt I ~~ ~ �9 PP 
~actmn densit-.v ,I 
<i'0.09 : '~  3"" I o U 
mm : - ~  N ~ * 

10 30 120 
10 30 300 
20 20 120 
40 ~ 300 

1750 
-- 1750 

[ ~ ' ]Phase compo- 
~" '4 [ sition, % 

25,6  
17,3 
22,7 
17,4 
17,3 
23,2 

4,04 172 
4 ,431  653 
4,261 95 
4,44 [ 480 
4,43 306 
4,30 4200 

30 70 
30 70 
35 65 
15 85 
24 76 
- -  100 

*In addition, the specimens contained 25% stabilized ZrO z fractions 2-1 mm, 25%1-0.5 
ram, and 10% 0. 5-0.09 mm. 

bodies  was  a l so  s e l ec t ed  b e a r i n g  in mind the product ion  of s p a l l i n g - r e s i s t a n t  s p e c i m e n s  [4]. The bodies  
w e r e  p r e p a r e d  with sulf i te  lye which was  added in amoun t s  of 1% on the d r y  we igh t ,  and with o r thophos -  
phor ic  ac id  (5% by  weight  of an 86% H3PO 4) e n s u r i n g  the fo rma t ion  of phosphate  bond dur ing  hea t ing  of the 
body  [5]. The s p e c i m e n s  w e r e  p r e s s e d  a t  1000 k g / c m  2. Af te r  p r e s s i n g  the s p e c i m e n s  with sulf i te  lye we 
sub jec ted  t h e m  to heat  p r o c e s s i n g  at  120~ and for  those  with the o r t hospho r i c  ac id  at  300~ The g r a i n -  
s ize  d i s t r ibu t ion  of the bodies  and the p r o p e r t i e s  of the s p e c i m e n s  a f t e r  heat ing a r e  given in Table  2. 

Some of the s p e c i m e n s  of compos i t ion  K h - l l  w e r e  f i red  at  1750~ with a 6 h soak  (No. R-47  in Table 
2). S imul t aneous ly  we p r e p a r e d  for  c o m p a r i s o n  s p e c i m e n s  of c o m p l e t e l y  s tab i l i zed  ZrO 2 (composi t ion  G). 
The phys ica l  p r o p e r t i e s  of the s p e c i m e n s  a r e  given in Table  3. 

Studies of the r e g u l a r i t y  of the b reakdown of the s p e c i m e n s  with va r i ab le  c y c l e s  of t h e r m a l  loading 
w e r e  made  up to  1200~ on the TS-4  equipment ,  and up to 2100~ on the TS-5 equipment  des igned  in the 
Inst i tute  of S t rength  P r o b l e m s .  

The h e a t e r s  in the TS-4  units cons i s t ed  of s i l i t  rods  of d i a m e t e r  16 and length 320 mm,  and in the 
TS-5 equ ipment  a g raph i te  rod.  Heat ing  on the TS-5 unit was  done in i ne r t  gas ,  and t h e r e f o r e  the equip-  
ment  was  fit ted with a p ro tec t ive  me ta l  c h a m b e r .  Be fo re  f i l l ing with ine r t  gas  the a i r  was  pumped out of 
the c h a m b e r  with a VN-1MG pump to  a res idua l  p r e s s u r e  of 1 �9 10 -2 m m  Hg. 

The TS-4  and TS-5  units have au tomat i c  con t ro l  s y s t e m s  fo r  heat ing the s p e c i m e n s  e n s u r i n g  tes t ing  
at  low (1 deg /min )  and high (600 deg /min)  r a t e s  of t e m p e r a t u r e  r i s e .  Dur ing  t e s t ing  we main ta ined  a s t r i c t  
hea t ing  cyc le  ( t empe ra tu r e  va r i a t ions  • 

The method  of s tudy  was  based  on the fol lowing a s s u m p t i o n s * :  p r e c i s e  m e a s u r e m e n t s  of t e m p e r a t u r e  
a c r o s s  the th i ckness  of the s p e c i m e n s  and de t e rmina t i on  of t e m p e r a t u r e  fields dur ing  heat ing;  p r ec i s e  de-  
t e rmina t i on  of the m o m e n t  of deve lopment  of crac[~ing in the per iod  of t h e r m a l  s t r e s s ,  with s imul t aneous  
r e g i s t r a t i o n  of the t e m p e r a t u r e  va r i a t ion  a c r o s s  the th i ckness  of the s p e c i m e n  and d i s t r ibu t ion  of the t e m -  
p e r a t u r e  in it. 

* G. A. Gogotsi ,  A u t h o r ' s  A b s t r a c t  of D i s se r t a t i on  [in Russ ian] ,  Kiev, IMP AN UkrSSR (1966). 

T A B L E  3. 

Compo- 
sition 

R-47 
G 
Kh-1 
K'h-8 
Kh-ll 
Kh-15 

P r o p e r t i e s  of Spec imens  

O~n d, k g / ~  [ E'10"~,kg/cm 3 

2o I Iooo 

190 103 I I 90 238 200 
69 103 
64 I 91,5 I 105 
23 [Not de- I 4 

19,5 [ termined[ 5 

temperature, ?C 
2 0 ] 3 0 0 1 6 0 0  

I 
0,85 0,65 I 0,6 
3,3 3,0 I 2,9 
2,45 [ 2,78 [ 2,54 
2,35 [ 2,79 I 1,16 
0,57 [Notde- ] 0,1 
0,59 [termined[ 0,15 

[ a'lO 6, deg'l 

20 300 [ 600 
F 

4,1 4,1 16,3 
14,0 14 I 15 
3,0 3 I 6 
3,3 3,3 [ 5,0 
3,0 Not determined 
3,0 " " 

*The strength limits obtained by testing using the ~hree point bending method. 
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BV~844 

N-320-5 

Fig. 1. Circuit  for tensometr ic  measurements  and measu re -  
ments of the radial displacement  of the thermal ly  loaded 
specimens,  i) Specimen; 2 ) w o r k i n g t e n s o r e s i s t o r s ;  3) 
compensation t ensores i s to r s ;  4) mic romet r i c  mechanism; 
5) load bear ing fork; 6) flexible suspension; 7) counter-  
weight; 8) clock type indicator; 9) quartz probe: LO-70)  
balancing oscil lograph; T) tumbler;  SN-250) voltage stabi-  
l izer;  Amp) controllable au to t ransformer ;  B, D) rect i f iers ;  
R 5) voltage divider. 

The t empera tu res  were measured  with thermocouples:  up to 300~ with copper /cons tantan  which were 
fixed into the specimen with a special  solder;  from 500-1200~ with platinum/platinorhodium, secured with 
s i lver  in an aper ture  in the specimen; above 1200 ~ with tungsten/rhenium VR-5/20 fitted with a lubricant 
made from finely d ispersed powdered ZrO 2 slaked with orthophosphoric acid having a density of 1.5, 

The thermocouples  were placed on the specimen in the form of i so therms  for excluding local d is tor-  
tions in the tempera ture  field. The specimens were assembled in a column about 200 mm high which cor -  
responded to 3-4 d iameters  of the specimen. 

The specimens were fitted in the centra l  part  of the column which excluded end effects, and created 
a uniform tempera ture  field from top to bottom in the specimens,  

To determine the moment of failure and also to obtain information about the destruction processes  we 
made tensometr ic  measurements  of surface tangential deformations and measurements  of the radial dis-  
placements of the surfaces  of the specimens with the inductive sensor  (Fig. 1). 

The tensometr ic  measurements  of the specimens were done with the t ensores i s to r s  of the type 2PKB 
with a base of 10 ram, the res is tance  being about 100 ~ and the nominal tensometr ie  sensi t ivi ty being 2.21. 
The signal f rom the t enso res i s to r s  was amplified with the tensometr ic  TA-5 and recorded  on the rapid- 
working mi l l i ammete r  N-320-5, on one of whose channels we simultaneously recorded the signal propor-  
tional to the tempera ture  on the internal surface of the specimen,  Considering the Sensitivity of the tensor  
r e s i s to r s  to the change in tempera ture ,  the heat loading cycle was selected so that the external  surface was 
not heated, and in the case of its being heated the thermal  e r r o r  of the working tensor  r es i s to r s  was com- 
pensated by the compensation t enso res i s to r s  secured in the axial direction. The e r r o r  of the measurement  
for  the deformation with this scheme of tensometr ic  measurement  (see Fig. t) did not exceed • 

Registrat ion of the radial displacement  of the external  surface of the specimens was done with a 
BV-844 inductive sensor  whose e r r o r  was =~1.5%, The windings Z 1 and Z 2 of the sensor  (see Fig. 1) were 
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Fig.  2. D i a g r a m s  for  de fo rmat ions  of spec imens  dur ing t h e r -  
mal  Loading. ,a) Unfired; b) f i red;  I) moment  of c r a c k  f o r m a -  
t ion; I1) moment  of c r a c k  development  over  en t i r e  th ickness  of 
the spec imen:  1-4) number  of s e n s o r s .  

F ig .  3: Osc i l l og ram of the r eco rd ing  by the inductive s e n s o r  
of the r ad i a l  d i sp l acemen t  of the f i red  spec imens  dur ing t h e r m a l  
loading:  T r ,  T R, a r e  the t e m p e r a t u r e s  of the in t e rna l  and ex-  
t e r n a l  sul:faces of the spec imen:  AD') s ignal  of in i t i a l  inbalanee;  
•D1) readings  of s e n s o r  at  the moment  of c r a c k  formation;  AD2) 
s ame  at  the moment  of c r a c k  development  over  the en t i r e  th ick-  
ness  of the wall  of the spec imen;  AD) e l a s t i c  de format ion  p r e -  
ceding  the format ion of c r a c k s .  

switched into a b r idge  c i r c u i t  w i t h r e s i s t a n c e s R  3 and R 4 suppl ied f rom the s t ab i l i zed  source  of a l t e rna t ing  
voltage of 100 V. The ba lanc ing  of the br idge  was done with the a l t e rna t ing  r e s i s t a n c e s  r 3 and r 4. The 
s ignal  taken f rom the br idge  was de l ive red  to the double coordinate  po ten t iomete r  PDS-021M to which was 
a l so  t r a n s m i t t e d  a s ignal  p ropor t iona l  to the t e m p e r a t u r e  of the in te rna l  su r face  of the spec imen .  To obtain 
a synchronized  s ignal  of the t e m p e r a t u r e s  the in te rna l  s u r f a c e s  on the spec imen,  the po ten t i0mete r  EPP-09  
of the r egu la to r  PRT I was fitted with an addi t ional  po ten t iomete r  R D. 

The graduat ions  of the inductive s enso r  and a l so  v isua l  obse rva t ion  of the r ad ia l  d i s p l a c e m e n t  were  
made wit.h the c loek type  inductor  wi tha  sca le  d iv i s ion  of 0.00t mm ins ta l l ed  in s e r i e s  with the co re  of the s e n s o r .  

The s enso r  was  p laced  on one side of the r ig id  fork ,  on the o ther  side of which we fi t ted a m i e r o m e t r i c  
mechan i sm.  The s e n s o r  and the mechanism had quar tz  probes ,  the d is tance  between which, depending on 
the d imens ions  of the spec imens ,  was de t e rmined  before  the e xpe r i m e n t  using the m i c r o m e t r i c  sc rew.  The 
fork was suspended on a f lexible  th read  and ba lanced  with a counterweight .  This suspens ion  was n e c e s s a r y  
for  f ree  d i sp l acemen t  of the fork as  a function of the d i sp l acemen t  of the package of spec imens  dur ing t h e i r  
t h e r m a l  expansion.  

The r e su l t s  of de t e rmin ing  the va r i a t ions  in t e m p e r a t u r e  caus ing  the development  of the f i r s t  c r a c k  
a t  t e m p e r a t u r e s  on the e x t e r n a l  su r face  of 20-100 ~ , a r e  given in Table 4. The big va r i a t ions  in the t e m -  
pe ra tu re  were  r e c o r d e d  in the f i red spec imens .  It is  noted that  the drop  in t e m p e r a t u r e  before  the deve l -  
opment of the f i r s t  c r a c k s  i n c r e a s e s  with an i n c r e a s e  in the heat ing ra te .  In the t e m p e r a t u r e  region above 
1200~ this  drop  in t e m p e r a t u r e  was subs tan t i a l ly  g r e a t e r  than in the region  of the low t e m p e r a t u r e s ,  and 
reached  about 700~ for  the composi t ions  R-47, and 302~ for the compos i t ion  G. In the h i g h - t e m p e r a t u r e  
region  some of the s t r e s s e s  a r e  re laxed  as  a r e su l t  of the development  of p las t ic  de fo rmat ions .  There fo re ,  
with an i n c r e a s e  in the t e m p e r a t u r e  such r e f r a c t o r i e s  become less  sens i t ive  to t h e r m a l  shock.  

F o r  the unfired spec imens  in con t r a s t  to the f i red  the development  of the f i r s t  c r a c k s  during t h e r m a l  
loading is obse rved  with l ess  pronounced drops  in t e m p e r a t u r e .  This a g r e e s  well  with data obtained f rom 
the wel l  known c r i t e r i o n  for  t h e r m a l  shock r e s i s t a n c e  (see Table 4) 

R = E~ ' 
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TABLE 4. 
Spec imens  

"~o temper- ~ ~" 

o ~o r<] ~ 

R-47 200 

Resu l t s  of De te rmin ing  the T h e r m a l  Shock R e s i s t a n c e  of 

~tech, % * I R, I/deg I R', cmZtkg 
temperature, ~ 

3 0 0  600  

205 200 

19,6 49,9 

111 67 
111 67 

20 300 I 600 

8,5 [ 6,5 7,4 

0,033 -- 
0,033 

0,II0 51 

0,53 94,0 
0,53 94,0 

0,4 135,0 
0,4 135,0 

11~ 

I 591 --t0,125]0,154 0,150 167 

G 200 223 --10,07210,074 15,8 5,61 7,2 

Kh-1 200 166 0:0509 0,0280,34 52 3333 124 
600 237 0,028 0,34 52 24 

r ] J 
Kh-8 200 143 0,023 0,0240,33 110 182 59 [33,4[11,6 

600 225 0,020 0,0240,33 ll0 182 59 33,411,6 

Kh-ll 200 203 -v 0,046[ -- Not determined 
600 225 0,046 . . . .  

Kh-15 200 203 -- " " 
600 230 . . . .  

108 -- 625 
108 625 

155 -- 600 
155 600 

~therm a~d~tech are the limiting deformations obtained at the moment of destruction of 
the specimen during testing for thermal shock resistance and strength respectively. 

where  R is the c r i t e r i o n  of t h e r m a l  shock  r e s i s t a n c e ,  d e t e r m i n i n g  the r e s i s t a n c e  to c r a c k  deve lopment  d u r -  
ing t h e r m a l  loading [2], a t is  the s t reng th ,  E is the e l a s t i c i t y  modulus ,  a is the coef f ic ien t  of t h e r m a l  ex -  
pansion,  and/z is the P o i s s o n  ra t io ,  

However  in eva lua t ing  the compos i t i ons  inves t iga ted  f r o m  the c r i t e r i o n  R '" = E/[~t(1- /~)] ,  c h a r a c t e r -  
iz ing  the r e s i s t a n c e  of the m a t e r i a l  to  the sp read  of c r a c k i n g  we obse rve  no c o r r e s p o n d e n c e  be tween  the 
values  R'" and AT.  The r e s i s t a n c e  of the r a m m i n g  bodies  p roved  to be much g r e a t e r  than that  of the f i red  
bodies  (see Table  4). This poss ib ly  expla ins  the we l l -known fact  of the g r e a t e r  r e s i s t a n c e  of linings made 
f r o m  r a m m i n g  bodies  in equ ipment  with sudden va r i a t i ons  in t e m p e r a t u r e .  In connec t ion  with this,  it is  of 
i n t e r e s t  to  note the data  on the m a x i m u m  de fo rma t ions  a t  the m o m e n t  of fa i lure  of the s p e c i m e n s  given in 
Table 4 both for  c a s e s  of mechan i ca l  loading and fo r  t h e r m a l  loading, the va lues  of which prove to be c lose  
for  each  of the r e f r a c t o r y  m a t e r i a l s  be ing  tes ted .  

The m a x i m u m  de fo rma t ion  p r i o r  to fa i lure  is shown by  compos i t ions  which exhibit  the g r e a t e s t  r e s i s -  
tance  to  the s p r e a d  of c r ack ing ,  the unf i red bodies  b a s e d  on sutf i te  lye, and then those  based  on o r thophos -  
phor ic  ac id .  The m i n i m a l  de fo rm a t i on  p r i o r  to  fa i lure  is shown by  f i red  s p e c i m e n s  of compos i t i on  G which 
ac tua l ly  a r e  c h a r a c t e r i z e d  by  the least  t h e r m a l  shock  r e s i s t a n c e  dur ing  s e r v i c e .  

We should a l s o  note the d i f fe ren t  nature  of the fa i lure  in the f i red  and unf i red s p e c i m e n s  which is s een  
f r o m  the c u r v e s  for  tangent ia l  d e f o r m a t i o n  (Fig. 2) de t e rmined  by the  t e n s o s e n s o r s  (four t e n s o s e n s o r s  were  
s e c u r e d  s i m u l t a n e o u s l y  on each  spec imen) .  The f i red  s p e c i m e n s  had a m o r e  p ronounced  drop  in d e f o r m a -  
t ion than the unfired.  It can  be a s s u m e d  that  in the unf i red s p e c i m e n s  t he re  is a p r o c e s s  of g radua l  m o v e -  
m e n t  and deve lopment  of the  de s t ruc t i ve  c r a c k s ;  at  the same  t ime  in the f i red  s p e c i m e n s  des t ruc t i on  o c c u r s  
i r r e g u l a r l y .  

F r o m  the cu rve  in Fig.  2b we can a l s o  conclude someth ing  about  the nature  of the d i s t r ibu t ion  of the 
c r a c k s  in the f i red  s p e c i m e n s .  The deve lopment  of the c r a c k s  be tween  the s e n s o r s  1 and 2 cause s  a s h a r p  
reduc t ion  in the de fo rm a t i on  r e c o r d e d  by the s e n s o r s ,  and a r educ t ion  in the ra te  of g rowth  of the d e f o r m a -  
t ion r e c o r d e d  by  s e n s o r s  3 and 4, m o r e  r emo te  f r o m  the site of c r a c k  deve lopment .  

Dur ing  the deve lopment  of rad ia l  c r a c k s  a c r o s s  the en t i r e  th ickness  of the wall  of the s p e c i m e n s  sen-  
s o r s  3 and 4 a l s o  fixed a sudden d rop  in de fo rma t ion .  Wifll the inductive s e n s o r s  it was  m o r e  difficult  to  
de t e rmine  the m o m e n t  of deve lopment  of the c r a c k s  in the m a t e r i a l  of this  type (Fig. 3). 
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C O N C L U S I O N S  

Compara t ive  s tudies  were  made of f i red and unfired r e f r a c t o r i e s  based  on z i rcon ium dioxide. The 
f i red r e f r a c t o r i e s  a r e  m o r e  r e s i s t an t  to cracking.  However,  the unfired m a t e r i a l s  pos ses s  a higher r e -  
s i s tance  to the development  of c racking  which is  noted during the r eg i s t r a t ion  of sur face  deformat ions  in 
the p rocess  of des t ruc t ion  of the spec imen;  and this is conf i rmed by analyt ica l  c r i t e r i a l  evaluation.  

The de te rmina t ion  of the des t ruc t ive  drop in t e m p e r a t u r e s  before  the development  of the f i r s t  c r ack  
in spec imens  based  on g ranu la r  bodies  should not be  cons idered  as  a re l iable  evaluat ion of the t h e r m a l  
shock r e s i s t ance  o f  the r e f r a c t o r i e s .  

A new method was developed for  observ ing  the nature of the fai lure  in spec imens  during t he rma l  
loading. 
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