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Since r e f r ac to ry  mater ia ls ,  and especial ly coarse  grained ones, differ substantially f rom the model 
of a solid body assumed in the theory of elasticity,  whose formulas  a r e  normal ly  used in the t reatment  of 
experimental  resul ts ,  a study on this basis of the thermal  and thermal ly  s t ressed  or  deformed states of 
thermal ly  loaded samples  during tests  for  thermal  stabili ty used at the present  t ime by the major i ty  of 
invest igators  [1-4] is insufficient for a rel iable est imation of the thermal  stability of the investigated ma-  
ter ia ls .  

In connection with this, we ca r r i ed  out an experimental  investigation of the deformed state of this 
type of mater ia l s  both in the process  of thermal  loading of the samples  and during the development of f r a c -  
ture c racks  in them. We developed a method using wire s t ra in  gauges and an inc rease  in the accuracy  of 
measur ing  the temperature .  Tes ts  for thermal  stabili ty were car r ied  out on the TS-4 apparatus with the 
modernized measur ing  and control c ircui t  shown in Fig. 1. The e lec t r ic  supply was through two parallel 
thyr i s to r s  type VKDU-150 in se r ies  with which was a silit heater  of diameter  12-18 mm and length 320 mm. 
The maximum ra te  of heating of samples  was up to 1200 d e g / m i n  (without including a regulator) and up to 
800 d e g / m i n  (programmed rate  of heating) with maximum tempera ture  at the internal surface of the samples 
of up to 1200~ 

Automatic p rogrammed control by the heater was car r ied  out by the sys tem PRT-1 [5], including a 
p rogrammed device RU5-02 and an electronic  potentiometer ~.PP-09 connected with a p la t inum-p la t ino-  
rhodium thermocouple attached to the internal  surface of the sample. The tempera ture  distribution was measured  
by six thermocouples  (including the control) placed along the radius of the sample. The readings of the five 
thermocouples  were  recorded  by double coordinate potentiometers  PDS-021 m. Synchronization of r e -  
cording of a l l t empera tu re s  was achieved by a rheostat  device on the potentiometer I~PP-09 of the sys tem 
PRT-1.  

At t empera tures  20-400~ we used coppe r - cons t an t an  thermocouples  of diameter  0.1 mm which 
were  calibrated at two datum points. The beads of all the thermocouples  were placed in holes of diameter  
0.4 mm and depth of up to 1 mm pierced in the samples  on an ul t rasonic machine. In order  to achieve 
thermal  contact of the thermocouples  with the sample mater ia l ,  tin was poured into the hole. At higher 
t empera tures ,  p l a t inum-  platinorhodium thermocouples  were  used with thermoelec t rodes  of diameter  0.2 mm. 

The cold junctions of all the thermocouples  were thermosta t ica l ly  controlled in a Dewar vesse l  filled 
with melting ice. 

The fa i r ly  high value for  the thermal  e lectromotive force  of coppe r - cons t an t an  thermocouples  (about 
0.04 mV/deg)  and also the measurement  on a scale of 0-5 mV with a 250 mm inst rument  achieved a th resh -  
old of sensit ivity of the measur ing  c i rcui t  of not less  than 0.8~ which is extremely important  for de te r -  
mining the t empera tures  in the region of the positions of the thermal ly  sensit ive wire s t ra in  gauges. In 
spite of the lower accuracy  of the potentiometers  PDS-021, they were used because of their mult irange 
capability, making it possible to use graduated thermocouples  corresponding to measured  tempera tures ,  to 
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T A B L E  1 
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Fig.  1. M e a s u r i n g  c i r c u i t  for  the e x p e r i m e n t a l  appa ra tu s :  1) i nves t iga t ed  s a mp l e ;  2) l i n ing  
s a m p l e s ;  3) s i l i t  hea te r ;  4) work ing  s t r a i n  gauges ;  5) c o m p e n s a t i o n  s t r a i n  gauges.  

Fig.  2. Change in  t e m p e r a t u r e  and d e f o r m a t i o n  of s ample :  a 0 c e n t e r  and e0 end) s u r r o u n d i n g  
s u r f a c e  d e f o r m a t i o n  in  the c e n t r a l  p lane  of the s a m p l e  and at  3 m m  f r o m  the end; ez c e n t e r  
and az end) r e l a t i v e  ax ia l  s u r f a c e  d e f o r m a t i o n  in  the  c e n t r a l  p lane  of the s a m p l e  and at  7 
m m  f r o m  the  end; T r and TR) t e m p e r a t u r e  of the i n t e r n a l  and e x t e r n a l  wal l s  of the sample .  

r e g u l a t e  a "zero"  i n s t r u m e n t ,  and to have an  expans ion  r e g i o n  which du r ing  the e x p e r i m e n t  could be used 
to change the l i m i t  of m e a s u r i n g  and t h e r e f o r e  to work  at  the m a x i m u m  s e n s i t i v i t y  of the i n s t r u m e n t .  

De fo rma t ion  was m e a s u r e d  with the help of w i r e  s t r a i n  gauges  2PKB-10-100GB,  having a coef f ic ien t  
of s t r a i n  s e n s i t i v i t y  K-2.21 and a nomina l  r e s i s t a n c e  of about  100 ~. The s igna l  of the s t r a i n  gauges  was 
in t ens i f i ed  by a 4 - c h a n n e l  t e n s o m e t r i c  a m p l i f i e r  TA-5  work ing  on the l i m i t  of m e a s u r e m e n t  0.25- 103 r e l a -  
t ive  un i t s ,  to the outputs of which was connected  a 5 - c ha nne l  r a p i d l y - a c t i n g  m i l l i a m m e t e r  N - 320 - 5  through 
a su i t ab le  a r r a n g e m e n t .  On the fifth channe l  of this  m i l l i a m m e t e r ,  t he r e  was the s y n c h r o n i z i n g  s igna l  
(p ropor t iona l  to the t e m p e r a t u r e  of the i n t e r n a l  s u r f a c e  of the sample)  e n t e r i n g  f r o m  the r h e o s t a t  device.  

M e a s u r e m e n t  of d e f o r m a t i o n  was c a r r i e d  out in  condi t ions  when the s u r f a c e  of the s a m p l e  had the s a m e  
t e m p e r a t u r e  as  the room.  T h e r e f o r e  the r e g i m e  of t h e r m a l  load ing  for  the s a m p l e s  was  s e l ec t ed  in  such  a 
way that  the  f r a c t u r e  o c c u r r e d  be fo re  an  i n c r e a s e  in  t e m p e r a t u r e  on the ex t e rna l  s u r f a c e  (Fig. 2). This  
t e s t i ng  r e g i m e  d i f fered  c o n s i d e r a b l y  f r o m  that  used e a r l i e r ,  which was  a l i n e a r  hea t ing  r e g i m e  [2]. With such 
heat ing,  t h e r e  i s  no t h e r m a l  exchange  on the e x t e r n a l  su r f a c e  of the s a m p l e  which i n c r e a s e s  the r e l i a b i l i t y  
of the  r e s u l t s  b e c a u s e  of the exc lus ion  of the chance  in f luence  of coo l ing  c u r r e n t s  of a i r .  In s e v e r a l  c a se s ,  
this  r e g i m e  m a y  be c lose  to the condi t ions  of op e r a t i on  of c e r t a i n  componen ts .  

In s e l e c t i n g  t h e b a s e  for  the s t r a i n  gauges  we s t a r t ed  f r o m  the condi t ion  of r e q u i r i n g  a m e a n  d e f o r m a -  
t ion  of ind iv idua l  g r a i n s  and b ind ing  agent  of the inves t iga ted  m a t e r i a l  [6, 7]. Since the g r a i n  s i ze  was about  
1-1 .5  m m ,  we took s t r a i n  gauges  with a b a s e  of 10 mm,  i .e . ,  7-10 t i m e s  g r e a t e r  than the s i ze  of the i n -  
d iv idua l  g r a i n s .  The  adhes ion  and t h e r m a l  t r e a t m e n t  of the s t r a i n  gauges  and a l so  the i r  c a l i b r a t i o n  was 
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Fig.  3. Surface de fo rmat ion  of s a m p l e s  at  f r ac tu re .  

Fig.  4. Change in f r a c t u r e  t e m p e r a t u r e  drop in r e l a t ion  to the r a t io  of height to 
ex te rna l  d i a m e t e r  of sample .  
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Fig.  5. D iag ram of the r e l a t i v e  su r face  ex te rna l  eO and ax ia l  ez de format ions  of s amples  
having H -- 80 mm, D =100 mm; H D =0.8  (a) and H =100 mm; D =100 mm; H D =1 (b) 

Fig.  6. D iagram of change in r e l a t i v e  pe r i phe r a l  su r face  de format ion  during t he r m a l  
loadings:  1, 2, 4) moment  of fo rma t ion  of continuous c rack ;  3, 5) beginning of f r a c t u r e  [I, II) 
s t ages  of f r ac tu re ] .  

c a r r i e d  out by the usual  method [6]. F o r  the inves t iga t ions  we used chamot te  and magnes i t e  s amples  with 
an ex te rna l  d i a m e t e r  D -- 75 mm and in te rna l  d = 25 mm prepa red  in KhPI [8]; corundum, s a m p l e s  of s i n -  
t e r ed  a luminum oxide (D = 100 m m  and d = 50 ram) containing 99.37% AI203 with a po ros i t y  29.8% and s p e c i -  
fic g rav i ty  2.66 g / c m  3 and s a m p l e s  of ZrO 2 (charge P--47) p r epa red  on the expe r imen ta l  works  UNIIO. In 
addit ion,  f rom s topper  tubes 2SPl17,  having D = 1 00 mm and d = 40 mm with length 300 mm, we cut cy l -  
i n d r i c a l  s a m p l e s  with a diamond wheel  of height 20, 35, 60, 80, 100, and 150 mm. F o r  inves t iga t ions  con-  
nected with a s tudy of the c h a r a c t e r  of the f r a c t u r e  of m a t e r i a l s  we a l so  used s a m p l e s  of z i rcon ium d i -  
oxide s t ab i l i zed  by y t t r i um and a l so  f rom chamot te  p r epa red  in KhPI [8]. 

The r e s u l t s  of deformat ion  m e a s u r e m e n t s  a t  the moment  of f r a c t u r e  of the s amples  of chamotte  and 
corundum a r e  given in Table  i and the s a m p l e s  cut f rom the s topper  tubes with a r a t e  of heating of 300 
d e g / m i n  in Fig.  3. F r o m  the f igure  i t  can be seen that  for  cy l inde r s  of low height (H/D _< 0.2) and f a i r l y  
"long" (H/D = 1.5), the obtained r e l a t i onsh ips  co r r e spond  to deformat ion  of s a m p l e s  under  condit ions of 
p l a n e - s t r e s s e d  and p l ane -de fo rmed  s t a t e s  of a hollow cyl inder .  The obtained r e s u l t s  for  i n t e r m e d i a t e  v a l -  
ues of H / D  should be examined careful ly .  In this  range,  the r e l a t i ve  axia l  deformat ion  ~z with H / D  = 1.5, 
equal to the r e l a t i v e  ex te rna l  de fo rmat ion  eO, not only d e c r e a s e s  to ze ro  but a l so  changes to the r e v e r s e  
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sign. This may be explained by the fact  that the ends of the samples a re  deformed, taking the shape of a 
funnel [9]. 

In the whole range of studied s izes  of samples,  their f r ac tu re  occur red  at one level of maximum de-  
formation.  The relat ion between the values eO and ez at the moment  of f rac tu re  was s imi lar  also for other 
mater ia ls  (see Table 1). The rat io of the measured  surface relat ive deformations of thick walled cylinders 
of the final rength at the end and in the center  with H /D  = 1.5 was about 2 /1  at the moment of f racture .  As 
an example, the deformation on the surface  of two samples of different heights prepared f rom chamotte is 
shown in Fig. 4. 

According to Fig. 5, the change in the f r ac tu re  t empera tu re  drop in relat ion to heights of the sample 
(AT = T r -- TR) corresponds  to that observed ear l ie r  [8, 10]. For  H / D  = 0.2 and H /D  = 1.5, the ratio of 
the values of the f rac tu re  tempera ture  drops was about 4 /3 .  

Visual observat ion after  f rac tu re  enabled us to conclude that at heights equal to 0.8 D and higher, f r ac -  
ture  begins at the end as was noted ear l ier  [11]. A s imi lar  picture of f rac ture  was recorded  by s t ra in  
gauges which were attached at varying heights. The f i rs t  sharp decrease  in deformation began at the end 
device and after  some t ime (3-4 sec), as the cracks  moved to the opposite end, the deformation recorded 
by all the intermediate  s t ra in  gauges also decreased.  

These investigations (in addition to those ear l ier  [8]) indicate that during tests  for thermal  stability 
by thermal  loading of cylindrical  samples,  in those cases  when natural conditions a re  not modelled it is 
impossible  to select  a rb i t r a r i ly  the dimensions of the samples,  since the type of s t r e s sed  state caused by 
thermal  loading depends on their dimensions. As follows f rom the presented data, the redistr ibution of de- 
formation (and the s t r e s se s  corresponding to this), connected with change in dimensions of samples ,  does 
not enable any kind of conclusions on the influence of the volume of the s t ressed  mater ia l  on its strength in 
conditions of thermal  loading in the case  when the change in parameter  is described only as the height of the 
hollow cylindrical  sample. 

In order  to determine the charac te r  of the f rac tu re  of the investigated mater ia ls  on samples with 
N / D  = 0.2, the peripheral  deformations were measured  by four s t rain gauges e%, e02 , ~03 , e04 (Fig. 6). A 

varying process  of f rac ture  of the investigated samples  was shown. In the chamotte and corundum samples 
the c rack  proceeded along the body of the samples pract ical ly  instantaneously (Fig. 6a), in samples of 
magnesite and chamotte with oriented mic roc racks  the f rac ture  was intermittent  (Fig. 6b), and in samples 
of zirconium dioxide with a monoclinic phase introduced at the beginning of f rac tu re  there occurred  mic ro -  
cracks  on account of gradual exposure with subsequent intermittent  movement of the cracks  (Fig. 6c). These 
resul ts  indicate the necess i ty  of fixing the initial moment of f rac ture  of the sample  because in severa l  
mater ia ls  the period of complete f rac ture  is protracted.  There  is observed a substantial redistr ibution of 
s t r e s ses  and deformation of the sample in the peripheral  direct ion compared with the redis tr ibut ion taking 
place in the model of an axially symmet r i c  deformed hollow cylinder. 
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