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Problems of thermal stability are normally considered somewhat differently from other problems 
concerning strength of materials. In this connection special characteristics of heat resistance (~T) are 
introduced [I], specific aspects of scatter of experimental results are investigated [2], and the thermal 
states of specimens are thoroughly studied on the assumption of the simplest relations between stress and 
strain for any material [3]. This approach is also followed in worldng out criteria used for analytical eval- 
uation of heat resistance [5] and for developing a theoretical basis for heat resistance [6]. 

However, despite certain success in this field, until now no theory of heat resistance has been de- 
veloped to explain behavior of most materials, much less all, under conditions of thermal stress. Certain 
criteria of heat resistance correspond only to particular cases. Therefore, very many have been proposed 
(in the opinion of the authors of [7], only the principal 21 criteria). The applicability of any particular 
criterion to new material cannot generally be predicted successfully, and frequently the criterial deter- 
minations do not agree with experimental results [8]. Test data on heat resistance, obtained for different 
materials by identical experimental methods, do not give equal values in accuracy and reliability. This 
fact creates uncertainty in laboratory determinations of heat resistance, and the most important wares are 
generally tested under conditions approximating actual operating conditions. 

In this connection, to develop, during tests, more general methods then those now existing for eval- 
uating heat resistance, a number of factors have been analyzed that are not generally emphasized by in- 
ve s t iga tor  s. 

Thus, in compar ing  observa t iona l  r e s u l t s  with t e s t  r e s u l t s  on b e a m s  in bending and hollow cyl inders  
under  conditions of t he rma l  loading of thei r  ex te rna l  sur face ,  i t  m a y  be noted that  the fa i lure  of s p e c i m e n s  
of like m a t e r i a l s  s e e m s  to be s i m i l a r  if the r a t e s  of deformat ion  a r e  comparab le .  In m a t e r i a l s  such as  
dense corundum, g lass  c e r a m i c s ,  carb ides ,  and o thers ,  spec imens  a re  a h n o s t  ins tantaneously  cut through 
by c racks .  Inc rease  in po ros i t y  of corundum, change in s t ruc tu re  of m a t e r i a l  with biaxia l  z i rconium be -  
cause  of degree  of stabil ization,  f o r e x a m p l e ,  fo rmat ion  of spec ia l  m i c r o f r a c t u r e s  in f i rec lay ,  and s i m i l a r  
f a c t o r s  cause cor responding  changes in the fa i lure  p r o c e s s ,  which, for  individual un roas t ed  r e f r a c t o r i e s ,  
m a y  even suggest  " spread ing  out" of p a r t s  of the spec imens  and format ion ,  in the f inal  ana lys i s ,  of c r a c k s  
with v e r y  complex rel ief .  

Mic roc raeks  as  well as  m a c r o c r a c k s  develop, s im i l a r  under  different  types  of loading (such as  when 
the s t r u c t u r e s  of the m a t e r i a l  and the s t r e s s  dis t r ibut ion in the spec imens  a re  s imi lar ) .  As an i l lus t ra t ion 
of this ,  we have shown in Fig. i the f r ac tu re  scheme of a spec imen  of concre te  [9] in c o m p r e s s i o n  and have 
shown a pho tomicrograph  of a sect ion of a hollow cyl indr ica l  spec imen  with a crack.  This l a t t e r  spec imen 
was made of a luminosi l ica te  with g ra ins  of corundum, tes ted  in t h e r m a l  s t r e s s e s  on a gas -dynamic  stand 
[10]. The f r ac tu re  p r o c e s s e s  a re  s i m i l a r l y  desc r ibed  for  both cases ,  but the c r acks  respons ib le  for  f r ac tu re  
p rove  to be m o r e  dangerous  for  m a t e r i a l s  s t re tched  by the s t r e s s  ~t act ing pe rpend icu la r  to the load in the 
c o m p r e s s e d  specimen,  and in a tangential  d i rec t ion during t h e r m a l  loading. (In Fig. 1, P is  c o m p r e s s i v e  
fo rce  and q is  outgoing heat  flow f r o m  the heated specimen.  ) 

When we compare  m a t e r i a l s  differ ing in chemica l  composi t ion and type of c r y s t a l  la t t ice,  but s i m i l a r  
to some extent  in m a c r o s t r u c t u r e ,  we then obse rve  cer ta in  common f ea tu r e s  in the i r  behavior  during iden-  
t ica l  loading, pa r t i cu l a r l y  t h e r m a l  loading, Thus,  in hollow cyl indr ica l  spec imens  made of c o a r s e - g r a i n e d  
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Fig. 1. F rac tu re  of a p r i smat ic  specimen of concrete  during 
axial compress ion  before loading (a) and after  loading (b), and 
also of a cyl indr ical  specimen in thermal  loading (c). 3/4 
reduction. 

graphite [11], coa r se -g ra ined  biaxial zirconium, and magnesia l  concrete ,  the nature of branching c racks  
in the axial direct ion is the same. 

There are  other  well-known facts  also, on the basis  of which, as  a f i r s t  approximation, we may a s -  
sume definite equivalence for  mate r ia l  under any type of load when the distribution of loads in the spec i -  
mens is s imilar .  In this connection, when determining heat res is tance ,  it is suggested that mate r ia l s  be 
c lass i f ied not according to composition, fields of use, technology of manufacture,  or  other  s imi lar  c h a r a c -  
te r i s t ics ,  but according to behavior  under effective forces .  * For  this, it is probably advisable to use the 
common charac te r i s t i c s ,  pa r t i cu la r ly  energy  charac te r i s t i c s ,  which may be considered in like manner  
for  thermal  loading as well as  mechanical  loading of specimens.  

In consider ing the balance of energy expended in deforming the specimen and fur ther  in f rac tur ing  
the specimen by means of energy accumulated up to the time destructive c racks  appear,  in the general  
case we determine that each mate r ia l  is cha rac te r i zed  not only by the total amount of energy  expended but 
also by the relat ions of their  par ts .  Specifically this r e f e r s  to energy  used in elast ic  deformation and ac -  
cumulated in the specimen (potential energy),  but also lost  because of res idual  s t ra ins  in the mater ia l .  
For  elast ic  mater ia l ,  all energy  expended during deformation accumulates  in the specimen in the fo rm of 
potential energy. 

According to Fig. 2, the energy of deformation 

U = l] Olim e lira' 

where N is the space factor of the curve; Oli m represents limiting stresses at failure; eli m represents 
limiting strains at failure, and the potential energy is 

/7 ~ ~l'C~li m ~pe, 

where 77' is the space fac tor  of the pa r t  of the curve for  the a rea  corresponding to potential energy  accumu-  
lated in the specimen to the instant of f rac ture  (for the l inear ly  elast ic  case 77' = 1/2), and ape is the elast ic  
component s t ra in  at  f racture .  

We consider  the rat io of the indicated energ ies  to be a p a r a m e t e r  charac te r iz ing  the behavior (defor-  
mation and fracture)  of a mater ia l :  

// ~1' ~/imepe __ cp ePe 
= U- = ~T ' ~limelina epe' 

where ~o is the relative space fac tor  of the curve.  

For  simplifying the computations,  let us assume that ~ = 1; then the approximate measure  of br i t -  
t leness  of ma te r i a l s  will be the p a r a m e t e r  

�9 In the mathemat ica l  descript ion of the f rac ture  p roces s  in brit t le ma te r i a l s  under thermal  s t ress ,  it is 
effective to use the analogy between development of c racks  in steady tensile deformation and the thermal  
shock of loaded specimens [12]. 
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Fig. 2. Deformation curve of specimen during loading (1) and unloading 
(2) (linearly elastic case). 

Fig. 3. Deformation curve of nonroasted specimens of biaxial zirconium 
during bending with a Hartley oscillator. 

elim 

which, * as shown earlier, may be used for approximate evaluation of the nature of the fracture process of 
thermally loaded specimens of materials. Since the parameter X, being a criterion of brittleness, charac- 
terizes the state of the material, it depends on temperature. 

On the basis of the parameter • it is possible to classify materials after plotting series correspond- 
ing to aspects of their behavior under the investigated force loading. At the beginning of this classification 
series (at values of X -- i) will be found materials whose fracture process takes place catastrophically. 
Specimens with lower values of X will be more brittle and will fracture less catastrophically, This is also 
observed in practice. Even with no calculations we may note that the greater the curvature of the strain 
curve of the material because of the appearance of residual strains (Fig. 3), the less brittle the fracture of 
the material during thermal loading. 

Thus, as with materials, it is possible to classify criteria of heat resistance. The simplest analysis 
of known criteria of heat resistance [4, 6, and others], examined in [14] as characterizing the appearance 
of cracks in a specimen, attest to the fact that the basis of such criteria is the ratio of limiting strain of 
material to the coefficient of linear expansion (the remaining values in the equationcharacterize the particular 

case for which the given criterion has been derived). 

For most known criteria of heat resistance, the value of limiting strain is determined from the ratio 
of breaking strength to modulus of elasticity; i.e., it is considered to be the case of linearly elastic depen- 
dence of strain on stress corresponding to the value X = i. At other values of ~( such criteria should not be 
applied, since it is impossible to account for the actual behavior of the material by means of them. This 
has been repeatedly confirmed by analysis of results from determining heat resistance of different ind~strial 

and other structurally inhomogeneous refractories. 

We should consider also a group of energy criteria, which characterize the capacity of materials to 
resist crack growth [14]. The use of these for materials for which X = I has no meaning, since this case 
is one of catastrophic fracture, and any arrest of cracks here is insubstantial. Therefore, in comparative 
evaluations of such types of criteria, we must consider the criteria to be effective for materials having the 
parameter X < I. This is confirmed in practice. 

Experimental methods of determining heat resistance are most suitably selected on the basis of the 
proposed classification of materials. 

For materials for which X ~ 1 one should use methods providing for determination of temperature 
drops or other characteristics (such as strength, limiting strains, etc. ) in single-stage thermal loading. 

�9 The value of the parameter X' is equal to the reciprocal of the brittleness parameter proposed in [i3]. 
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In this case  we use  the s imples t  method of r ecord ing  ins tants  of f r ac tu re  of the spec imens ,  based  on the 
r eco rd ing  of acous t ic  ef fec ts  accompanying f r ac tu re ,  r e c o r d s  of rupture  of a conductive l ayer ,  and so forth.  
Since with such m a t e r i a l s  the s t ruc tu re  is  not damaged durIng deformat ion  of the specimen,  we should not 
expect  to obtain any espec ia l ly  useful  Informat ion for  them f r o m  thermocyc l ic  t e s t s  on a l imi ted  base  (units 
of tens of t he rmocyc le s ;  t e s t s  that a re  genera l ly  conducted during techaological  evaluat ions  of heat  r e s i s t -  
ance). This is  conf i rmed  exper imenta l ly .  

For  m a t e r i a l s  with the p a r a m e t e r  ~( much l e s s  than unity, f r ac tu re  takes  place  gradually.  The in-  
stant  at  which c r a c k s  f o r m  and the distr ibution of c r acks  in the spec imen m a y  be r e c o r d e d  by m e a s u r i n g  
deformat ion  or  by  record ing  the change in any s t r u c t u r e - s e n s i t i v e  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  during 
t h e r m a l  loading. In such c a s e s  we find in t e re s t  in data concerning r e s i s t ance  of m a t e r i a l  to c r a c k  p r o p a -  
gation during both s ing le -s tage  and r epea ted  t h e r m a l  loading, when, because  of the development  of m i c r o -  
f r ac tu r ing  or  p las t i c  flow, continuous damage of the s t ruc tu re  takes  place.  

Similar  conclusions m a y  be drawn a lso  concernIng methods  of calculat ion when t rea t ing  expe r imen ta l  
r e su l t s  or  when evaluatIng heat  r e s i s t ance  of any s t ruc tu ra l  e lements .  

C O N C L U S I O N S  

1. When de te rmin ing  heat  r e s i s t ance ,  i t  is advisable to c l ass i fy  m a t e r i a l s  not by the i r  chemica l  c o m -  
posi t ion,  technology of manufac ture ,  regions  of application,  o r  other  such fea tu res ,  but by the i r  behav ior  
(deformation and f rac tu re )  during force  loading. 

2. For  evaluat ing the behavior  of m a t e r i a l s  during force  loading we have p roposed  the ra t io  of po ten-  
t ial  ene rgy  accumula ted  in the spec imen at  the Instant  of f r ac tu re  to the total  ene rgy  expended on d e f o r m a -  
tion of the spec imen  p r i o r  to i ts  f r ac tu re .  
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