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The data  about the behav ior  of a m a t e r i a l  under  a load requ i red  [1] for  a s s e s s i n g  its t he r m a l  s t rength  
were  obtained in f l exura l  t e s t s  on a modified RM-101 tens i l e  t es t ing  machine which was equipped with a r e -  
v e r s e r  1 (Fig.  1) with l o a d - f o r m i n g  suppor t s  (Fig.  2; a = 22 m,.n L = 89.2 mm).  The force  appl ied  to the 
spec imen  was m e a s u r e d  with a r ing  d y n a m o m e t e r  2 provided  with a 1- IGM-type  ind ica tor  3 giving readings  
in mic rons  (see Fig~ 1)o The read ings  were  r eco rded  by means of a t e n s o r e s i s t o r  4 bonded to an e l a s t i c  
e l emen t  and connected over  a s t r a i n - g a g e  a m p l i f i e r  5 with two-coord ina te  PDS-012M-type po ten t iome te r s  
6 which were  used for  r eco rd ing  the de format ion  d i a g r a m .  

The def lect ion of the spec imen  was m e a s u r e d  with an e x t e ns om e t e r  7 the r e sponse  e lement  of which 
is a 6MKhlS mechanot ron  with a max imum rod t r ave l  of 200 ~ [2]. 

The deformat ion  was r eco rded  with a 2PKP-10-100GB- type  t e n s o r e s i s t o r  8 bonded to the sur face  of 
the spec imen .  The m e a s u r e m e n t s  were  repea ted  in o r d e r  to r e n d e r  them more  re l iab le~ 

The inves t igat ion was c a r r i e d  out with s e v e r a l  r e f r a c t o r i e s  of subs tan t ia l ly  d i s s i m i l a r  composi t ions  
(Table 1). 

The tes t s  y ie lded  the de fo rmat ion  d i a g r a m s  of al l  m a t e r i a l s  concerned in the coord ina tes  F = f (eL  
Typica l  d i a g r a m s  of the m a t e r i a l s  a r e  shown in Fig .  3 and the l imi t ing  deformat ions  a r e  given in Table 2. 
The d i a g r a m s  in Fig .  3 a r e  c h a r a c t e r i z e d  by d i f fe rences  in the re la t ion  between the force  and the de fo rma-  
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Fig .  1. Appara tus  for  s t rength  m e a s u r e m e n t s .  
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T A B L E  1. The C h a r a c t e r i s t i c s  of  the  S p e c i m e n s  

'~o~ Material 

T r ansluc eat 
t alumina 

Composite 
2 altcnina 

Alumina with 
3 zircon 

Unfired 25zcon- 
4 ia 

Composition 

Al~O3 + O, 1%MgO 

AI20~ + 1%TiO~ + 
-1- 7 % AI~O3 

A1203 + 15 % ZrSiO 4 

ZrQ + 4 % CaO + 
+ 4 % HsPO, 

0 

7 

23 

17 

3,97 

3,45 

3,45 

4,40 

Specimens 
produced 
by 

Slip casting 
Semidry 
mold~g 

Sllp easffng 

'Semidry 
molding 

1950 

1650 

1750 

300 

Average 
4 c r o ~  Scc- 
~2on of th~ 
specimens, 
mill  

11,5 • 

12 x8,2 

12,5 x7,9 

16,2 • 10,0 

T A B L E  2. 

Specimen 
No. 

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  the  M a t e r i a l s  

Limiting deformation, 
tel.  units 

Ultimate 
tensile 

strength 
o u.b, 
kg/cm z 

1916 
615 
470 

31,5 

Ela~c modulus, 
kg / crn Z 

in tension in coml~r 
~t" 10"6 g~ 10"~ 

4,05 4,05 
2,64 2,64 
0,94* 1,21" 
0,19" 0,24" 

in tension in compres- 
st. 104 ~on ~ o "104 

4,75 4,75 
2,65 2,60 
9,58 7,35 
3,20 2,49 

Measure of 
brittleness 

X 

1,0 
0,85 
0,40 
0,38 

*In F ig ,  4 the d i f f e r e n c e  in the  m o d u l i  i s  not  d i s c e r n i b l e .  

1- 

F i g .  2. S c h e m a t i c  p r e s e n t a t i o n  of  the load  a p p l i -  
c a t i o n  on the s p e c i m e n .  The  n e u t r a l  p l a n e  of  the  
b e a m  is  shown by the b r o k e n  l ine .  

t ion of  the  m a t e r i a l  in the e x t e n s i o n  and c o m p r e s s i o n  
z o n e s  of  the  s p e c i m e n .  In the  c a s e  of  m a t e r i a l s  show-  
ing n o n l i n e a r i t y  in the d e f o r m a t i o n  d i a g r a m s  r e s i d u a l  
d e f o r m a t i o n  d e v e l o p s  even  at  l oads  be low the l i m i t i n g  
ones. 

Some w o r k e r s  [3-5,  e tc . ]  have  a l r e a d y  d rawn  
a t t en t ion  to the  s t i f f n e s s  of  b r i t t l e  m a t e r i a l s  a t  n o r m a l  
and no tab ly  at  high t e m p e r a t u r e s .  A c c o r d i n g  to s o m e  
p u b l i s h e d  r e s u l t s  [4, 5], the  d i s r e g a r d  of  n o n l i n e a r i t y  
when  i n t e r p r e t i n g  the d i a g r a m s  r e s u l t s  in s i gn i f i c an t  
e r r o r s  in the c a l c u l a t i o n  of the  s t r e n g t h .  In s o m e  
c a s e s  [4, 5, e tc . ]  the  w o r k e r s  c o n c e r n e d  s tud ied  m a -  
t e r i a l s  which  d e f o r m  n o n l i n e a r l y  but  f a i l ed  to t ake  

accoun t  of  the  fac t  tha t  fo r  a b r i t t l e  m a t e r i a l  the  r e s i s t a n c e  to e x t e n s i o n  m a y  d i f f e r  f r o m  the r e s i s t a n c e  to 

c o m p r e s s i o n .  

F o r  the  eva lua t i on  of  the  r e s u l t s  ob ta ined  in the  p r e s e n t  i n v e s t i g a t i o n  the w r i t e r s  deve loped  a p r o c e -  
du re  in which  account  is  t aken  of  both ,  the n o n l i n e a r i t y  of  the  d e f o r m a t i o n  d i a g r a m s  and the d i f f e r e n c e  in 
the  r e s i s t a n c e  to ex t ens ion  and c o m p r e s s i o n .  The  p r o c e d u r e  is  b a s e d  on the p r i n c i p l e  [6, p .  402] of  p l o t -  
t ing  the  s t r e s s - s t r a i n  c u r v e  on the b a s i s  of  the  e x p e r i m e n t a l l y  d e t e r m i n e d  r e l a t i o n  b e t w e e n  the bend ing  
m o m e n t  and the d e f o r m a t i o n  of  the  o u t e r  f i b r e s  of  the  s p e c i m e n .  

C o n s i d e r  the  equa t ions  of  e q u i l i b r i u m  of a b e a m :  

* c  ~ (z) bdz = 0. (1} 

zt 
z c 

S ~ (z) ~bdz = M,  
(2) 

a t 

w h e r e  M = F a  is  the  bend ing  m o m e n t ,  kg ~ em; z is  a c o o r d i n a t e  which  is  m e a s u r e d  f r o m  the n e u t r a l  p l a n e  

of the  s p e c i m e n ,  c m .  
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Fig, 3. Original d iagrams of the deformation of the specimens in the coordinates 
force F - d e f o r m a t i o n  a: a-d) for specimens Nos. 1-4 respect ively.  

Fig. 4. Deformation diagrams of the re f rac tor ies  in the coordinates ultimate strength 
o ' -de fo rmat ion  a: a-d) for  specimens Nos. 1-4 respect ively.  

Here and elsewhere the subscr ip ts  t and c denote quantities which relate to the extended and com- 
p ressed  fibres of the specimen respect ively.  The remaining notation is given in Fig. 2. Assuming that the 
hypothesis of plane sections is valid in the deformation of the specimen it follows that 

= z@, (3~ 

where p is the radius of the curvature  of the neutral plane of the beam, em. 

Let the variable z in Eq. (1) and (2) be substituted by 8 in accordance with Nadai 's  method [6] followed 
by the differentiation of both equations in t e rms  of e t + Be. Subsequent manipulations will give the equations 
which define the s t r e s s  in the outer  f ibres :  

(4) 

% = ~ - ~  1:+ ~-.  I +  d ~  ' (5) 

where 8m = (st + ec) /2  is the mean deformation of the specimen, and the pr ime denotes the derivative in 
t e rms  of the force (e.g., Ut = de/dF) .  

Using Eq. (4), the tensile deformation diagram of the specimen can be plotted f rom the experimental  
curves  of F = F{at) and F (ec )  for  an a rb i t r a ry  relation between the s t r e ss  and deformation,  The peak 
s t r ess  in the curve of the tensile deformation will represent  the bending strength 0ru. b of the mater ia l .  

The resul ts  of the calculation of the ult imate bending strength Cu.b of the mater iaIs  concerned here  
are  given in Table 2. The calculations f rom Eqo (5} only give par t  of the diagram of the deformation by 
compress ion  since in the zone of extension the destruct ion of  the specimen sets  in long before the deforma-  
tion of the compressed  f ibres reaches  limiting values so that the quantity ~u.c is not of interest .  

The deformation diagrams plotted as @ = f(a) f rom the function F = F(8) in Fig. 3 is shown in Fig. 4. 
Note that the d iagrams in Fig. 4 represen t  four types of deformation diagrams charac te r i s t i c  for brit t le 
mater ia ls  [7], The diagram in Fig. 4a, for  example, is of type I because the s t r e s s - d e f o r m a t i o n  function 
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TABLE 3. 

l 1916 
2 615 
3 470 
4 31 

Resul t s  of the Bending St rength  Calcula t ions  

a N, kg/ a D, kg/ ali m, kg/ ~ ~D-ou.t 
cm2 cruz crnZ au.t eu.t 

~100 XIO0 

1916 1916 1916 0 0 
631 646 649 2,6 5,0 
576 595 671 2 1 , 2  26,  I 

40 41 46 27 31 

~lir~%& 
eu . t  
xlO0 

0 
5,5 

42,7 
47 

T A B L E  4.  Resul t s  of the Ca lcu la -  
t ions of the E la s t i c  Modulus,  k g / c m  2 

? 

L % ,n 

�9 , 2 ~  �9 z ,y  

4,05 4,05 4,05 4,05 
2,64 2,64 2,64 2,49 
0,94 1,21 1,06 0,80 
0,19 0,24 0,2t 0,16 

4,05 
2,32 
0,49 
0,10 

is linear; the curve in Fig. 4b ha~ a linear section and represents 
type II; the curve in Fig. 4c is of type Ill since it contains a linear 
section and the tangent at its final point is near-parallel to the 
deformation axis; the diagram in Fig. 4d represents type IV be- 
cause it is nonlinear even at very small loads. These findings 
suggest that the procedure used here should be suitable for most 
refractories tested at any given temperature. 

The elastic modulus of the materials is determined from the 
tangent of the angle of the tangent to the deformation curve in the 
coordinates ff = f(r at near-zero deformation. Differentiation of 
Eqo (4) for r = 0 gives the following equation for the extensions: 

Et 
d f f lE  �9 

d e t  
(6) 

Simi l a r ly  for  the c o m p r e s s i o n :  

3~ d m (7) 

= 'i4 t 

To evalua te  this p r o c e d u r e  and check  the p r e c i s i o n  of  the m e a s u r e m e n t s ,  a c o m p a r i s o n  was  made  b e -  
tween the e las t i c  modul i  d e t e r m i n e d  fo r  given s p e c i m e n s  by the s ta t ic  and dynamic  methods .  F o r  s tee l  
g r ade  St.3 the m e a n  values  a r e  E s t  = 2.08 �9 106 k g / c m  2 and Edy n = 2.09" 106 k g / c m  2, and for  m a t e r i a t  No. 1 
Es t  = 4 .05 .106  k g / c m  ~ and Edy n = 4.00" 106 k g / c m  ~. The e las t i c  modul i  of the m a t e r i a l s  conce rned  h e r e  
a r e  given in Table  2. 

The  equat ions  used  in e a r l i e r  r e s e a r c h  fo r  evalua t ing  the r e s u l t s  of  bending  t e s t s  can be  eas i ly  de-  
r ived f r o m  Eqs .  (4), (6), and (7). D i s r e g a r d i n g  the d i f f e rence  be tween  the tens i le  and c o m p r e s s i o n  d e f o r m -  
at ion of  the m a t e r i a l s ,  i .e. ,  a s s u m i n g  et  = ec  = em,  the fol lowing equat ion can be de r ived  f r o m  Eq. (4~: 

2_~F *m dF ) (8~ 
oN = bh~.\ + -2-" d----~- �9 

This  equation was  fo rmula t ed  by Nadai  [6] and used  by  P a s s m o r e  et al .  [4] and Canon et al.  [51. The equa-  
t ion of  the e las t i c  modulus  is then wr i t t e n  as  fol lows:  

3a dF 
E/v = ~-~"  d8 m �9 (9) 

D i s r e g a r d i n g  the non l inear i ty  of  the de fo rma t ion  d i a g r a m s  but a s s u m i n g  that the m a t e r i a l  r e s i s t s  ex-  
t ens ion  and c o m p r e s s i o n  in d i f fe ren t  ways ,  then at = a t / F  and eYc = e c / F ,  and f r o m  Eq.  (4) 

3a e__m 
a D =  ~ B  F e t  , 

which  is the equat ion fo rmula t ed  by  Duckwor th  [81. 
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Assuming the mater ia l  to be l inearly elastic,  i,e., idealizing its deformation p rocess  as is the p rac -  
tice in textbooks on the strength of mater ia ls  [9], equations (4) and (6) will give the equations used in en- 
gineering problems to calculate the limiting s t r e s se s :  

3a 
~ = E~ F (10) 

and elast ic  modulus: 

3a F 
Elim ~ b-~" U-ram' (11 

A compar ison follows of the resul ts  obtained f rom the various approaches to the problems of deter-  
mining the strength of the mater ia l s .  The d iagrams in Fig, 3 show that all curves  of F = F(et} and F = 
F(e c) are  convex in the upward direct ion.  It follows that 

dF F dF F 
dst "~-t  and d-3-~---~ ec , 

Using these expressions,  it will be found f rom Eq. (8) and (10) that 

where o2q = all m only for  l inearly elastic equal and d i s s imi la r  tensile and compress ion  deformations.  The 
d iagrams in Fig. 3 show, moreover ,  that the F = F(et} curves lie to the right of those for F = F(ec}, i.e., 

d8 t dec 
dF ~'~ dF ' 

These quantities are  equal only for  a mater ia l  with identical curves of deformation by extension and com-  

press ion .  

In that case ,  according to Eq. (4) and (8} 

a t l ' t ~ - ~ k F +  ~- .  dsrn 1 F +  ~ .  --a,r 

i.e., the quantities au. t, a N, and O'li m lie in the descending o rde r  as follows: 

Olim~ aN~ an, t 

These findings were confirmed by the calculation resul ts  in Table 3 which shows the e r r o r s  in the 
results  obtained with the various equations for calculating the ult imate strength.  

A comparison of Eq. (6), (7), (9), and (10) for the elastic moduli shows* that 

E c ~ E t c ~ E t  ~Eiot and E N ~ E l i m ~ E i n t ,  

These relat ions are  i l lustrated by the resul ts  of calculations of the elast ic modulus in Table 4. 

The strength of a mater ia l  can be determined not only f rom the f o r c e - d e f o r m a t i o n  diagrams but also 
from the d iagram of the deflection of the specimen vs the force .  Since in pure bending the deflection of the 
beam between the outer  supports is constant, according to the differential  equation of the line of deflection 

[9, p. 124]: 

4h8 
em - -  ( L - -  2a)2 �9 ( 1 2 )  

This equation does not depend on the shape of the deformation curve of the mater ia l .  Using Eq. (12}, Eq. 

* Ein t is the intersect ing modulus, a quantity often used for prac t ica l  purposes  and equal to the ratio of the 
s trength to the deformation of the material ,  i.e., Ein t = au. t /e  t in the p resen t  case .  
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(8) can be reformulated as follows: 

2a [ F ' 6 dF~ 
(13~ 

The curves F = F(6) can be used in combination with Eqs. (12) and (13) for plotting the deformation 
of the mater ia l  in t e rms  of r N = f(em}. Note that in the general  case the function F = F(51), where the de- 
flection 51 of the specimen is measured  from the level of the outer supports,  cannot be used for plotting 
the deformation diagram (r N = f(e m) because the relation between 6 i and e m depends on the shape of the 
deformation curve.  

In the present  wr i t e r s '  approach to the evaluation of the resul ts  of the experiment it is possible to 
calculate the magnitude of the measure  of br i t t leness  of the mater ia l  [1] which equals the rat io of the bri t t le  
energy B of the specimen at the instant of destruct ion to the energy U expended on its deformation: 

~ =  B/U. 

This quantity can be used for assess ing  the behavior of the mater ia l  under mechanical  and thermal  
loads. For  the present  case,  the br i t t leness  values are  determined f rom the equation 

(~2 
U , t  

X = ~$ 5t , . :  . " , 

2 E  t S c r t d e t  
9 

and are  given in Table 2. The data in Tables 2 and 3 show that the d iscrepancy between o'1i m and the mea-  
sured ultimate strength of the mater ia l  increases  as the measure  of br i t t leness  $ decreases .  It follows 
that information relating to the strength of a mater ia l  should be supplemented with the ~ values which ex- 
p r e s s  the deformation charac te r i s t i cs  of the mater ia l  under a load. 

In tests  based on the principle of three-point  deflection, the s t r e ss  conditions of the beam depend not 
only on the bending moment but also on the t r ansve r se  force.  Moreover,  as already stated, the relation be- 
tween the deformation and deflection of the specimen depends on the shape of the deformation curve so that 
the resul ts  of three-point  bending tests  cannot be used for a p rec i se  determination of the strength of ma te r -  

ials.  

In spite of the relat ively simple s t ruc ture  of Eqs. (4)-(9}, the relevant calculations entail cer tain dif- 
ficulties owing to the necess i ty  to calculate the derivatives d e t / d F  and d e c / d F  prec i se ly  because the analyt- 
ical equations for the functions F = F(e t) and F = F(ge) are  usually unknown and the derivatives must be 
determined numerical ly .  Numerical  differentiation is unsuitable [10, p. 152] because a small  e r r o r  in the 
determination of the equation to be differentiated influences the value of its derivative to a significant ex- 
tent. The present  wr i te rs  therefore  used the method developed by Dolgopolova and Ivanov [11] and plotted 
the curve gt(F)  which not only approached the experimental  curve et(F), i.e. 

Flim 

0 

but was possibly also smoother ,  i~ it gave a minimized functional 

rlim 

O 

where Flim is the limiting force,  kg; ~? is the required approximation of the experimental  curve.  

In this case e~t will differ only marginal ly f rom the required derivative.  The derivative e '  (F~ is cal-  
culated s imi lar ly .  The algori thm for construct ing the diagrams was p rog rammed  for a Mir-2 computer .  

CONCLUSIONS 

A procedure  was developed and tested for evaluating the resul ts  of bending tes ts .  In this procedure  
account is taken of the nonlinearity of the deformation d iagrams for the mater ia l  and of the difference in 
the res is tance  of bri t t le  mater ia l s  to extension and compress ion .  
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Using this procedure,  it is possible to determine the true ultimate strength, the static modulus of 
elasticity, the limiting deformation, and the degree of bri t t leness of ref ractor ies  from a single pure-bending 
tes t ;  the result being that tests can be more efficient and knowledge about the behavior of the material  will 
be greatly increased so that it will be possible to arr ive  at a more accurate assessmeent  of the service 
efficiency of the material  when subiected to thermal effects. 

The quantity ~ i m ,  which in pract ice is usually interpreted as the ultimate bending strength, cor re -  
sponds to the true ultimate strength only for a l inearly elastic material .  For materials with nonlinear 
deformation diagrams, which include the majority of refractor ies ,  the use of ~lim results in overstated 
strength values which is quite inadmissible for a material  to be used in design analyses and estimates.  
The term "ultimate bending strength" as a description of the quantity (rli m should obviously be replaced by, 
for example, the term "conditional ultimate bending strengt h~ (by analogy with the American term "modulus 
of rupture ~ ). 

Data about the strength of materials should be supplemented with a quantity which character izes the 
deformation curve, e.g., the degree of brit t leness )~. 
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