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In o rde r  to determine the capacity of bri t t le  mate r ia l s  to res i s t  the effect of thermal  loading, it is 
neces sa ry  to determine both the thermal  stabili ty of these mate r ia l s  and the tempera ture  dependence of 
their  thermophysical  proper t ies ,  which are  responsible for pecul iar i t ies  of tempera ture  distr ibution lead- 
ing to disruptive thermal  loading. It is appropriate that experiments  be conducted for this purpose [1, 2], 
since in this way we not only diminish the amount of neces sa ry  work, but we increase  our  confidence in the 
rel iabil i ty of the resul ts .  This excludes the possible effect of technological variat ions in prepar ing  the s a m -  
ples,  p roper t ies  of which are  not general ly reproduced with absolute fidelity. 

In the present  work we have developed a method of composite investigations of thermal  stability and 
thermophysical  cha rac te r i s t i c s  of mate r ia l s  in a wide range of t empera tures  (up to the melting points of 
the mater ia ls) .  This information was previously  used only for determining the thermal  stability of test  
samples .  

The experimental  par t  of this work was ca r r i edou t  on devices ([3] and others)designed for studying the 
thermal  stability of mater ia l s  in hollow cylindrical  samples  (1 in Fig. 1). In the samples ,  which were a r -  
ranged in a packet of height H -> 8R to obtain a uniform temperature  field in the middle par t  of the packet,  
a tempera ture  drop was produced by means of a res i s tance  heater  (2), causing failure,  and this was r eg i s -  
te red  by an automatic r eco rde r  (3). During the thermal  loading, automatically recording I~PP-09M3 
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Fig. 1. Experimental  setup. 
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Fig .  2. T ime  dependence of exper imen ta l  t e m p e r a t u r e s  at d i f ferent  points  in a sample  
of A1203 (composi t ion 1). 

Fig .  3. Schemat ic  view of the e lement  of a tes t  spec imen  and its e l e c t r i c a l  analog.  

po t en t i ome te r s  noted the t e m p e r a t u r e s  m e a s u r e d  by five p l a t i n u m - p l a t [ n o r h o d i u m  the rmocouples  with 
t h e r m o e l e c t r o d e s  0.2 mm in d i a m e t e r  se t  in a t h e r m o m e t r i c  sample  (4). These  the rmoeoup les  were  c a l i -  
b r a t ed  in the tes t ing l a b o r a t o r y  of the Commit tee  of S tandards  of the USSR. The a c c u r a c y  of read ings  of 
the po ten t iome te r s  connected with the the rmocouples  was checked before  the beginning of the expe r imen t  
and a f te r  i t s  complet ion  by a P P - 6 3  control  po ten t iomete r .  N e c e s s a r y  c o r r e c t i o n s  were  e m p l o y e d i n p l o t t i n g  
the function T = f(t), one curve  of this  function being shown in Fig .  2.* To reduce  the e r r o r  in m e a s u r e -  
ments ,  the junct ions of the the rmocoup les  were  s o l d e r e d  u l t r a s o n i c a l l y  into d e p r e s s i o n s  0.5 mm in d i a m e -  
t e r ,  and the e l e c t rodes  of the thermocouple  were  p laced  on the s a m p l e s  along i s o t h e r m s .  The cold joints  
of the the rmocoup les  were  t h e r m o s t a t i c a l l y  cont ro l led .  In o r d e r  to avoid induction, a compensa t ing  lead  
was a t tached to the ground shield .  In addit ion,  each e l ec t rode  of the the rmocoup les  was grounded through 
p a p e r  c a p a c i t o r s ,  and spec ia l  f i l t e r s  were  used  to s u p p r e s s  noise .  The tes t  s a m p l e s  of corundum were  
p r e p a r e d  at a pi lot  plant  and in the l a b o r a t o r y  of the Ukra in ian  Scient i f ic  R e s e a r c h  Ins t i tu te  for  the Organ i -  
zation of Product ion  and Management  of Indus t ry  (UNIIO). The p r inc ipa 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  
a r e  shown in Table 1: 

Inves t iga t ions  w e r e  made in l i n e a r  heat ing i n t e rva l s  [4] during which the change of t e m p e r a t u r e  with 
t ime at al l  points  in the s a m p l e s  followed the l i nea r  law with a r a t h e r  high degree  of accuracy .  Heating of 
the spec imens  was con t ro l l ed  by means  of an APRT-1  automat ic  r egu la to r  connected to the swi tch  (Sw). 
F o r  all t e s t s ,  the ra te  of t e m p e r a t u r e  change on the in te rna l  su r f aces  of the spec imens  was constant ,  
amounting to 100 d e g / m i n .  

The c r i t e r i o n  for fa i lu re  of a sample  was the fo rmat ion  of r ad ia l  f r a c t u r e s  in i t ,  and the t h e r m a l  s t a -  
b i l i ty  of the sample  was de t e rmined  f rom the value of t e m p e r a t u r e  drop AT between the inner  and ou te r  

* In this  f igure  T 4 is  not shown; T 4 -  T 5 ~ 5-15~ 

TABLE 1 

Material 

Composition I 
Composition 2 
Composition 3 
Composition 4 

Chemical composition,% 
introduced other 

~'i20s add itive 

99,8099'7399'370,,020;Mg 0 0,0'630'2718 

85 15%Z2S04 [ - -  

i 

1 I 3,67 290,8 2,66 
3,80 

23 3,45 

TABLE 2 

]Tmax' [ ATav'deg -RI'. kcal/m Material ~ R, deg _- 

Composition i* 
Composition 2 
Composition 3 
Composition 4 

730 1121 775 2]5 
680 ll2 
740 247 

292 2220 
59 85,5 

478 3394 
372 1414 

* For other sample groups of this composition, AT = ii0 

~ 
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Fig. 4. Tempera tu re  dependence of the coefficients of thermal  conductivity (a) and thermal  
diffusivity (b): 1) composit ion 1; 2) composit ion 2; 3) composition 3; 4) composition 4. 

sur faces  of the cylinder causing the cracking.  Results  of the tests  are  shown in Table 2, in which we have 
given average values obtained f rom no fewer than eight to ten samples.  

To determine the tempera ture  dependence of the thermophysical  charac te r i s t i cs  of the test  mater ia l s ,  
a method was developed for solving the nonlinear inversion problems of t ransient  thermal  conductivity [5]. 
This method involved mathemat ical  modeling based on the analogy between differential equations defining 
the p roces se s  of heat convection and those for  the distribution of e lect r ical  potentials in an e lec t r ica l ly  con- 
ducting medium. In the investigated example,  solution of the problem was ca r r i ed  out on an EINP grid in- 
tegra tor .*  In this conrlection, the analogy between the f ini te-difference equation of thermal  conductivity 

~'r, TI ,n - -  To.n ~'r~ TO'n - -  T2'n 

Q, a l / c m  a / ' T , , A ~ D  2 hi hl + h~ h2 -Jr" "7"1 

/ 460 
~'r, (TI ,n - -  To,.) - -  t r ,  (r2,n - -  To,n) • 

, h i + h. 

. . /  + (CO)o._~ T~ -- r~ O, (1) 
, 6 t  - -  

OA O ~ I000 
. . . .  , approximating a differential equation in part ial  der i -  

/ vates defined in a cylindrical  sys tem of coordinates 
- / "  and the equation of e lect r ical  cur ren ts  (Kirchhoff 's 

law) in res i s tances  convergent at a junction 0,20 . . . . .  / i  ---,- 500 

- - - ~ / f / - " "  V,,n--Vo. n Vzn--Vo,n Vo.n_t--Vo.. 
~?~ + & - + .~, . = 0  (2) 

0 ~ -  'aT 1oo was used for computing the pa rame te r s  of the mod-  
2 3 ~ ~ fi 7 (9 g t, rain e l .  

* It is also possible to use the measur ing  schemes  of 
se r i e s  in tegra tors  of the EGDA, EI, USM, MSM, 
SEI, and other  types for solving the proposed  p ro -  
blem. 

Fig. 5. Curves of mean integral tempera ture  
T, mean integral tempera ture  drop AT, g rea t -  
est t empera ture  drop AT, and the quantity of 
heat accumulating in the sample.  
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Figure  3 represen ts  an e lectr ical  analog, an R grid,  modeling the t ransient  p rocess  of heat convec-  
tion in a sample.  The wall of the specimen is marked off in radial segments  h corresponding to points of 
tempera ture  measurement  (positions of the thermocouples) .  

The total t ime of the test  was broken down into n t ime intervals:  steps in t ime (t = nSt). The thermal  
res i s tance  of thermal  convection and the thermal  res i s tance  accounting for the heat capacity of the sample 
were modele0 by the ohmic res i s tances  RA and Rt. These res i s tances  were determined f rom relat ions [6] 
deriving f rom the analogy between expressions (1) and (2): 

h,(2) R,~ (3) R,.,(2 =-2~.,,(,, (1 + ..~O_) ; 

Rt = 6tRN (4) 
(cQ)._l (~, + h2)r 

In the first step of the solution, the model parameters R A and R t were computed from the given values 
of A and ev adopted as initial values. These values were determined at 150~ for compositions i, 3, and 4 
at the Ukrainian Scientific-Research Institute for the Organization of Production and Management of Indus- 
try (UNIIO) and for composition 2 at the Institute of Strength of Materials of the Academy of Sciences, Uk- 
rainian SSR (IMP AN USSR). 

To find the coefficients of thermal capacity and the volume specific heat Cv at each step in time, the 
values of RA and Rt were selected on the basis of the best description of experimental curves of T(r, t) by 
Eq. (i); in practice they were selected from the condition of coincidence of temperatures at the investigated 
points. Thus, determination of the temperature dependence of A(T) and ev(T) reduced to minimization of 
the value 

A ~[T(rk, t t )--T(rk,  t)el 2, (5) 
k = l  l = I  

where k = I, 2 . . . . .  m represents the number of experimental points except the boundary points; i = I, 
. . . .  n represent fixed moments of time; T M is the solution obtained on the electrical model; and T e the 
value from experimental data. 

The values of the coefficients A and a computed from (3) and (4) are shown in Fig. 4. The coefficient 
of thermal conductivity was determined from the well-known formula a = A / cv. 

The value A is the criterion for determining the quality of the solution obtained, which should be care- 
fully analyzed at each step. We should take into consideration the possibility of secondary peculiarities of 
the investigated phenomenon (particularly structural transformations, observed in many brittle materials). 
It must be noted that in solving the inverse problem by means of the electrical analog method it is easy to 
recognize breakdown of the law A (T). This leads us to conclude that in_homogeneities in structure of the 
sample in the radial direction are possible (such as irregular porosity, phase transformation of part of 
the sample, etc.), which commonly cannot be established by other methods, and without consideration of 
which one may obtain erroneous data concerning the thermal stability of the material. 

The results of each iteration are used for obtaining the value of condition (5), from which the para- 
meters of the model are changed. To facilitate the computation, the iteration process for determining val- 
ues of I and c v may be made automatic. 

In order to reduce to a minimum the error  in determining the thermophysica[ characteristics, the 
experimental temperature fields were measured with minimal error.  The accuracy assumed for the elec- 
trical analog method is about 1%. 

A comparison of the values of A and e v determined by the indicated method with results obtained by 
other methods (data of Skarbinskii [7] for a composition similar to composition 1 (dashed lines) and of the 
Ukrainian Scientific Research Institute for the Organization of Production and Management of Industry 
(UNIIO) for composition I (dash-dot line)) is shown in Fig. 4. As seen from this figure, the values of 
thermophysical characteristics obtained in the present work differ from those used in the comparison by 

10go, which may be considered completely satisfactory. Such precision in determining the values of .~ and 
c v for the method here proposed is not ultimate, but follows from the fact that the comparison was made 
with results having substantial scatter. According to experimental data in determining the values of A and 
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c v for  m a t e r i a l s  for  which these  c h a r a c t e r i s t i c s  a re  r a t he r  well known (for example ,  ca rbon  s teel  08) the 
e r r o r  does not exceed * 5%. 

The desc r ibed  method of the attendant the rmophys iea l  invest igat ions p e r m i t s  us,  with a smal l  number  
of exper imenta l  points of t e m p e r a t u r e  m e a s u r e m e n t ,  to r e s t o r e  the t e m p e r a t u r e  field throughout the ent i re  
th ickness  of the sample .  The interpolat ion made he re  is l inear  and val id when there  a re  no phas 9 or  o ther  
s t ruc tu ra l  t r ans fo rma t ions  in the inves t iga ted  m a t e r i a l ,  i .e . ,  when ~ (T) and cv(T) va ry  smoothly and uni-  
fo rmly .  

Thus,  because  of the use  of the e lec t r i ca l  analog method along with de terminat ion  of the values  of A 
and ev, we may  s imul taneous ly  and automat ica l ly  solve the p rob lem of interpolat ion of the t e m p e r a t u r e  field 
and may  rep lace  the plott ing of in terpolat ion polynomials  and graphic  interpolat ion prev ious ly  used in such 
invest igat ions of the rma l  s tabi l i ty .  The e r r o r  in our  interpolat ion does not exceed 1% of the m a x i m u m  t e m -  
pe r a tu r e  value. Use of the indicated method when it is n e c e s s a r y  to know the t e m p e r a t u r e  at many points 
in the sample  in o rde r  to compute t he rma l  s t r e s s e s  and potential  energy accumulat ing in the sample ,  and 
o ther  p r o p e r t i e s ,  p roves  to be l e s s  labor ious  and m o r e  re l iable  than, for  example ,  the graphical  method of 
interpolat ion.  

In o rde r  to obtain m o r e  comple te  informat ion concerning the l imit ing s ta te  of the rmal ly  loaded s a m -  
p les  tes ted  for  t he rma l  s tabi l i ty ,  it is  impor tan t  to de te rmine  the mean  in tegra l  t e m p e r a t u r e  

R 

2 1' rT (r, t) dr, (6) T =  
ro 

the mean  in tegra l  t e m p e r a t u r e  drop AT = T m a  x -  T, and also the cor responding  specif ic  quantity of heat  
p e r  unit volume accumulat ing in the sample  during the t ime of loading, 

i 

Aql = ~ Cl-o.sQ (T,. - -  Tt-t) ,  (7) 
1 

where ci_0. 5 = ci + ci-i /2 (i is the time). 

As an example, in Fig. 5 we have shown the results of numerical calculations of AQ, T, AT, and AT 
for composition 1. 

The values of ~ and a (see Fig. 4) were used for computing the well-known criteria of thermal stabil- 
ity R and R', which define, according to Kingery's data [8], the formation of cracks in the samples (see 
Table 2). 
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