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I. HIGH-TEMPERATURE MATERIALS 

New technology involves increases in all the var- 
ious process parameters: temperature, velocity, 
pressure. Accordingly, it calls for new materials 
with much improved properties--resistance to heat 
and c o r r o s i o n ,  fus ib i l i ty ,  s emiconduc t ing  p r o p e r t i e s ,  
l i gh tnes s ,  h a r d n e s s - - f o r  use  in so lv ing  such p r o b l e m s  
as  the  c o n v e r s i o n  of va r ious  f o r m s  of e n e r g y  into 
e l e c t r i c i t y  (MHD g e n e r a t o r s ,  a tomic  power  s t a t i ons ,  
t h e r m i o n i c  c o n v e r t e r s ,  s o l a r  ene rgy  d e v i c e s ,  fuel  
ce l l s )  and the des ign  of h i g h - s p e e d  a i r c r a f t  [1]. 

One of the mos t  impor t an t  p r o b l e m s  c u r r e n t l y  e n -  
gaging the a t ten t ion  of m a t e r i a l s  s c i e n t i s t s  in v a r i ous  
c o u n t r i e s  is  the  deve lopmen t  and inves t iga t ion  of new 
r e f r a c t o r i e s .  

Our a im  has been  to r ev i ew  the m o s t  p r o m i s i n g  
h i g h - t e m p e r a t u r e  m a t e r i a l s ,  t h e i r  spec i f i c  a p p l i e s -  
t ions and methods  of inves t iga t ing  t h e i r  t h e r m o p h y s i -  
ca l  p r o p e r t i e s  at  t e m p e r a t u r e s  up to 3500" C. 

R e f r a c t o r y  compounds  m a y  be c l a s s i f i e d  as  fo l lows:  
1. Compounds of t r a n s i t i o n  m e t a l s  and n o n m e t a l s - -  

b o r i d e s ,  c a r b i d e s ,  n i t r i d e s ,  o x i d e s ,  s i l i c i d e s ,  p h o s -  
ph ides ,  and su l f ides .  

2. Compounds  of n o n m e t a l s - - c a r b i d e s ,  n i t r i d e s ,  
and su l f ides  and phosphides  of boron  and s i l i con  t o -  
ge ther  with b o r o n - s i l i c o n  a l loys .  

3. Compounds of m e t a l s - - i n t e r m e t a l l i d e s .  
Compounds of the f i r s t  c l a s s  have an i n t e rna l  and 

e x t e r n a l  s i m i l a r i t y  with m e t a l s  and t n t e r m e t a l l i d e s ;  
t h e r e f o r e  they  m a y  be c a l l e d  me ta l l i ne .  Since the  m e -  
t a l l i c  components  a r e  t r a n s i t i o n  e l e m e n t s ,  the c h e m i -  
cal  bond involves  the s and p e l e c t r o n s  of both 
componen t s  and the add i t iona l  d a n d f  l eve l s  of the 
me ta l ,  The s t a b i l i t y  of the e l e c t r o n  she l l s  d e t e r m i n e s  
the r e f r a c t o r i n e s s .  The p r e d o m i n a n c e  of m e t a l l i c  or  
nonmeta l l i c  p r o p e r t i e s  is  d e t e r m i n e d  by the r e l a t i o n -  
sh ip  be tween the a c c e p t o r  ac t i v i t y  of the m e t a l  a toms  
and the ion iza t ion  po ten t ia l  of the  nonmeta l .  F o r  e x -  
ample ,  in compounds  involving a nonmeta l  with a low 
ion iza t ion  po ten t i a l  (s i l icon)  and an inac t ive  m e t a l  
(molybdenum) s e m i e o n d u c t i n g  p r o p e r t i e s  p r e d o m i n a t e .  
But if we take  a nonme ta l  with a high ion iza t ion  p o t e n -  
t im  (carbon) ,  then with the s a m e  m e t a l  we obta in  a 
me ta l l fne  compound,  i . e . ,  p r e d o m i n a n c e  of m e t a l l i c  
and ionic bonds g ives  m e t a l l i c  and nonmeta l l i c  p r o p e r -  
t i e s ,  r e s p e c t i v e l y .  

Compounds of the second  c l a s s  a l so  have bonds  of 
two k inds ,  but  wi th  a cova len t  bond of the B-B type  
p r e d o m i n a t i n g ,  which l e a d s  to s e m i c o n d u c t i n g  p r o p e r -  
t i e s  and high e l e c t r i c a l  r e s i s t a n c e  at  r o o m  t e m p e r a -  
tu re .  As a ru l e  they  d e c o m p o s e  be fo re  the me l t ing  
point  or  m e l t  with decompos i t i on .  

Compounds of the third class form the subject mat- 
ter of the recently created science of metal chemistry. 

The above classification was proposed by G. V. 

Samsonov. * 
Further acquaintance with refractory (high-melting) 

compounds reveals that 125 of them have a melting 
point above 2000 ~ C and 16 above or equal to 3000 ~ C. 
These figures do not include refractory metal oxides 
and pure high-melting metals. Naturally, the charac- 
teristics of the top 16 compounds are of most immed- 
iate interest. Table 1 gives the properties and 
applications of some high-melting materials. With 
respect to the rest our choice has been based on the 
usefulness of their properties and their applications 
in modern technology. 

MATERIALS USED IN REACTOR CONSTRUCTION 

In making the fuel elements for fast-neutron reac- 
tors with liquid-metal cooling it is necessary to em- 
ploy metals with a small fast-neutron capture cross 
section that are both cheap and easy to work. Their 
properties are presented in Table 2. The data of this 
table were taken from Turner's report "Manufacture 
of Fuel Elements for Fast-Neutron Reactors at Down- 
tree" (Proceedings of the Second International Confer- 
ence on the Peaceful Uses of Atomic Energy, 1958). 

Niobium may be used for the outer jacket and 
vanadium for the inner jacket, which under emergency 
conditions makes it possible to withdraw the molten 
fuel from the danger zone together with the coolant 
through the destroyed vanadium jacket. 

The trend toward an increase in reactor tempera- 

ture has made it necessary to use ceramic nuclear 

fuels. The matrix elements for dispersed UO 2 fuels 

are the oxides A1203, BeO, MgO, ZrO 2 and ThO2, 
which have a low neutron-capture cross section and 

high melting points. USi 2 and USi 3 disperse fuels re- 

quire a MoSt 2 matrix since the latter possesses high 

resistance to oxidation and a high melting point. The 

matrices protect the uranium silieides by enveloping 

them. 
It has recently been suggested that the efficiency 

of atomic power stations could be improved by adding 

a loop with a MHD generator. However, for the latter 
to operate normally, the temperatures at the inlet 
should be not less than 2200~ ~ C, i.e., the work- 

ing gas cooling the reactor is heated to that tempera- 

*G. V. Samsonov, in: High-Temperature Metal- 
Ceramic Materials [in Russian], Kiev, 1962, p. i i .  
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Table  1 
P r o p e r t i e s  and Applicat ions of the Top High-Mel t ing Compounds 

fm ,  
oc J Chem. [ 

symbot i 

TiB 2 2980 

ZrB, 3040 
NbB e 3000 
TaB 2 3100 
TiC 3147 

ZrC 3530 

3480 

3880 

3205 

2980 

3087 

NbC 

TaC 

TiN 

ZrN 

TaN 

the rma l  conductivit t 

1500 i - I2,31 

200 - [01 
200 [61 
200 181 

2!00 5 [9] 

'00 25 [I21 

O0 20 [121 

t50 - -  [19] 

;00 _ [191 

20 _ [171 

Specific heat 

 ;7Y- 

2300 1,2 [4 ] 

800t - -  [ 7 ]  

! 500 1 

1530 

1800 

1550 1 
1550 ] 

527 I 

Properties and 
applications 

Resists neutron radiation 
[8]~ Thermoelectrodes 

Heat-resistant 
Hen t-resistant 
Heat-resistant  
Resists moiten metals. 

Heat shielding [11] 
Scale-resistant,  low 

neutron-capture cross 
section 

Resistant to metal  
vapors. Very hard 

Cutting tools [18], cru- 
cibles [16], heaters [17], 
electric lamps [18] 

Heat-resistant.  hard 
High electr ical  con- 

ductivity 

Table 2 

Materials for Fuel-Element Cans 

Atomic Qf.n, Workability 
Element weight y, g / cm3  t m, ~ barns 

Ti 
Zr 
Hf 

Nb 
Ta 
No 
W 
Re 
V 

Ni 

47.90 
91.22 

178.6 
92.91 

180.88 
95.95 

183.92 
186.3I 
50,95 
58.69 

4.5 
6.5 

8.57 
16.6 
10.2 
19.3 
20.0 

. 6 . 0 2  
8.9 

I725 
1860 
1876 
2460 
3000 
2620 
3410 
3170 
1900 
I455 

79 
43 

92 
250 

68 
117 

10 
40 

Good 
Good 
Good 
Very good 
Good 
Not bad 
Poor 
Poor 
Good 
Good 
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r~ 12750 

do ~50 
~ 1  o e, o~ .c 

Fig. i. Measuring system for determining specific heats to 3600 ~ C 
(i is the specimen, 2 is the photoelectric pyrometer, 3 is the po- 
tentiometer, 4 is the differentiator, 5 is the oscillograph, 6 is the 
current shunt, 7 are the potential probes, 8 is the relay, 9 are the 

storage batteries) (a) andosciUograms of voltage, current, temper- 
ature, and heating rate (b) (E in volts, i in amps, ~ in ~ ~- in sec). 

tu re .  If s eed ingwi th  a l k a l i - m e t a l  sa l t s  proves  poss ib le ,  
the working t e m p e r a t u r e  of the gas in the sys t em 
could be much reduced.  

The working t e m p e r a t u r e  of so l id - fue l  r e a c t o r s  is 
de t e rmined  by the m a x i m u m  fuel e lement  t e m p e r a t u r e .  
In the Los Alamos expe r imen ta l  r eac to r ,  working on 
a sol id solut ion of u r a n i u m  carb ide  and z i r con ium 
carb ide ,  it was 2200 ~ C. Of course ,  the nuc l ea r  fuel 
was u r an ium,  and the other components  were used 
only on account  of the high heat  r e s i s t a n c e  and low 
n e u t r o n - c a p t u r e  c ro s s  sect ion.  

The l imi t a t ion  on working t e m p e r a t u r e  is r emoved  
in r e a c t o r s  working with gaseous  f i s s ionab le  m a t e -  
r i a l  s ince  the t e m p e r a t u r e  of the l a t t e r  may  be twice 
as high as the t e m p e r a t u r e  of the wal ls .  The f i s s i o n -  
able gas is e i ther  i t se l f  the working med ium of the 
MHD gene ra to r  or en te r s  into its composi t ion.  The 
m a x i m u m  gas t e m p e r a t u r e  is of the order  of 5500 ~ C. 

The working channel  of a MHD genera to r  r e q u i r e s  
a h igh -me l t i ng  e r o s i o n - r e s i s t a n t  m a t e r i a l ,  poss ib ly  
a meta l  ca rb ide .  However,  in a combined  sys t em the 
m a t e r i a l  mus t  a lso be able to wi ths tand gamma  r a d i a -  
t ion and neu t ron  bombardmen t .  

Another  method of d i rec t  conve r s ion  of nuc lea r  
ene rgy  into e l e c t r i c i t y  is t he rmion ic  conve r s ion  in 

p l a sma  diodes bui l t  into the fuel e l ements .  So far ,  
tungs ten  and tan ta lum have genera l ly  been used as 
cathode m a t e r i a l s .  R e s e a r c h  is now being c oncen -  
t r a ted  on such h e a t - r e s i s t a n t  m a t e r i a l s  as meta l  n i -  
t r i des  and ca rb ides ,  which a re  capable of working 
inside r e a c t o r s  for long per iods  at t e m p e r a t u r e s  of 
the order  of 2200 ~ C. 

The above methods of conver t ing  nuc l ea r  ene rgy  
into e l ec t r i c i t y  are  imprac t i cab le  un less  the proLlem 
of developing and inves t iga t ing  h e a t - r e s i s t a n t  m a t e -  
r i a l s  c a n b e  solved.  However ,  so lut ion of this  p rob lem 
will  make poss ib le  the cons t ruc t ion  in the nea r  future 
of p lants  with an o v e r - a l l  eff ic iency of the o rder  of 
60% as compared  with 40% for the bes t  con t empora ry  
power s ta t ions .  

MATERIALS USED IN ROCKET ENGINEERING 

The working condit ions in rockets  a re  such as to 
r equ i r e  high h e a t - r e s i s t a n c e ,  high r e s i s t a n c e  to 
t h e r m a l  shock, and r e s i s t a n c e  to sca l ing  at t e m p e r a -  
tu res  above 1300 ~ C. 

The following m a t e r i a l s  a re  employed to pro tec t  
nose cones ,  t h rus t  chamber  wal ls ,  and other compo-  
nents :  

6 2 

Fig.  2. Sketch of graphi te  tube fu rnace  for d e t e r m i n i n g  spe -  
cific heats  to 3600 ~ C: 1) graphi te  hea te r  tube,  2) t h e r m a l  i n -  
sula t ion,  3) e lec t rode ,  4) fu rnace  shel l ,  5) s ight  tubes ,  

6) spe c i me n .  
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1. Light  m e t a l s  and  t h e i r  a l l oys ,  e . g . ,  t i t an ium.  
B e r y l l i u m  has  been  u sed  as  hea t  sh ie ld ing  for  a 
manned  s p a c e c r a f t  [21, 22]. 

2. H igh -me l t i ng  m e t a l s ,  n iobium,  m o l y b d e n u m ,  
and the i r  a l loys .  These  a l l  have a s e r i o u s  and not  
e a s i l y  e l i m i n a t e d  s h o r t c o m i n g - - t h e i r  e a s e  of being 
ox id ized  [23, 24, 25]. 

3. C e r m e t s ,  m e t a l s  i m p r e g n a t e d  with so l id  c o m -  
ponents ,  e . g . ,  b o r i d e s ,  c a r b i d e s ,  n i t r i d e s  [24]. 

4. Ceramic materials--oxides of aluminum, mag- 
nesium, thorium, together with chlorides, fluorides 

and hard alloys used for heat shielding [24]. 

5. Graphite whose strength at the sublimation point 

is higher than its strength at room temperature. Its 
greatest disadvantage is oxidizabi[ity. Remarkable 
properties are possessed by pyrolytic anisotropic 

graphite. By using it as a heat conductor it has proved 
possible to make a perfectly reliable throat section 

for the supersonic nozzle of a solid-propellant rocket 

motor. The permissible temperature was 2800 ~ C, the 
decomposition temperature, 3650 ~ C. With respect to 

warmup rate for the entire mass of the throat liner 

pyrographite was twice as effective as tungsten [26]. 

6. Plastics based on various resins that liberate 
large quantities of gas in the course of degradation 

[24]. 
In view of the spec i f i c  condi t ions  of r o c k e t  o p e r a -  

t ion,  e . g . ,  s h o r t  burns  and a e r o d y n a m i c  hea t ing ,  
c o m p o s i t e  m a t e r i a l s  a r e  of s p e c i a l  i n t e r e s t .  A s tudy 
of homogeneous  h i g h - t e m p e r a t u r e  m a t e r i a l s  has  shown 
that  they  do not p o s s e s s  a l l  the n e c e s s a r y  p r o p e r t i e s .  
The d e s i r e d  p r o p e r t i e s  cannot  be obta ined  by i n t r o d u c -  
ing a d m i x t u r e s .  In c o m p o s i t e  m a t e r i a l s  each  c o m p o -  
nent  o r  l a y e r  p e r f o r m s  i t s  own funct ion .  

F o r  ab la t ive  hea t  sh i e ld s  it  is  c u s t o m a r y  to use  
o rgan ic  coa t ings  (epoxy and po lyu re thane  r e s i n s )  and 
c e r a m i c  oxides  i m p r e g n a t e d  with o rgan ic  compounds .  

Compos i t e  m a t e r i a l s  a r e  e s p e c i a l l y  va luab le  for  
the  nozz les  of r o c k e t  m o t o r s  with t h r u s t  c h a m b e r  
t e m p e r a t u r e s  of the o r d e r  of 3900 ~ C. Tungs ten  and 
g raph i t e  a r e  no longe r  su i t ab le .  Nozz les  for  s o l i d -  
p r o p e l l a n t  r o c k e t  m o t o r s  have r e c e n t l y  been made  of 
porous  tungsten i m p r e g n a t e d  with  another  m e t a l  with 
a l ower  me l t i ng  point  and a bo i l ing  point  lower  than 
the nozz le  work ing  t e m p e r a t u r e .  In th is  e a s e  p r o t e e -  

t ion is p rov ided  by  the hea t  c a p a c i t y  of the s y s t e m  as  
a whole and the phase  t r a n s i t i o n s  of the l o w - t e m p e r a -  
t u r e  m e t a l  [27]. 

F ig .  3. D i a g r a m  of p h o t o e l e c t r i c  p y r o m e t e r :  
1) phototube,  2) m i r r o r  with c e n t r a l  hole ,  
3) ob jec t ive  l ens ,  4) s p e c i m e n ,  5) o c u l a r  l ens .  

II .  METHODS OF INVESTIGATING THE THERMO- 
PHYSICAL PRO PE RT IE S  OF H I G H - T E M P E R A T U R E  
MATERIALS 

METHODS OF DETERMINING SPECIFIC  HEAT 

T h e r e  a r e  n o n s t a t i o n a r y  and s t a t i o n a r y  methods  of 
d e t e r m i n i n g  spec i f i c  heat .  The f o r m e r  has  the a d -  
vantage  tha t  it  enab le s  the t e m p e r a t u r e  dependence  of 
the t rue  spec i f i c  hea t  to be  d e t e r m i n e d  d i r e c t l y .  We 
wi l l  c o n s i d e r  two v a r i a n t s .  

R a s o r  and McCle l l and  [28] have d e t e r m i n e d  the 
spec i f i c  hea t  of e l e c t r i c a l  c onduc to r s  in the r ange  
1000~ ~ C by the d i r e c t  hea t ing  method.  This  
me thod  is i l l u s t r a t e d  in F ig .  1. 

The s p e c i m e n  was hea ted  to the r e q u i r e d  t e m p e r a -  
tu re  in a g r aph i t e  tube fu rnace  (Fig.  2) a f t e r  which a 
cons tan t  c u r r e n t  was p a s s e d  th rough  it.  The hea t ing  
r a t e  was 50 d e g / s e c .  In the r e g i o n  c l o s e  to the axis  
of the s p e c i m e n  the t e m p e r a t u r e  i n c r e a s e s  l i n e a r l y  
for  0.1 sec ,  i . e . ,  by 5 ~ C. The spec i f i c  hea t  is  c a l -  
cu la t ed  f r o m  the e x p r e s s i o n  

cp = Z I /m  (dT/d "c). (1) 

The abso lu te  t e m p e r a t u r e  of the s p e c i m e n  was d e -  
t e r m i n e d  with an op t ica l  p y r o m e t e r ,  while  exac t  
m e a s u r e m e n t  of the 5 ~ t e m p e r a t u r e  change was made  
p o s s i b l e  by the s p e c i a l l y  des igned  p h o t o e l e c t r i c  p y r o -  
m e t e r  shown in F ig .  3. Af t e r  s p e c i a l  c a l i b r a t i o n  the 

b 

Fig .  4. C i r cu i t  d i a g r a m s  of d e v i c e s  f o r  d e t e r m i n i n g  spec i f i c  
hea t s  to 3300 ~ C: a) us ing  mutua l  induc tance  (1, s e l e c t i v e  a m p -  
l i f i e r ,  2, l o w - f r e q u e n c y  o s c i l l a t o r )  and b) us ing  c a p a c i t a n c e  
with b lock  d i a g r a m  of i n d i c a t o r  s y s t e m  (1, s e l e c t i v e  a m p l i f i e r ,  
2 and 4, phase  sh f f t e r s ,  3 and 5, synch ronous  d e t e c t o r s ,  6, 

audio o s c i l l a t o r ) .  
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ra t e  of change of s p e c i m e n  t e m p e r a t u r e  can be d e t e r -  
mined  as 

dT T~d 0 - -  = .  (2 )  
dx  bOd'~ 

The e r r o r  in d e t e r m i n i n g  the spec i f i c  hea t  was ~5% 
and depended ma in ly  on the e r r o r  in d e t e r m i n i n g  the 
p a r a m e t e r  b of the photocel l .  

,9 

Fig .  5. D i a g r a m  of a p p a r a t u s  for  
d e t e r m i n i n g  entha lpy  and spec i f i c  
hea t  to 2500 ~ C: 1 and 2) upper  and 
lower  cooled  conduc to r s ,  3) t u n g -  
s ten  h e a t e r ,  4) coo led  fu rnace  
she l l ,  5) s c r e e n s ,  6) op t i ca l  c h a n -  
nel ,  7) to ta l  i n t e rna l  r e f l e c t i o n  
p r i s m ,  8) coo led  s c r e e n ,  9) c a l -  
o r i m e t e r ,  10) t h e r m o s t a t t e d  
j acke t ,  11) c a r r i a g e ,  12) s tand.  

This  method  was used  to d e t e r m i n e  the spec i f i c  
h e a t  of g raph i t e ,  v a r i o u s  c a r b i d e s ,  and for  s a m p l e s  
of h i g h - t e m p e r a t u r e  m e t a l s  p r o t e c t e d  by  a t an t a lum 
tube.  

Ya. A. Kraf tmaIaher  [29] has  deve loped  a m o d u l a -  
t ion method  of m e a s u r i n g  the spec i f i c  hea t  of h i g h -  
me l t ing  m e t a l s  up to the me l t ing  point  b a s e d  on the 
laws  of the r e g u l a r  t h e r m a l  r e g i m e  of the t h i r d  kind. 
If a c u r r e n t  I = i 0 + i s in cot (i << i0), f lows through the 
s p e c i m e n ,  i t s  t e m p e r a t u r e . a n d  r e s i s t a n c e  v a r y  a c -  
c o r d i n g  to a p e r i o d i c  law 

T = 7 ' o + 0 ,  A R = R o a 0 .  

The power  ba lance  of the s p e c i m e n  is g iven  by the 
e x p r e s s  ion 

m c  - -  + f (7"0) + 0 ---- 
d "~ r. 

=igR q-2ioiR sinr + igRoctO. (3) 

Af te r  the s u b s t i t u t i o n f  (To) = i02 R, the so lu t ion  of 
d i f f e ren t i a l  equat ion (3) is  obta ined  in the fo rm 

0 0o sin (cox-  ~p), (4) 

whe re  

2ioiR .. rncco [ d__L] 0o= sin% tgq~=---~-, K = [ d T j  - - i ~ R o a .  
/'r/C ~ r T ,  

We can now find the spec i f i c  hea t  f r om the e x p r e s s i o n  

2ioiR 
mc = ~ sin ~. (5) 

r o 

Thus,  the spec i f i c  hea t  depends  only on the r a t i o  
of the ampl i t udes  of the  c u r r e n t  and t e m p e r a t u r e  o s c i l -  
l a t i ons ,  which m a k e s  i t  p o s s i b l e  to des ign  c o m p e n s a -  
t ion m e a s u r i n g  c i r c u i t s  (Fig. 4). In the c a s e  of a 
c i r c u i t  us ing mutua l  inductance  the e x p r e s s i o n  for  the 
spec i f i c  hea t  r e d u c e s  to the f o r m  

me = 2i~ RRo ~/o~ ~ )Vl. (6) 

In the  c a s e  of a c i r c u i t  us ing  c a p a c i t a n c e  the  e x p r e s -  
s ion  for  the  spec i f i c  hea t  b e c o m e s  

2i~Ro a mc =- ~ sin ~ W. (7) 

When the s p e c i m e n s  took the f o r m  of w i r e s  0 .03 -0 .05  
m m  in d i a m e t e r ,  the modula t ion  f r equency  was about 
120 Hz. The e x p e r i m e n t s  w e r e  p e r f o r m e d  in an a rgon  
a t m o s p h e r e  and under  vacuum.  The t e m p e r a t u r e  of 
the  s p e c i m e n s  was d e t e r m i n e d  f rom e l e c t r i c a l  r e s i s -  
t ance .  The s c a t t e r  of the e x p e r i m e n t a l  va lues  was 
about  1% up to t e m p e r a t u r e s  of 3300 ~ K, i n c r e a s i n g  
to 4% at 3600 ~ K. Unfor tuna te ly ,  the a c c u r a c y  was not 
computed .  

Among the s t a t i o n a r y  methods  of d e t e r m i n i n g  s p e -  
c i f ic  h e a t  a t  v e r y  high t e m p e r a t u r e s  the one giving the 
m o s t  a c c u r a t e  r e s u l t s  is  the mix ing  me thod  us ing  a 
m a s s i v e  c a l o r i m e t e r  and d i a t h e r m a l  hea t  m e a s u r e -  
ment .  An e x p e r i m e n t a l  a p p a r a t u s  b a s e d  on this  
p r i n c i p l e  has  been deve loped  by  K i r i l l i n ,  Sheindl in ,  
and Chekhovskii [30-32] (Fig. 5). It consists of a 
high-temperature furnace and a massive copper cal- 
orimeter separated by a screen system to prevent 
furnace radiation entering the calorimeter during 
heating of the sample and calorimetry. The furnace 
and the calorimeter are evacuated to a pressure of 
10 -8 mm Hg. The experiment is conducted in a vacuum 
or in a protective argon atmosphere at 770 mm Hg. 

The calorimeter was calibrated by heating with 
electric current, while in analyzing the results of the 
experiments values of the temperature determined 
with the p l a t inum r e s i s t a n c e  t h e r m o m e t e r  we re  e x -  
c luded.  F o r  a known c a l o r i m e t e r  hea t  value the hea t  
e f fec t  is  g iven by 

Q=AAt-----(Q/At) calib At.  (8) 

Since dur ing  c a l i b r a t i o n  and in the e x p e r i m e n t s  the 
in i t i a l  t e m p e r a t u r e  of the m a i n  p e r i o d  was equal  to 
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22 ~ C (for convenience) ,  the values  of At in the n u m -  
e ra to r  and denomina tor  of Eq. (8) a re  the same ,  i . e . ,  
for a l i nea r  t e m p e r a t u r e - r e s i s t a n c e  r e l a t i on  Q can be 
uniquely de t e rmined  in t e r m s  of AR. 

Genera l ly  speaking,  a p la t inum r e s i s t a n c e  t h e r -  
m o m e t e r  has a parabol ic  t e m p e r a t u r e - r e s i s t a n c e  
c h a r a c t e r i s t i c .  However,  at room t e m p e r a t u r e  it is 
quite poss ib le  to rep lace  it with a l i nea r  c h a r a c t e r -  
is t ic  if the t e m p e r a t u r e  di f ference At < 10 ~ C [32]. 
This  subs t i tu t ion  i n c r e a s e s  the accu racy  and par t ly  
e l im ina t e s  the need to ca l ib ra te  the r e s i s t a n c e  t h e r -  
mome te r .  

As a r e s u l t  of ca l i b r a t i on  of the c a l o r i m e t e r  we ob-  
ta ined the re l a t ion  

(Q/A ~) calib = ]r (A R). (9) 

The c o r r e c t i o n s  for heat  t r a n s f e r  were  ma in ly  2-3%. 
The t e m p e r a t u r e  of the sample  in the furnace  was 
m e a s u r e d  up to 1300 ~ C with s e c o n d - c l a s s  p la t ino-  
r h o d i u m / p l a t i n u m  r e f e r e n c e  the rmocoup les ,  and above 
that t e m p e r a t u r e  with OP-48  and Pyro lux- I I  optical  
p y r o m e t e r s .  

Var ious  m a t e r i a l s  have been  inves t iga ted  by this 
method. 

The enthalpy is ca lcu la ted  f rom the fo rmula  

.~ 1 ~ 
t o o c = - ' ~ - ( A A R  + qf  - - q w ) + i o o c .  (I0) 

The corrections qf and qw were calculated theoret- 
ically. The maximum relative error of the experi- 
mentally determined enthalpy and mean specific heat 
at temperatures of 2500 ~ C was • 

After the heater had been redesigned, it proved 
possible to reach temperatures of 2800 ~ C [33], and, 
using a graphite heater, even 3100 ~ C [34]. A temper- 
ature of 3500 ~ C can be obtained at a pressure in the 
apparatus of the order of 10 bar. 

To sum up the methods described above, it may be 
said that at temperatures up to 3500 ~ C the nonstation- 
ary methods can be used only to determine the specific 
heat of electrical conductors correct to 5%, while the 
mixing method is suitable for determining the mean 
specific heat of various solids and liquids (in ampuls) 
up to temperatures of 3500 ~ C with an accuracy of up 
to 2%. 

METHODS OF DETERMINING THERMAL CONDUC- 
TIVITY 

Rasor and MeClelland [28] have developed an ap- 

paratus (Fig. 6) for determining thermal conductivity 
up to 2700 ~ C based on the external heating method. 
The specimens are placed in a graphite furnace work- 
ing on dc. In order to obtain temperature uniformity 
along the length of the hollow cylindrical specimen, 

the power of the protective end-face heaters ("yokes") 

can be independently regulated by means of individual 
transformers. The radial heat flow through the speci- 

men is recorded by means of a water-cooled heat 

sink located axially inside the specimen. The temper- 

ature distribution along the axis of the sample and the 

radial temperature drop are determined with an opti- 
cal pyrometer through special sight holes. 

Gas ~ , T J 

8 

- - -  "tf  

Fig. 6. Diagram of apparatus for deter- 
mining thermal conductivity to 2700 ~ C: 

i) heater, 2) graphite "yokes," 3) solder- 
ing points for copper conductors, 4) reg- 
ulating transformers, 5) thermal end 
insulation, 6 and 12) sight holes, 7) car- 

bon black, 8) carbon wool, 9) helical 
graphite heater, i0) outer tube of heat 
sink (stainless steel), ii) glass tube, 

13) specimen, 14) dc generator. 

The thermal conductivity is calculated from the 

formula 

= q In (r~/r,)/2a IA t. (11) 

Metal spe c i me ns  a re  pro tec ted  f rom ca rbon  vapor 
by means  of a t an ta lum tube. Higher t e m p e r a t u r e s .  
cannot  be obtained on this appara tus  owing to the 
necessity for a sharp increase in heater current. 

The accuracy of this method is estimated at 5%. 
At temperatures above 2700 ~ C Rasor and McClel- 

land determined the thermal conductivity of conduct- 
ing materials by the direct heating method on the same 

graphite tube furnace as they used to determine speci- 
fic heat (Fig. 2). The power supplied to the working 
section was dissipated from the surface; therefore 
the thermal conductivity could be found from the for- 

mula 

~, = I2R/4~ ~ r2h t. (12) 

The electrical resistance is calculated from experi- 
mental data on the specific heat. The temperature 
difference is determined with an optical pyrometer. 

The accuracy of the method is estimated at 8%. 
Timrot and Peletskii [35] used electronic heating 

to investigate the thermal conductivity of high-melting 
metals and their alloys. 

A specimen of diameter D and length L is sus- 
pended in a vacuum chamber. One end of the specimen 
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is supplied with a s t a t ionary  heat  flux Q0 to c rea te  a 
c e r t a i n  t e m p e r a t u r e  d i s t r ibu t ion  T(x, r) .  For  l~nown 
values  of the specific rad ia t ive  lo s ses  qs(T), a s s u m -  
ing a o n e - d i m e n s i o n a l  t e m p e r a t u r e  f ield in the s p e c i -  
men,  the t he rma l  conduct ivi ty  may be found f rom the 
exp re s s ion  

L 

x 

(13) 

The c i r cu i t  d i ag ram of the appara tus  is shown in 
Fig.  7. The opera t ing cond i t ions - -vacuum of 5 �9 10 -5 
m m  Hg, anode voltage 5 -10  kV--make it poss ib le  to 

a p - 6 ~  t__g_kAA I 1,~__ / 

D---. ",i '11 
0\1 3 s 

T +TIL/-;+- AIT+ T 
Fig.  7. C i rcu i t  d i ag ram of appara tus  for d e t e r -  
min ing  t he rma l  conduct ivi ty  up to 2300 ~ C: 
1) housing of appara tus ,  2) s c r een ,  3) spec imen ,  
4) cathode, 5) focusing sys tem,  6) s u p p r e s s o r  

grid.  

neg lec t  the secondary  e lec t ron  work funct ion and the 
energy  los ses  due to ionizat ion of the r e s idua l  gases  
in the heat flow ca lcula t ions .  The specific rad ia t ive  
losses  are  de t e rmined  on a ve ry  shor t  spec imen  (L/D = 
= 0 .2-0 .5)  and a re  r e f e r r e d  to the mean  t e m p e r a t u r e  
of the spec imen.  In the expe r imen t s  an optical  p y r o -  
me t e r  was used to de te rmine  the t e m p e r a t u r e  d i s t r i -  
bution along the length of the spec imen  and the 
e lec t ron ic  heat  flux, as the product  of the acce le ra t ing  
voltage U and the e m i s s i o n  c u r r e n t  I. 

The m a x i m u m  re la t ive  e r r o r  in de t e rmin in g  the 
t h e r m a l  conduct ivi ty  at t e m p e r a t u r e s  up to 2600 ~ K is 
of the order  of 15%. After  making ce r t a in  i m p r o v e -  
ments  in the appara tus  and method Vosk re sensk i i  
[36] succeeded in reduc ing  the e r r o r  to 10%. 

METHODS OF DETERMINING THERMAL DIFFUS-  
IVITY 

The cont inuous heat ing method with va r i ab le  he a t -  
ing ra te  is appl icable  whenever  the t e m p e r a t u r e  
va r i a t i on  is monotonic  and smooth  and makes  it pos -  
s ible  to obtain the t e m p e r a t u r e  dependence of the 
t he rma l  diffusivi ty in one expe r imen t  [37, 38]. 

With account  for the t e m p e r a t u r e  dependence of 
the the rmophys ica l  p rope r t i e s  the d i f ferent ia l  equat ion 
of heat  conduct ion for an infinite sol id cy l inder  may 
be wr i t ten  in the form 

p(t)cp(t) O.~t =_),(t)(Oet 1 or) O~(t) Ot 
o~ Or ~ } + - - - - .  {14) r Or Or Or 

The genera l  solut ion of this equation is an inf ini te  
s e r i e s ,  but in the p r inc ipa l  stage of the heat  conduc-  
tion p rocess  it is poss ib le  to confine onesel f  to two 
t e rms .  After  the t e m p e r a t u r e  difference between two 
points of the spec imen  has been de t e rmined  e x p e r i -  
men ta l ly  the t he rma l  dfffusivity can be found f rom the 
following express ion :  

R ~ d ( t o +  1At)( l__~l) ,  

1 da - At. (15) 
4a dt 

Express ing  the t e m p e r a t u r e  lag on the axis as At = 
= (dt0/dT)AT , we obtain the other  fo rmula  

R 2 
a = (! + e + ~]), (16) 

4Az 

where  e = - (1/4At)(dAt/dT)A~- takes into account  the 
noncons tancy  of the heat ing rate .  If e - ~? = 0, the 
q u a s i - s t a t i o n a r y  heat ing r eg ime  is obtained.  Owing 
to the finite s ize  of the spec imen  the t e m p e r a t u r e  d i s -  
t r ibu t ion  along its length is nonuni form,  which can be 
taken into account  by in t roduc ing  the c o r r e c t i o n  

=--2 A--/- 

Genera l ly  speaking,  the t ime  lag may depend on the 
condit ions of heat  exchange with the ambien t  medium.  
However,  it tu rns  out that if one takes a point at 
which the t e m p e r a t u r e  is equal to the m e a n  t e m p e r a -  
tu re  over the sec t ion  and a point on the axis ,  then the 
t ime  lag is a lmos t  independent  of the heat  t r a n s f e r  
condi t ions  at the sur face  of the spec imen.  In [39] it 
was found that  for a cy l inder  the coordinate  of this 
point x = 0.707R. 

, f iG -s0', I; ,0 f 

l [ * I ~ : - x _ ~  - , |  ~ 

Fig.  8. E l e c t r i c a l  d i a g r a m of appara tus  for 
de t e r mi n i ng  t h e r m a l  diffusivi ty  to 3000 ~ C. ~ 
1) spec imen ,  2) cathode, 3) suppor t ,  4) a b s o r b -  
ing wedge, 5 )pho toce l l ,  6 )ca thode  fol lower,  7) 
se lec t ive  ampl i f i e r ,  8) osc i l lograph ,  9) phase 
sh i f te r ,  10) power source ,  11) audio osc i l l a to r ,  
12) modula tor ,  13) regula ted  voltage source .  

Thus,  to de t e rmine  a for any type of boundary  and 
heat  t r a n s f e r  condi t ions  it is suff ic ient  to m e a s u r e  the 
t e m p e r a t u r e  difference between two points or the c o r -  
responding  t ime lag. The method is evident ly  app l i -  
cable at t e m p e r a t u r e s  above 1000 ~ C [40]. 
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The method of the r e g u l a r  r e g i m e  of the th i rd  kind 
has been used  by K r a e v  and S te l 'makh  [41] to d e t e r -  
mine  the t h e r m a l  di f fus ivi ty  of tungsten in the range  
16000-3000 ~ C. A s c h e m a t i c  of the e x p e r i m e n t a l  a p -  
pa ra tus  is shown in Fig.  8. The s p e c i m e n  in the f o r m  
of a p la te ,  is hea ted  by a s t r e a m  of e l e c t r o n s  a c c e l e r -  
a ted in a vacuum by a vol tage U = U 0 + AU cos wr, 
where  AU < U 0. On the back of the plate a t e m p e r a t u r e  
phase  lag develops .  At t e m p e r a t u r e s  up to 3000 ~ C 
under  vacuum condi t ions  for  a plate 0 .1 -0 .5  m m  thick 
Bi ~ 0.001--0.01. At z = (Pd )  1/2 > 2 the phase  shif t  is 
a l m o s t  independent  of Bi and can be d e t e r m i n e d  f r o m  
the phase shif t  at the phase sh i f t e r  using the fo rm u la  

tg ~ = ~o RC. (17) 
2 

The value of z is found f r o m  the r e l a t ion  ~o = f(z) ,  
and the t h e r m a l  d i f fus iv i ty  is ca l cu la t ed  f r o m  the e x -  
p r e s s i o n  

a = ~52/z 2. (18) 

The t e m p e r a t u r e  of the s p e c i m e n s  was de t e rm ined  
with a OPPIR-017  optical  py rome te r~  The m a x i m u m  
e r r o r  in de t e rmin ing  the t h e r m a l  di f fus ivi ty  was 5%. 

CALCULATION OF ABLATIVE MATERIALS 

Since we are considering methods of investigating 

solids at very high temperatures, it is also worth 
mentioning a method of calculating ablative materials. 

In the case of charring plastic the heat shield is (in 

section) a laminated system consisting of the charred 

layer, the reaction zone, and the unaffected plas- 

tic. The various gases formed in the reaction zone 
are sucked through the porous charred layer to the 

surface of the material. Having constructed the dif- 

ferential conservation equations for each chemical 

substance individually, we can solve them on a com- 
puter if we know the decomposition reaction kinetics 

and the thermal and mechanical characteristics of the 

charred layer. As for the thermophysical properties 

of the charred layer--specific heat, thermal conduc- 

tivity, and thermal diffusivity--they can be fully in- 
vestigated by the methods of high-temperature ther- 

mophysics described above. 

In [42], on the basis of theoretical calculations of 

the mechanical and temperature stresses caused by 

the pressure and temperature gradients in the charred 
layer, Skala and Gilbert give a description of the lat- 

ter in time, from formation to destruction. 

In the reaction zone the rate of destruction of plas- 

tics based on organic resins can be determined over 

a broad temperature range from the relation 

__ dW~ = B exp (--E/RT)W,p ( Wv - -  Wc )". 
d "~ Wvp 

(19) 

F r o m  (19) it fol lows that  the weight  of the p las t i c  in 
the decompos i t ion  zone fal ls  mono ton ica l ly  to the 
weight  of the c h a r r e d  l aye r .  As the t e m p e r a t u r e  at 
the c o k e - r e a c t i o n  zone in t e r f ace  r i s e s ,  the heat  flow 

in the body and the ra te  of py ro lys i s  i n c r e a s e ;  as the 

t e m p e r a t u r e  fa l l s ,  they  d e c r e a s e ,  but the depth to 
which the heat  sh ie ld  is heated  i n c r e a s e s .  

The total  heat  flow to the su r f ace  of the ablat ing 

m a t e r i a l  

q = qconv -t- qcomb"k qrad" (20) 

The contribution qrad is small and may often be ne- 
glected owing to the low emissivity of the gases. 

Sometimes ablative materials are compared with 
respect to the effective heat of ablation 

Q, = qolm. (21) 

It is assumed that the temperature and emissivity 
of the calorimeter are the same as at the surface of 
the charred layer of the heat shield. 

It is important to know how the thickness of the 
charred layer varies with time. Skala and Gilbert 
found this relation by examining the pressure and 
temperature gradients over the section of the heat 
shield. The gas pressure drop in the internal pores 
of the charred layer creates mechanical stresses 
which may be expressed as 

As 
(22) 

In addition, there are temperature stresses, and the 
two combined cause destruction of the charred layer 
and its removal from the region of maximum stress 
concentration, from the interface. The resulting 
curves respresenting the variation of the thickness of 
the charred layer with time and the temperature at 
its surface are saw-toothed. An increase in the ulti- 
mate tensile strength of the material causes an in- 
crease in the height of the "teeth" and the failure 

period. 
Thus, in order to calculate the heat shield it is 

necessary to know the chemical reaction kinetics and 
the thermal and mechanical properties. 

SUMMARY 

To s u m m a r i z e ,  we may  conclude that  the va r ious  
new h i g h - t e m p e r a t u r e  m a t e r i a l s  such as r e f r a c t o r y  

me ta l s  and t he i r  a l loys ,  me ta l  b o r i d e s ,  c a r b i d e s ,  
n i t r i d e s ,  and s i l i c i d e s ,  oxides ,  r e f r a c t o r y  coa t ings ,  
and heat  sh ie lds ,  can be s tudied by the methods  of 

h i g h - t e m p e r a t u r e  t h e r m o p h y s i c s .  

NOTATION 

E is the potential difference across specimen, 

activation energy; I is the electric current through 

specimen; m, m are the mass of specimen and mass 
rate of ablation, respectively; t o is the temperature 

on the specimen axis; dT/dr is the rate of change of 

temperature; At, At I are the temperature drops along 
radius and axis of specimen, respectively; T, f (T) 

are the absolute temperature and heat removal from 

specimen surface, respectively; b is the parameter 

of the photoelectric pyrometer; | is the reading of the 
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photoelectr ic  pyrometer ;  c is the specific heat of the 
specimen;  ~ is the t empera tu re  coefficient  of r e s i s -  
tance; R 0 is the electrical resistance at 0 ~ C; R is the 
electrical resistance at mean temperature of speci- 
men To, electrical resistance of working section, 
electrical resistance of phase shifter, and gas con- 
stant; G, A, AAR are the weights of the specimen, 
heat value of calorimeter, and heat effect, respec- 

t" 
tively; i0ocn is the enthalpy from 0 ~ C to t n (according 

to data of other authors); qf, qw, qs2 are the heat loss 
from the specimen on fallihg into the calorimeter, 
heat of tungsten suspension wires, and mean value of 
specific losses due to ~adiation at the cooler end, re-  

spectively; q, q0, qconv, qcomb' qrad are the heat 
flow to the working section of the calorimeter and to 
nonablating surface of calorimeter and heat flows due 
to convection, chemical combustion reaction, and 
radiation, respectively; r, rl, r 2 are the radius of 
specimen and distances from the axis of the specimen 
of points at which the t empera tu re  drop is measured ,  
respec t ive ly ;  l is the working length of the c a l o r i -  
meter ;  w is the osc i l la t ion  frequency; C is the capac -  
itance of the phase shif ter ;  Wp, Wvp, W c a re  the 
weights of p las t ic  in pyro lys i s  zone, before pyro lys i s  
and after  pyro lys i s ,  respec t ive ly ;  B is the effective 
col l is ion frequency; n is the o rde r  of react ion;  P, Pw 
are  the local  p r e s s u r e  in the c h a r r e d  l aye r  and the 
p r e s s u r e  at the outer surface,  respec t ive ly ;  A0, As, 
A w a re  the projec t ions  of the a r ea  of pores ,  the sol id  
mate r i a l ,  and the a r ea  of outer surface ,  respec t ive ly ;  
Qf.n is  the fas t -neu t ron  capture  c r o s s  section in 
ba rns ,  
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