






















TABLE I 

CRITICAL PROPERTIES OF SOME HIGH-TEMPERATURE MATERIALS 

Thermal M odulus 
Heat Capacity, Conductivity, of Maximum Temperature 

Melting BTU / lb o f BTU ft Thermal Expansion Elasticity , For Use In 
Material Point , Density , f t2 of hr Coefficient 106 psi Oxidizing Atmosphere, 

o f Ib/ in.3 78°F (10- 6 in./in. OF ) o f 

---

Tungsten 6170 0 .70 
Tantalum 5425 0 .60 
Molybdenum 4730 0 .37 
Columbium 4379 0.31 
Zirconia* 4620 0 .20 
Alumina 3690 0 .14 
Magnesia 5072 0.13 
Beryllia 4660 0 . 11 
Zirconium carbide 6390 0.24 
Titanium diboride 5000 0.16 
Molybdenum disilicide 3400 0 .23 

* Stabilized with 4% CaO and 4% HfD2. 
t Coatl'd . 

78°F 3000°F 78°F 
------ ---

0 .033 0 .040 97 
0 .033 0.041 32 
0.061 0.098 85 
0 .065 0 .083 30 
0.10 0.15 1.0 
0.16 0.33 7 .0 
0 .23 0.40 24 
0.24 0.50 121 

- - 12 
- - -
- - 19 

which methane is decomposed and the resultant 
graphite deposited with a highly oriented hexag
onal crystal structure. The process was discovered 
late in the last century, and the material was of 
interest to Edison, among others, for filaments in 
incandescent bulbs. New interest has been stimu
lated by the severe requirements of rocket pro
pulsion systems, and much progress in understanding 
the material has been made in the past five years. 
Owing to its highly anisotropic structure, it exhibits 
wide variations in strength, thermal and electrical 
conductivity, and other properties when tested in 
different directions with respect to the crystal ori
entation. The material is brittle at room tempera
ture, but like some ceramics it becomes ductile at 
elevated temperatures. Owing to the grain of its 
structure, it is relatively weak in one direction and 
has a tendency to split like wood. As a result, 
fabrication techniques similar to the "hole and 
peg" methods used in early American furniture 
have been used in some quite modern structures. 
Pyrolytic graphite is not very resistant to oxidation 
at extreme temperatures, and it has an unfavorable 
tendency to shrink in some directions and expand 
in others when heated above about 4000 oF. In 
spite of all these problems, the material has been 
used successfully in operational rockets. 

Pyrolytic materials with two or three times the 
strength shown here will probably be available 
within the next decade, and many of the problems 
that have been encountered due to directionality 
will be better understood and used to good advan
tage. Apart from purely structural applications, 
the material is of great interest because of its 
unique ability to conduct heat along its grain as 
rapidly as does copper, and yet insulate as well as 
asbestos across the grain. This attractive character-
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3000°F 78°F 30000 F 

74 2 . 5 60 17 3500t 
42 3.7 27 8 3000t 
69 3.0 48 9 3150t 

:::::40 3 .9 18 4 2900t 
1.4 3.7 22 :::::0 4620 
0 .5 4 . 5 53 :::::0 3690 
3 .0 7.5 31 :::::8 :::::4800 
9 .0 4 .3 45 :::::0 4660 

- 3.7 - - 3000 
24 5.5 63 54 :::::3000 
- - - - 3150 

istic will stimulate continued progress in this class 
of materials. 

Apart from pyrolytic graphite, it appears that 
the strengths of nonmetallic materials at tempera
tures much greater than half their melting points 
may also be limited, by some inherent character
istics, to values ranging in the hundreds of pounds 
per square inch at temperatures above 3000oF. 
However, ceramic materials have not been explored 
as much as metals, and it is possible that the pre
dominant trend for low strength at these tempera
tures could be altered by better scientific under
standing. Unfortunately the current level of effort 
on this problem in this country is meager compared 
with what it should be, and improvements during 
the next decade are not likely to be very numerous. 

A comment should be made here on the use of 
ordinary tensile strength as a basis for comparison 
of materials, rather than the ratio of ultimate 
tensile strength to density that is generally more 
significant in airframe uses. In many applications 
of these materials in hypersonic vehicles, the 
geometry of a component is limited by aerody
namic factors such as drag and shock deflection. 
I t is often not possible to use thicker sections of 
lower density material; thus maximum strength 
within the fixed volume must be achieved. The 
ultimate strength/density ratio is, of course, more 
appropriate in cases where such limitations do not 
exist. Likewise, there are areas where such thermal 
properties as conductivity, heat capacity, oxidation 
rate, etc., are more important than strength, and 
where final selection of material will be based on 
combinations of all such properties. For a general 
comparison, Table I has been assembled to show 
the properties of some of the materials discussed 
in this paper. 
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