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I. Introduction 
A . GENERAL INFORMATION 

Every element or material has some particular characteristic or group 
of characteristics that sets it apart from any other material. Those of 
carbon and graphite are the subject of this chapter, as are the means of 

1 
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developing and exploiting these characteristics in certain commercial 
areas. 

The earth's crust contains somewhat less than 0.2% of carbon, most 
of it as coal, organic materials, graphite, diamond, and carbonate min
erals. Since the crust also contains about 50% oxygen, it seems reason
able to assume that the major part of the carbon present in the crust 
during prehistoric cooling was in the form of carbon dioxide and carbon 
monoxide, depending on the temperature of the equilibrium. When life 
was formed, the life processes began to use up most of the carbon di
oxide in the atmosphere and to put the carbon into the microorganisms 
or early forms of plant and animal life; and part of the oxygen was re
turned to the atmosphere. Natural graphite is often found in connection 
with carbonates and other carbon compounds and could be the result of 
their decomposition under conditions of high pressure and high tem
perature. The source of carbon in diamonds is not clear, since they usu
ally appear in the blue earth cores of extinct volcanoes, although they 
could have had organic origin. Although certain details are speculation, 
it is true that the major part of the carbon in the earth's crust has come 
through the life cycle and been involved in complex organic compounds. 

To nature's supply of coal, diamonds, and natural graphite, man has 
added a number of industrial processes for making synthetic forms of 
carbon. 

Because of the wide variety of organic compounds available to form 
chars, the latitude available in char-forming processes, and the low 
mobility of carbon atoms at charring temperatures, we can make differ
ent materials which can be engineered or constructed to meet a wide 
range of requirements. Neither graphite nor carbon can be melted in 
commercial processes to eliminate the structure, owing to its past history. 
In fact, the solution of carbon in iron and its subsequent precipitation 
as powdered graphite, the formation of pyrolytic carbon from carbon-
containing gases, and chemical reactions are the only means of eliminat
ing the traces of its past history from a sample of the material. The 
distinctive properties of carbon from particular sources are used to advan
tage in the manufacture of industrial carbon and graphite and make 
possible a wide variety of physical characteristics. 

Important results of these facts are that perfect crystals of graphite 
are very rare indeed, and the imperfections and grain boundaries 
present in the materials are as important in determining the properties 
of a sample of material as are the properties of the perfect crystal. Im
purities and adsorbed gases also play an important role. Many of the 
important characteristics of graphite and carbon depend on the surround
ing atmosphere and on impurities in the material. A graphite brush, seal, 
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or bearing that operates quite properly under normal atmospheric condi
tions can fly off into a cloud of dust when water vapor and oxygen are 
removed, unless special adjuvants are added. 

The wide variety of materials and the many ways of achieving special 
properties have resulted in an industry that has deserved the name of 
"black art," given it by some of the users of carbon and graphite. This 
has been true in the past and is still true in certain areas where success
ful operation on specific applications is due to some detail in a process 
that could not be protected by patents or revealed by analysis. The 
strong activity of the Atomic Energy Commission and its various sub
contractors in the field of nuclear graphite has opened up a large area 
of graphite technology to the public domain. The work supported by the 
National Aeronautics and Space Administration and its predecessors is 
also adding to the information in this area. The growth in the number 
and kinds of publications in the field of graphite materials for nuclear, 
missile, and space uses tends to confirm the statements made above. 

It is not intended that all the possible applications and uses of car
bon will be covered in this chapter. Whole industries are built around 
the adsorption properties of carbon, around natural and artificial dia
monds, and around carbon black and lampblack materials. Carbon in 
composition resistors and pyrolytic carbon resistors, and in industrial 
composition and ceramic resistors, involves extremely specialized appli
cations. These fields are not considered here. 

B. CRYSTAL AND ELECTRONIC STRUCTURE OF GRAPHITE (6, 7, 9, 13, 34) 

One of the characteristics distinguishing one material from another 
is its crystal structure, and this is in turn determined by the distribution 
of electrons in the outer shell of the individual atoms. Carbon has four 
such electrons and can form two kinds of crystal: diamond and graphite. 
We shall discuss here only the crystal structure of graphite. 

The ideal graphite crystal has the highest entropy at ordinary tem
peratures of any form of carbon. The variations from this ideal can be 
considered in connection with the specific properties of graphite and 
carbon. 

Figure 1 represents the nominal description of the natural graphite 
perfect crystal. It is approached artificially by precipitation from the 
carbides (kish from iron carbide), and by annealed pyrolytic graphite. 
Such a perfect crystal is characterized by a certain sequence in the rela
tive position of the closely bonded basal planes of atoms, called ab-
planes. Successive afo-planes in the ideal crystal are displaced relative to 
one another, so that every other plane fits exactly over the first. Such a 
succession may be labeled an AB AB sequence. There are other ways of 
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F I G . 2. Crystal structure of graphite—rhombohedral. 
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stacking the a&-planes. For example, Fig. 2 shows the rhombohedral 
structure of material appearing to a certain extent (up to 30%) in 
natural graphite in which the #&-planes are ordered on the average as 
ABC ABC. The proportion of the rhombohedral form can be increased in 
natural graphite by strong milling operations and restored to ABAB by 
heating. 

A new form of cubic crystalline graphite has recently been reported 
by Aust and Drickamer (70), formed by pressing single crystals of 
natural graphite at pressures above 150 kilobars. It has a unit cell edge 
of 5.545 A and a density of 2.80 gm/cm3. The electrical resistance in
creases by a factor of about 100 in the aZ?-direction and 10 in the 
c-direction. 

There are two basic types of defect that cause actual graphite crystals 
to differ from the ideal presented in Fig. 1. These are layer-stacking de
fects, in which the afc-planes are displaced linearly and angularly in their 
own plane from the ideal (turbostratic defects), and carbon network 
bond defects within ab-planes themselves; these consist of holes, edge 
defects, screw dislocations, twinning, chemical defects, radiation damage, 
and partially graphitized carbon. The forces that hold the layer planes 
together are van der Waal's forces, which are only about one-twentieth 
as strong as the chemical bonds between atoms in the layer planes. 
Therefore, the tendency or urgency for these layers to orient themselves 
perfectly is not great and does not become effective except at high tem
peratures (^1600°C). On the other hand, the high binding energy of 
the atoms in the layer planes makes them stable when formed, and also 
permits only slight mobility to correct errors even at high temperatures. 
This is why gas carbons—carbon black and lampblack—cannot be 
"graphitized"; that is, they cannot be changed to soft, unctuous 
graphite, whereas many chemicals, like anthracene, which contain the 
benzene ring structure readily "graphitize." 

The electron structure of the carbon atom is such that it wants to 
form planes consisting of hexagonal benzene rings by means of chemical 
or covalent bonds in which the strength is of the same order as that of 
the diamond lattice. This hexagonal structure is in evidence in even the 
most disoriented amorphous carbon black. The aromatic carbon ring is 
held together by covalent bonds in which three of the electrons in the 
outer shell of each carbon atom, called σ-electrons, are "hybridized"; 
that is, they produce bonds of equal strength even though they belong 
to different orbitals in the free atom. 

These covalent bonds hold any atom in the plane with an energy of 
about 10.5 electron volts (ev), compared with 10.4 ev for an atom in 
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the diamond lattice. The additional electron of the L-shell, the so-called 
ττ-electron, moves in and around the rings and contributes to the bond
ing between planes. It is particularly responsible for the electrical prop
erties of graphite. Although the π-electrons are in a filled band well 
above the σ-electrons, this band partially overlaps to the conduction 
level, and there are always enough electrons in the conduction level to 
produce considerable electrical conduction. As will be pointed out in de
tail later, the electrical conductivity is strongly anisotropic, since the 
π-electrons can move readily in the layer planes but require higher en
ergy to jump from plane to plane—that is, to move in the c-direction. 
The heat conductivity is also anisotropic in the same direction, not be
cause of the electron mobility, but because the heat conduction in 
graphite is due to crystal vibrations or waves (phonons) which are pro
pagated primarily along the layer planes and very little in the c-direc
tion. We have, therefore, in graphite a material that might be called a 
metal in two dimensions and a nonmetal in the third. 

This general picture of an ideal graphite crystal having been de
scribed, the deviation from this ideal in available materials will next be 
considered. 

Some of the more nearly perfect natural graphite crystals are only a 
few millimeters on a side, and it is on these that the best measurements 
have been made. The recently synthesized pyrolytic types of graphite 
can now be made in the form of crystals which are as good and very 
likely will eventually be larger and more uniform than those from any 
other source. These all conform to the description given in Fig. 1. 

Although natural graphite and pyrolytic graphite have their places in 
industry, the forms most extensively used are called "artificial graphites." 
They consist of a mixture of graphitic crystals and turbostratic structures 
containing in addition a certain amount of still more disoriented carbon. 
The latter may be grain-boundary material originating from organic 
compounds which generate no hexagonal orientation. Over 50% of the 
carbon in artificial graphites has the layer structure shown in Fig. 1. The 
remainder of the material is composed of the basal ab-planes in various 
stages of orientation and of disordered boundary groups. 

As a result of this versatility in crystal structure, graphites can be 
made to have a variety of properties. How to obtain carbon products of 
various qualities is the burden of the next subsection. Then the proper
ties themselves will be considered. 

It should be noted that natural graphite in powder form, which 
comes primarily from Madagascar, Ceylon, Central Europe, and Mexico, 
represents only a small part of the industry economically. Since it is 
available only in small pieces which must be milled to a relatively fine 
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powder, it is used primarily where its particular unctuous characteristic 
is required as an addition to other materials (65). 

C. MANUFACTURE OF CARBON AND GRAPHITE 

The choice of the initial raw materials (petroleum coke, powdered 
graphite, pitch coke, petroleum pitch, coal-tar pitch, coal tar, needle 
coke, etc.) needed to arrive at the desired product is made on the basis 
of availability, cost, and final requirements. These, as well as the process
ing variables, control the final cost and properties of the product. The 
two most important of these factors which determine the extent of final 
graphitization are the nature of the raw materials and the graphitizing 
temperature. 

In many important applications the approach to ideal graphite 
crystals is not desired and materials are purposely designed to prevent 
complete graphitization. For some electrographitic brushes and for cer
tain seal and bearing applications, a partial graphitic structure is desired 
because it can have better wear characteristics. This result is achieved 
again by the choice of raw materials, this time primarily from among 
the blacks and chars of nonaromatic as well as of aromatic compounds, 
and the processing variables. Combinations run the gamut of crystal 
structures, from those that approach closely to the ideal crystal, to those 
that contain no graphite and are not even baked at temperatures high 
enough to promote any crystal growth (^1600°C). Materials baked at 
temperatures too low for graphitization are called carbon graphite or 
carbon materials, depending on whether there were any graphite par
ticles in the original mix. Materials baked at temperatures above 1600°C 
are called electrographite. 

Much of the basic information on the manufacture of carbon and 
graphite materials is available in the literature; the brief summary 
given below will, however, be helpful in studying possibilities of future 
developments in these materials. 

The processing of carbon and graphite is carried out in a series of 
well-defined steps which includes these: 

1. Choice of Raw Materials 

Considering the wide range of possible starting materials and the 
range of properties required in the final products, it is apparent that the 
choice of raw materials and the control of their sources are important. 
The type of carbon in the final product is determined by the specific ap
plication, the choice usually being made as a result of extensive tests 
and development work. Some of the raw materials, such as retort coke, 
pitch, and petroleum coke, are themselves by-products of other com-
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mercial processes; in regard to these, the carbon manufacturer must be 
able to adapt his processes to the variations inherent in the other proc
esses. Such items as impurities and particle size in natural graphites, 
particle structure and adsorption in carbon blacks, amount of carboniza
tion in pitch, and ash, particle size, and chemical impurities in coke must 
all be taken into account, and adjustments must be made in the proc
esses to permit the optimum use of available materials. 

2. Preparation of Raw Materials 
Very few of the basic raw materials are used directly as obtained. 

Some may be processed for use by a supplier of carbon raw materials; 
with others, this is done by the manufacturer. The economics of dealing 
with large and small quantities determine the details for any particular 
material. The primary operations involved in this preparation include 
grinding or milling to meet particle size requirements, calcining (heating 
to a temperature high enough to remove volatile materials which might 
be left in during the process of formation), and the preparation of grog 
(material that is mixed, baked, and ground) to be mixed in again with 
new material as is done in the ceramic industry. Because many of the 
details of the processes in which solid carbon is formed are not under 
the control of the carbon manufacturer, he must use his knowledge of 
the processes to provide a uniform end product. 

3. Mixing 
The operation of mixing the raw materials, which are usually heavy 

liquids and light powders, is usually carried out in sigma mixers; these 
are similar to large bread mixers. Steam- or oil-heated jackets provide 
the heat to melt the pitch, and the amount of pitch and the temperature 
are adjusted to give a strong kneading action. The provision of too little 
binder results in a dry, powdery mix in which the powder and binder 
are not forced into intimate contact. Too much binder results in a wet, 
sloppy mix which leads to excessive shrinkage during subsequent baking. 
Mixing time is adjusted to give the best results in extrusion, molding, or 
pilling—whichever the next process may be. 

Ball mills are also used for mixing in certain special cases where very 
heavy mechanical forces are required. This usually occurs when it has 
been necessary to add enough solvent to dissolve certain resins, and the 
mix is therefore very wet, or else with exceptionally dry mixes, which 
require a severe pounding action. 

4. Grinding and Molding 
While it is still hot, a carbon-pitch mix is a heavy, doughy mass which 

supports its own shape but is very soft in response to any external pres-
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sure. When cooled to room temperature, it becomes hard and brittle and 
may be ground in equipment such as that shown in Fig. 3, to a particular 

FIG. 3. Pulverizing carbon graphite mixes. 

particle size for further molding. This grinding provides a material that 
can be molded into a piece having uniform characteristics throughout. 

The molding operation may be carried out at room temperature with 
a resultant high porosity, or it may be done in heated molds, the mix 
being heated before or after it is placed in the mold. Hot molding can 
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result in a denser material, if desired, since it is done at a temperature 
at which the binder is softened. 

The molding process can be carried further to include baking. The 
material in the mold is then heated electrically by conduction between 
electrodes which form two of the sides of the mold. When this is done, 
the major part of the carbonization of the binder occurs under pressure; 
as a result, a high percentage of the carbon of the binder remains in the 
material. The molded piece can then be baked additionally, or graphi-
tized. 

5. Extrusion 
In extrusion, shown in Fig. 4, the hot plastic mix may be placed di

rectly into the chamber of a press, or it may first be molded at low pres
sure into slugs or blocks which fit the chamber. The plasticity is ad-

F I G . 4. Detail of extrusion operation. 

justed by changing the amount of binder and the temperature so that 
the mix flows at the proper pressure and becomes extruded into a dense, 
uniform piece. 

Because of the nature of flow through the extrusion die, the material 
acquires a structure in which any flat particles tend to line up with their 
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largest dimension parallel to the extrusion direction. The effect of this 
orientation is maintained or even exaggerated during the baking process 
so that in the final material the slip planes parallel to the extrusion direc
tion still persist. The orientation effect can be minimized by choosing 
more isometric raw materials and by lowering the extrusion pressure. 

After extrusion, sections of the material are cut at the press and 
cooled, and they are then ready for baking. 

6. Baking 

This part of the process is extremely important. During the time the 
temperature is rising from 125°C to 600°C, the binder is melting and 
then carbonizing, the material is partially plastic, the gases must be re
leased from within the piece, and its surface must be protected from 
oxidation. At temperatures between 600°C and 1200°C, the heating rate 
may be increased because the major gas evolution has taken place and 
the material is now solid, but it must be protected from air with which 
the carbon-compound gases would react to deposit pyrolytic carbon. 

The baking operation may be carried out in kilns similar to those 

FIG. 5. Packing extruded shapes inside a baking kiln. 
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used in the manufacture of bricks or in special ovens designed for car
bon baking. The inside of such a kiln during the baking operation is 
shown in Fig. 5. The material is packed in sand or coke flour to support 
it as it goes through the plastic temperature range. It is heated up at a 
rate of about 4°C per hour to 600°C, and then at a higher rate to 
1200°C. 

Although most of the baking of carbon is done in such kilns, some 
baking is done in hot molding operations, and some is now being done 
in continuous kilns. 

Certain of the resin-type binders have made it possible to increase 
the baking rates considerably. The furfuryl resins are particularly useful 
in this respect. 

7. Impregnation 
Carbon from the baking process has a porosity of the order of 20%. 

This is too high for many uses, and it may be decreased in several ways. 
For low-temperature uses (chemical anodes or impervious pipe), the 
pores are often filled with linseed oil or with a resin, which is then cured 
inside the material. For high-temperature uses, the porosity may be de
creased by impregnating the baked material with pitch before carrying 
out the graphitizing process. 

The impregnation process has various modifications, among them 
the following. First, the material is charged into a tank which is then 
evacuated and heated to an appropriate temperature. Next, the liquid is 
permitted to flow over and around the charge, covering it completely. 
Then pressure is applied to force the liquid into the pores. This pro
cedure may be employed before or after graphitization, as the applica
tion may require. 

8. Graphitization 

In this process the hard carbon particles change their internal 
crystal orientation so that the major part of the material becomes 
graphite. The process is carried out in either batch-type (Acheson) or 
continuous-type (Sanders) furnaces at temperatures between 2500° and 
3000°C. 

In the Acheson process, a charge of material having a volume of the 
order of 4 X 4 X 30 feet, consisting of baked carbon pieces packed in 
powdered coke, is placed between two heavy electrodes and covered 
with an insulating blanket of coke, sawdust, and sand. Current up to 
100,000 amp, at 35 to 200 volts, is passed through this charge for a 
period of about three days, or until about 1.7 to 2.3 kw-hr per pound of 
carbon has been reached. The furnace is permitted to cool for several 
days and is finally unpacked. The whole cycle requires about ten days. 
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FIG. 6. Acheson graphitizing ovens: near oven under heat; center oven being 
packed; far oven being unpacked. 

FIG. 7. Sanders-type continuous graphitizing ovens. 
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Figure 6 shows three furnaces in different stages: the near one is heating 
up, the center one is being packed, and the far one is being unpacked. 

The Sanders furnace, shown in Fig. 7, is a carbon-tube resistance 
furnace in which the material is passed through a trough in an elec
trically heated tube. The furnace tube and the electrodes are made of 
graphite, insulated with lampblack. Two troughs go through the hot 
zone, and material is passed through them in opposite directions to mini
mize the energy requirements. There are certain size limitations in this 
process, but it is more flexible for small lots of material. 

9. Pyrolytic Carbon and Graphite 

Carbon can be deposited from hydrocarbon gas at a high tempera
ture on any inert surface which happens to be near. For example, 
methane mixed with nitrogen at atmospheric pressure or lower deposits 
carbon on available surfaces at about 1000° to 1200°C. This process has 
been used for many years to make deposited-carbon resistors. It is a 
hard, dense, gray coating with a nearly metallic luster. Recently this 
process has been developed to the point where, instead of carbon, 
graphite is deposited from the gas. This material is strongly oriented, and 
after annealing it comes the nearest of any artificial graphite to having 
the ideal crystal structure. 

The processes and procedures described above are used for the manu
facture of the large group of materials generically called "industrial 
carbon." They are used in many different combinations and permuta
tions, to provide the necessary wide variety in material properties. A 
flow sheet to describe the manufacture of carbon brushes would be 
different from that for the manufacture of rocket nozzles, but the essen
tials of both processes are included in the previous information. In ad
dition, although the basic elements of the processes have been described, 
many variations in production have been introduced to automate and to 
improve the process control. These special machines and furnaces are 
designed for use where production quantities justify the investment. 
They appear in the molding and baking of plates, in the handling of mix 
for large extrusion presses, in special machining operations, and in simi
lar large-scale operations. A carbon plant can be kept as "clean" as is 
necessary for the specific processes, but much of it will be black. 

D. PROPERTIES PECULIAR TO CARBONS AND GRAPHITES 

Carbons and graphites have certain outstanding common characteris
tics and limitations distinguishing them from most other materials. Be
fore the details of the differences in properties from one carbon mate
rial to another are discussed, these common characteristics should be 
mentioned. 
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Carbons and graphites do not melt at atmospheric pressure. They 
start to sublime appreciably at temperatures above 3000°C. They main
tain their strength (in fact, they increase in strength) at temperatures 
up to about 2500°C, which is about 1000°C above that at which any 
metal maintains its strength. In this respect, carbons and graphites are 
similar to some of the metal carbides, nitrides, borides, and suicides. 
The heat conductivity of graphites is high, approaching that of the 
metals. Their heat capacity per unit volume is of the same order as that 
of the metals; and, since their density is low, the heat capacity per unit 
mass is high. These thermal properties make graphites important mate
rials for service at high temperatures at which few other materials have 
any mechanical strength. Graphites ordinarily have low friction when 
rubbed against most metals; carbons have higher friction. Both carbons 
and graphites are brittle to macroscopic deformation, although graphites 
show plastic properties for microscopic deformations (hardness). 

Graphites are fairly good electrical conductors; carbons can be made 
some one hundred times as high in resistance. 

Graphites and carbons can resist most chemicals except the most 
strongly oxidizing acids. They oxidize in air and in oxidizing gases at 
higher temperatures. 

Graphites and carbons can be readily machined to close tolerances. 
Surface finishes suitable for seal and bearing surfaces can be developed 
quite readily. 

Carbons, when porous or in the form of powder, have the ability to 
adsorb large volumes of certain gases. Activated carbon and charcoal 
can be made with very high surface areas, and these are particularly 
effective in adsorbing large, complex organic molecules. 

The major limitations of carbons and graphites are their brittleness 
and low strength with respect to metals and their oxidation in air at ele
vated temperatures. Their major advantages are their good mechanical 
and thermal properties at high temperatures, their frictional and gas ad
sorption properties, their machinability, their electrical properties, and, 
above all, the wide range of each of these properties which can be given 
to particular pieces by varying the choice of raw materials and the 
manufacturing processes. 

In the next section, these and other properties will be discussed in 
order to show more specifically how the many property requirements 
called for by industrial applications of carbon products can be met by 
varying their final structure and composition. In Section III, these ap
plications themselves will be studied; and finally, in Section IV, a glimpse 
of the future of these products will be found in the new developments 
which have emerged from the laboratories in the past few years to meet 
the demands of the space age. 
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II. Physical Properties of Carbons and Graphites 

A. M l C R O S T R U C T U R E 

1. Density, Porosity, Pore Size, Surface Area 
The theoretical maximum density of graphite, based on the crystal 

structures of Figs. 1 and 2, is 2.27 to 2.28. The best natural graphite 
crystals have a density of about 2.25; that of pyrolytic graphite is 2.23. 
The ultimate particle density for artificial graphite is about 2.20 to 2.23, 
as compared with values of 1.50 to 2.10 for various chars. The last value 
is for retort coke and petroleum coke. Table I lists these and some other 
density values. 

TABLE I 
D E N S I T Y AND P O K O S I T Y 

A, Immersion Density, gm/cm* 

Natural graphite 2.25 
Artificial graphite 2.20-2.23 
Pyrolytic graphite 2.23 
Petroleum coke 2.02-2.15 
Retort coke 1.80-2.09 
Lampblack 1.75 

B. Apparent Density, gm/cm* 

Porosity 
Artificial graphite 1.45-2.0 10-30 % 
Lampblack-base electrographite0 1.3-1.7 15-35% 
Pyrolytic graphite 2 .0-2 .25 Up to 12 % 
Porous carbon 0 .2 -1 .4 30-90 % 

a Electrographite is defined as any carbon-base material which has been baked to 
graphitizing temperatures—that is, over about 2000°C. Some electrographites are very 
graphitic, and others, such as lampblack-base electrographite, may be quite hard. 

The porosity of carbon and its surface area are important in several 
applications. The gas permeability depends on the number and size of 
the communicating pores, and surface activity depends on the pore 
shape, activation, and area. In addition to the data given in Table I, the 
distribution of pore size is also important. Figure 8 shows representative 
data for the pore size distributions of (A) petroleum-coke-base artificial 
graphite, (Β) lampblack-base graphite, and (C, D) two special materials 
for fuel cells and porous carbon applications, together with their densities, 
porosities, and surface areas. The pore size distributions are taken with 
a mercury porosimeter. To find the amount of porosity within a given 
size range, the difference in the ordinates of the two limits is compared 
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D= PORE DIAMETER (MICRONS) 
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FIG. 8. Pore size distribution of ( A ) petroleum-coke-base artificial graphite, ( B ) 
lampblack-base graphite, ( C and Ό) special materials for fuel cells and porous 
carbon applications. 

with the total porosity. For example, in Fig. 8C, 62% of the total porosity 
lies between 2 and 8 μ, and 30% is less than 0.06 μ . 

Since the actual porosity of carbon and graphite materials may be 
distributed in size from macroscopic through microscopic to almost 
molecular sizes, and may be either blind or accessible, any measurement 
of porosity or pore size must be considered from the standpoint of the 
particular test. 

2. Gas Permeability (7) 
Because some of the porosity in carbon and graphite is not inter

connected, there is no general relation between gas permeability and 
porosity. Darcy's law is 
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where Q is the rate of gas flow. 
Β is a constant. 
η is the viscosity. 

Ρ is the average pressure through the length of the sample. 
A is the cross-sectional area. 
L is the length of the sample in the direction of the flow. 

ΔΡ is the pressure drop across the sample. 

This relation expresses the classical theory of fluid flow, but it is not 
valid for high flow rates for liquids, nor for gases where the mean free 
path is of the order of the pore diameters. 

There are three types of flow in such porous materials: viscous flow, 
slip flow, and free molecular flow. In viscous flow, the usual laws of 
viscosity hold, and the flow is zero at the boundaries. In slip flow, as the 
gas pressure is decreased the velocity at the boundaries or walls is no 
longer zero, and there is slip at the surface. In free molecular flow, for 
low gas pressure when the pore size is smaller than the mean free path, 
the flow is independent of the walls and the viscosity and depends only 
on the partial pressure and the ratio of passage diameter to length. 
Darcy's law must be considered in the light of these limitations, since 
more than one type of flow may be taking place in a given sample at 
the same time. 

An addition to the pressure in Darcy's law must be considered for 
liquids in which the surface tension adds another factor, Δ ? ι , to the 
pressure, where 

A „ 2v cos θ ΔΡι = 
τ 

in which ν is the surface tension of the liquid-solid interface (micro
scopic ), θ is the contact angle, and r is the pore radius. 

Carbon and graphite can be made with a wide variety of pore shapes, 
sizes, and interconnections; and these base materials can be impregnated 
with materials that, after curing, are themselves porous or impervious. 

Improvements up to 104 times in impermeability have been demon
strated with cured furfuryl-alcohol impregnations, up to 106 with 
multiple sugar-solution impregnations, and up to 107 by formation of 
pyrolytic carbon in the pores. Pyrolytic graphite (7) and impermeable 
cellulose carbon (67) have given the best reported values for carbon 
materials—that is, materials baked at temperatures over 1000°C. 



PLATES 



FIG. 9. 
Photomicrographs of various carbon materials, shown by the sensitive tint 
method of displaying birefringent materials. E a c h pair of pictures represents 
the same field with the difference that the microscope stage has been rotated 
by 9 0 ° . The exposure time, magnification, and use of filters and development 
have been arranged in each case to emphasize the color difference on rotation. 

A. Petroleum-coke-base graphite. 120 X . 

B. Petroleum-coke-base carbon. 120 χ . 

C. Lampblack-base electrographite. 6 0 0 X . 



D. Lampblack-base carbon. 600 X . 

E. Resin-bonded natural graphite. 600 X . 

F. Petroleum-coke-base porous carbon. 600 X . 



CARBON AND GRAPHITE 19 

3. Photomicrographs (4, 5, 7) 

The use of the microscope on carbon is rather limited, since the 
relations between structure and qualities for various applications have 
not been completely determined. Some of the materials have distinctive 
visible characteristics, however, and these are presented in the color 
plates of Fig. 9, prepared in the Stackpole Metallographic Laboratory. 
These color photographs were taken with a crossed polarizer and 
analyzer, with a sensitive tint plate between the polarizer and the 
sample. The sensitive tint plate is made from a birefringent material 
with its principal axis perpendicular to the light beam. With the direction 
of its two indices at an angle of 45° to the direction of polarization from 
the polarizer, it is given a thickness such that light of a wavelength of 
5700 A (yellow) has the two refracted beams shifted in phase by one 
wavelength; that is, it comes through effectively undisturbed. Light of 
longer or shorter wavelengths (red or blue) is thus elliptically polarized. 
Birefringence can show up as a color change in which either the red or 
the blue component is adsorbed or reflected, depending on the specific 
crystal orientation. Rotation of the microscope stage by 90° will cause 
these colors to change from red to blue, from yellow to blue, or vice 
versa. Non-birefringent areas show the magenta or violet background. 

The left-hand and right-hand pictures in each pair of Fig. 9 were 
taken under the same conditions except that the stage was rotated 90°. 

An examination of these pictures shows that the effect is as strong in 
petroleum-coke-base carbon as in petroleum-coke-base graphite. It is 
not observable in lampblack-base carbon or graphite, nor in glass carbon, 
as shown in Figs, 9C, 9D, and 9F, probably because the crystal size is 
too small to show the effect with the resolution available at these wave
lengths. 

In any case, these pictures represent freshly polished surfaces. Some 
light penetrates the carbon lattice before being reflected, and selective 
absorption of the light in a particular plane of polarization is probably 
the source of the visible effect. 

The similarity of this effect on graphitized and ungraphitized pe
troleum-coke-base materials is probably because the larger planes are 
already arranged in reasonable order in the ungraphitized material and 
do not lose their highly erratic longitudinal arrangement until the 
material is graphitized. In light of wavelengths in the visible region 
(5000 A), these inaccuracies in the coke lattice in the ^-direction (4 to 
100 A) would not be resolved. The oaxis is, of course, the principal 
axis in any carbon crystal. 

Because of the particular properties of petroleum coke, artificial 
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graphite, and large-crystal natural graphite in this respect, the method 
can be used to show the presence of these materials in carbon specimens. 
For example, in Figs. 9 C and D, the small crystal near the center of the 
field which changes color is graphite. 

B. MECHANICAL PROPERTIES 

1. Elasticity and Creep (7, 19, 26) 
Because of their low resistance to shear in the afe-direction, it is 

difficult to determine the elasticity of graphite single crystals. Direct 
physical methods on small crystals are unreliable, and sound-velocity 
measurements are uncertain. 

On polycrystalline samples, data on elasticity are readily available 
from both mechanical and sound-velocity measurements. The physical 
measurement is strongly influenced by grain-boundary conditions and, of 
course, by the extent of graphitization. Since the shear-stress limit of 
the single crystals of graphite in the a&-direction is probably exceeded 
at very low strains, the elasticity is due largely to edge effects and to 
the disoriented material at the grain boundary. The stresses are con
centrated there, and when the stress limit is reached, the material 
fractures. 

Table II lists the conventional values of elasticity for the materials 
as noted, for both mechanical and sound-velocity values of elasticity. 

T I M E - M I N U T E S 

FIG. 10. Typical creep curve for graphite at 2 5 0 0 °C and a stress of 4 5 0 0 psi 
(42). 
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T A B L E II 
E L A S T I C I T Y 

Young's modulus 

Material 
Dynamic,0 

gm/cm2 
Static,6 

gm/cm2 

mgiaity 
modulus,0 

gm/cm2 

Coke base 

Extruded carbon II 140 X 10e 
61 Χ 106 

± 100 105 Χ 106 

Extruded graphite II 78 44 
± 50 42 

Molded carbon II 102 120 
JL 140 45 

Molded graphite I I 43 65 
-L 69 25 

Lampblack base 

Molded carbon II 90 83 
_L 110 50 

Molded graphite II 78 65 
JL 90 35 

Carbon-graphite base 

Molded carbon II 110 150 
-L 145 55 

Resin-impregnated I I 119 142 
_L 156 68 

Molded graphite I I 85 105 
± 120 46 

Resin-impregnated I I 98 130 
142 54 

a Longitudinal vibrations parallel or perpendicular to molding direction or extrusion 
direction as noted. 

6 Static force to produce deformation parallel or perpendicular to molding or extru
sion direction as noted. 

e Torque vector (right-hand rule) parallel or perpendicular to molding or extrusion 
direction as noted. 

The Young's modulus of polycrystalline graphite has been found by 
Mrozowski et al. to be an increasing function of temperature with a 
maximum of about 150% of its room-temperature value at 1750°C, 
dropping off to 80% at 2200°C (23). 

Creep is the dimensional change which takes place in time for a 
material under stress. It is a rate process with a certain activation energy. 
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Because of the inherent structure of graphite and its weakness in the 
c-direction, the stresses are concentrated in the grain-boundary material; 
and as the temperature increases, relaxations similar to those occurring 
during graphitization processes can take place. The rates of these relaxa
tions combine to yield time-dependent strains as shown in the typical 
creep curve of Fig. 10 (4500 psi and 2500°C) (42). 

The several different mechanisms involved complicate the situation 
and cause wide variations in the measured results on different materials. 
Specific temperature ranges, stresses, and materials must be considered 
for specific data; however, some general statements can be made. Creep 
is very small for ungraphitized materials at temperatures below 2000°C. 
The higher the percentage of unordered material, the smaller is the 
creep strain. Creep increases most strongly in the temperature range at 
which graphitization takes place ( >2000°C). 

2. Poisson's Ratio 

Poisson's ratio, σ, is defined as the ratio of lateral contractional strain 
to linear extentional strain, this under the condition of uniform and 
uniaxial longitudinal stress within the proportional limit. It thus deter
mines the circumferential tension in the outside of a cylinder under 
compression along its length. It also relates the elastic constants as 
follows: 

Ε = 20(1 + σ) 

where Ε is Young's modulus, G is the shear modulus of rigidity, and σ is 
Poisson's ratio. For most metals, it is of the order of 0.25 or higher. For 
carbon and graphite, values have been reported from 0.1 to 0.27. 

3. Hardness 

Hardness is a term familiar to everyone, but on deeper consideration 
it requires specific definition. Hardness measurements such as Vickers, 
Rockwell, and Brinell measure the resistance of a surface to the penetra
tion of a small indenter, and the values are of the order of two and one-
half to three times the values of the compression strength. Moh's hard
ness scale measures resistance to scratching and is, in effect, a "pecking" 
or "scratching" order of material. Contact hardness is a function which 
defines the area of contact formed when a hard ball is pressed against a 
flat surface of the material in question. Figure 11 shows curves giving 
the contact hardness as a function of a shape of the indentation for two 
graphite materials. In brushes, bearings, and seals, where wearing-in or 
seating-in is important, the surface pressure tends to approach the com
pressive strength of the material. Scleroscope hardness measures the 



CARBON AND GRAPHITE 23 

0 . 8 

α 
0.6 YIELD POINT FOR A 

< 
z ο ο 0 .4 

0 
5 10 15 χ 10 - 2 

SPECIFIC DEPTH D 

F I G . 11. Contact hardness as a function of specific depth for ( A ) electro-
graphite and (B) petroleum-coke-base graphite (40). 

bounce of a small weight from a surface and is thus a complicated func
tion of elasticity, damping, surface damage, and surface finish. 

The deformation in ductile materials during hardness measurements 
is the result of a flow of material which continues until the surface 
generated can support the load elastically. In brittle materials like glass, 
the measurements have little meaning, since the result is crushing and 
sometimes gross fracture. Carbon and graphite, however, even though 
they show practically no gross ductility, have microductility and porosity 
which permit a flow of material, and the measurement of hardness by 
the indentation methods has validity as long as the penetration is not 
too deep. 

Hardness measurements have little meaning except on polycrystal-
line carbon and graphite materials. Single crystals of graphite can be 
tested by microhardness methods, but the results have wide spread. 

Table III gives the results of hardness measurements of several dif
ferent types of carbon and graphite material. 

The change of hardness values in a carbon-base material due to 
baking and graphitizing temperature is indicative of the progress of the 
reaction and tells a great deal about the change in structure. Figure 12 
shows the hardness measured at room temperature of samples of lamp
black-base material baked at different temperatures. Such a curve is 
typical of many types of carbon material, and this relationship is used 
to control hardness for applications where this property is important. 
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F I G . 12. Scleroscope hardness as a function of baking temperature for a lamp
black-base electrographite. 

4. Strength {6,7) 
For a material as soft or unctuous as graphite, strength takes on a 

special meaning. Just as large single crystals of metals, such as zinc, can 
be deformed by the slight pressure of a finger, single graphite crystals 
can be rubbed away and deformed in the a&-direction by small forces. 
Within themselves, the layer planes are very strong, although they may 
be bent, but they slide over each other easily so that the shear strength 
in the a&-direction of a graphite crystal is very small. Only polycrystalline 
graphite and carbon have appreciable strength, and this is developed by 
the random orientation of the crystal planes. 

Strength values nearest those of single crystals of graphite are proba
bly those of pyrolytic graphite. In these materials, the tensile strength in 
the ö6-direction is the only value of meaning because of the very low 
shear strength in the same direction. The usual values are those of 
polycrystalline samples for which the results give averages over many 
crystal directions. Some anisotropy exists in molded graphite, and more 
is present in extruded material, owing to the orientation generated by 
these processes. Table IV lists strength values for different types of 
carbon and graphite at room temperature. 

Tensile strength is measured by the direct pull on a necked-down 
sample. Transverse strength is the maximum fiber stress on a bar sup
ported near the ends and broken by a stress acting at the center. The 
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T A B L E I V 
S T R E N G T H A T R O O M T E M P E R A T U R E 

Transverse Tensile 
Direction strength, strength, 

Material of force psi psi 

Molded graphite I I « 2300 2900 
Graphite and pitch _L 4100 3900 

Molded graphite I I 2200 2600 
Petroleum coke and pitch ± 3500 3200 

Extruded graphite 1 ! 3300 1700 
Petroleum coke and pitch ± 3300 1300 

Molded electrographite I I 5000 5100 
Lampblack _L 6000 5100 

Molded carbon graphite I I 3500 2900 
Graphite and pitch _L 5500 3800 

Molded carbon I I 3200 3400 
Petroleum coke and pitch _L 5000 4300 

Molded carbon I I 4500 6300 
Lampblack base _L 7500 6400 

Molded graphite I I 6600 5600 
Resin-impregnated J_ 9600 6400 

Molded carbon graphite I I 7200 
Resin-impregnated J_ 11000 

Pyrolytic graphite II to αδ-plane 10000 

° Parallel or perpendicular to extrusion direction or molding pressure, as the case 
may be. 

anisotropy in the materials generated by the molding operation or the 
extrusion operation must be considered in making such measurements. 
F o r tensile strength, there are only two meaningful directions for mold
ing, and two for extrusion if the dimensions of the extruded cross section 
are not too different. Thus, in the table the tensile strength is measured 
by pulling in a direction perpendicular ( l ) or parallel ( | | ) to the mold
ing or extrusion direction. 

The transverse strength, on the other hand, has a directional property 
which must be considered in measurements on molded materials, but 
which can be neglected on the extrusions defined above. If we consider 
the molded plate as a book, the transverse strength can be measured by 
vertical forces with the book flat ( | | ) ; with the book on edge with the 
pages parallel to the force and the specimen length; or with the book on 
edge with the pages parallel to the force and perpendicular to the 
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FIG. 1 3 . Short-time tensile strength divided by specific gravity as a function of 
temperature. E C A is a polycrystalline electrographite (42). 

which data for some other common materials are given for comparison. 
The mechanism of this increase in strength with temperature is not 
entirely clear, although a fairly reasonable picture can be presented 
considering the basic source of strength of graphite. 

The polycrystalline mass contains many microscopic pores, fractures, 
and strains which are the result of charring and shrinkage of the binder 
and the shrinkage of the carbon during graphitization. These processes 
proceed at certain temperature-dependent rates, and the thermal gradi
ents generated during the heating cycles are complicated by primarily 
endothermic reactions which follow the temperature changes through 
the pieces during baking and graphitization. On cooling, strains are set 
up in the structure and are frozen in. Because of the low atom mobility, 
these strains remain. The strength of a given piece of material is thus 
much less than that of a piece of perfect or strain-free graphite. On 
heating, the atomic mobility increases in the regions around these strains, 
and the strains are partially relieved. On subsequent cooling, however, 
the strains are again present, since the large mass of material involved in 
the individual crystallites remains unaffected. Thus, the strength increases 

specimen length ( 1 ) . The first ( | | ) and the last ( 1 ) values are repre
sented in Table IV. 

Polycrystalline graphite shows the unusual behavior of increasing 
strength with temperature up to about 2500°C, as shown in Fig. 13, in 
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with temperature until the atom mobility reaches a point where it begins 
to be the cause of weakness. Shear strain and one-dimensional ductility 
in graphite and carbon crystals during the heating and cooling processes 
are probably the main factors that leave any strength in the material at 
all. Without this shear, the material would probably shatter as does 
highly strained glass when its surface is broken. 

5. Friction (20,38,49) 

Anyone who has attempted friction measurements realizes the com
plexity of the various external influences on the results, and the difficul
ties involved in reproducing data. Control of conditions is very difficult, 
and extreme purity or high vacuum eliminates the beneficial effects which 
graphite shows under normal atmospheric conditions. Therefore, although 
the frictional properties of carbon and graphite are technically important, 
they are not simply characteristic of the materials but are complex func
tions of the specific carbon and graphite as well as their impurities, 
purposeful or otherwise, the atmosphere, the nature of the opposing 
surface, the temperature, and the previous history of the specific ap
paratus and test. 

Physically and chemically clean carbon or graphite sliding on any 
clean metal without water vapor, oxygen, or contaminating organic 
gases, but in chemically pure nitrogen, noble gases, or vacuum, has very 
high friction (μ ^1 .0) and high wear. The high wear under these condi
tions is called dusting, and it may be of the order of 1 to 5 cm of material 
per hour, compared to 1 X 10~5 cm/hr under normal wearing conditions. 
It is, therefore, easy to show that the friction of carbon and graphite 
against any metal surface is really a function of the presence and amount 
of water vapor, oxygen, and organic contaminants that might be present. 
In the manner that these and their reactions are affected by temperature, 
friction is also influenced by temperature. 

This does not hold true for the sliding contact between graphite and 
graphite. In this case, the friction force is not abnormally high, and the 
wear rates remain reasonably low even in vacuum to 10~6 mm. 

There are several hypotheses which provide an apparent explanation 
for these properties of graphite. In this short section, it is possible only 
to sketch briefly the most reasonable ideas at the present time. 

The slippery and unctuous character of graphite is, of course, well 
known. It derives primarily from the crystal structure, which permits 
slipping between the planes and provides a material that readily adheres 
to and coats a rubbed surface. Since the sliding contact between graphite 
and graphite does not have rapid wear under clean conditions (absence 
of water, air, etc.), it has been felt that the problem lies in the fact that 
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the graphite film on the metal is lost and that this causes the high wear 
in clean graphite-metal sliding contact. This may be partly true, but the 
initial sliding of graphite on freshly machined copper in air with moisture 
present also has low friction and wear, so that a graphite film on the 
copper is not a necessity. Actually, the visible film developed by long
time running is a mixture of metal oxide and graphite, and each can be 
effective in preventing destructive wear. 

The situation during running is a dynamic equilibrium between the 
wear rates of both the graphite and the metal surface and the rate of 
oxidation and moisture adsorption. Tests in the Stackpole laboratory 
show that oxidation or filming sufficient to influence the contact resist
ance takes place in one revolution of a ring at 1800 rpm. Thus, under 
normal circumstances (dew point >10°C, atmospheric air pressure), a 
film of some complex composition is maintained which has low shear 
strength or low specific friction, as defined by Holm (47) and discussed 
below, in spite of the mechanical wear and the fritting or disturbance 
of the film due to the passage of electric current. The current affects only 
a small part of the mechanical area of contact. Current densities are of 
the order of 106 amp/cm2. 

According to the author's interpretation of these phenomena, a film 
to be effective must have no free electrons to provide metallic or covalent 
bonds between the graphite and metal, and this film can be provided by 
water, oxides, graphite, and certain adjuvants to the graphite, such as 
MoS2, BaF, and Pbl2. Thus, although graphite has only about 0.001 the 
number of free electrons per atom that, for example, copper has, these 
are sufficient in contact with a clean metal surface to cause the metallic 
bonds to be generated which then result in the high friction and high 
wear. 

The action is similar to the seizure or galling that occurs between 
sliding metal surfaces when lubrication is lost except that, because of its 
lower strength and brittle nature, the graphite wears away in particles 
which are torn out of the sliding surface, whereas the metal retains its 
original geometry. 

Two further points can be made in support of these ideas. First, 
static friction measurements of graphite on clean metal in vacuum give 
high values (<^1 to 2) , and these do not involve sliding. Second, these 
films which prevent seizure can be up to 10 A thick without interfering 
appreciably with conduction, since electrons can pass through such films 
by means of the tunnel effect. 

The variation of the friction of graphite on copper with temperature 
is shown schematically in Fig. 14. Specific materials and test conditions 
can change this picture in detail, but not in principle. The large drop in 
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FIG. 1 4 . Coefficient of friction of an electrographite brush on a copper ring as 
a function of ring temperature. 

friction takes place in the neighborhood of 100°C (ring bulk tempera
ture ). 

The specific friction force mentioned above is defined as follows. 
The coefficient of friction, μ, is defined by 

where F is the friction force parallel to the surface, and Ρ is the normal 
force. If we define the contact hardness, H, from the surface generated 
by the force P, we have 

Ρ = Η · S 

where S is the total surface in mechanical contact. But if we define Ψ as 
the friction force in shear per unit of surface area, we then have 

F = Ψ-S 

and thus 
μ = Ψ/Η 

In contacts that can seat themselves in by slow wear, the surface, S, can 
become greater (about ten times) than the value determined by a static 
hardness test. 

Thus, 
μ = Ψ/& 

where £<1 is the factor representing this decrease in pressure in the 
surface. It represents the difference between initial and run-in values, 
other variables being held constant. 

One difficulty with friction measurements is that in many experiments 
a true equilibrium is never reached. A final equilibrium involves the 
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actual mechanical load-bearing surface (much less than the apparent 
contact surface), the chemical reactions on the metal surface (oxidation, 
adsorption), and reactions in and on the carbon or graphite surface 
(adsorption and absorption). For these reasons, friction data must always 
be subject to critical scrutiny. On the other hand, recognition of these 
fundamental problems has permitted the successful engineering and 
scientific development of materials that operate suitably under all condi
tions found so far on the earth's surface with atmosphere and in space. 

In addition to carbons that provide low friction, certain grades of 
carbon have been developed to give high and consistent friction for 
friction clutches and friction drives. These are usually made from 
carbon materials with little graphitic orientation and highest strength. 
The balance between film formation and wear on the metal surface can 
be adjusted by the choice of carbon materials to produce high and 
fairly consistent values of friction. 

These factors having been considered, Table V gives generally ac-

TABLE V 
C O E F F I C I E N T O F F R I C T I O N O F C A R B O N A N D G R A P H I T E 

Tempera-
Materials Atmosphere ture Μ = F/P 

Graphite against copper Air Room 0.2 
Graphite against copper N2 Room 1-2 (dusting) 
Graphite against copper Above 20,000 feet, 1-2 (dusting) 

standard atmosphere 
Graphite against copper Air 100°C 0.1 
Graphite against copper Air 200°C 0.08 
Graphite against copper Air 300°C 0.15 
Graphite against copper Air 600°C 0.25 
Graphite containing Vacuum down to 10~6 mm Room 0.15 

M 0 S 2 against copper 
Graphite against graphite Air Room 0.1 
Graphite against graphite 2450°C 0 .25-0 .4 
Graphite against graphite Clean N2, He; vacuum Room 0 .1-0 .25 

down to 10~6 mm 
Graphite against stainless Air Room 0.2 

steel, chromium, monel 
Graphite against stainless Air 500°C 0 .2 -0 .3 

steel, chromium, monel 
Friction carbon against Air 100°C 0 .3 -0 .4 

steel 

cepted technical values of friction as defined in each case. The question 
of solid dry friction is also considered in the chapters "Solid Lubricants" 
by R. J. Benzing and "Materials for Plain Bearings" by P. G. Forrester in 
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this volume, and in "Lubricating Oils" by F. S. Rollins, pp. 151-152, in 
Vol. III. 

6. Machinability 

Although not a physical property which can be measured simply, 
machinability is nevertheless an important technical property. Artificial 
graphite can be made soft enough to be machined with wood-working 
tools such as planers, although high-speed tool steels are generally used. 
On the other hand, ungraphitized carbon is so hard that it requires 
diamond wheels for cutting and equivalent tools for drilling. In between 
come all gradations, and the economics of the operations, such as num
ber of items, speed, and finish required, determine the tooling. 

Even though carbon is brittle, grades have been developed that can 
be machined to the closest tolerance and polished to within two light-
bands per inch. It is generally necessary to accept chips at perpendicular 
edges several times as large as the porosity, or to chamfer the edges. 
Dimensional stability is determined by the physical properties already 
discussed. 

C . THERMAL AND OPTICAL PROPERTIES 

1. Equilibrium Diagram—Heats of Fusion and Vaporization (6, 45, 58-
60) 

Figure 15 shows the schematic phase diagram of carbon. It should 
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FIG. 1 5 . Schematic phase diagram of carbon ( 6 0 ) . 
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be noted, however, that the phase changes are slow and that the success
ful production of diamonds by Η. T. Hall involved the use of catalysts 
(Ni, Co, Cu, etc.) which increased the reaction rates to practical values. 
F. P. Bundy (58-60) has reported recently the successful production of 
diamonds at 3 χ 106 psi and 4100°K without catalysts. 

The anisotropic structure of graphite and carbon places a question on 
the meaning of a melting point. The bonding between the ö&-planes 
could be decreased to values low enough for the material to be liquid 
at a certain temperature, but the ab-bonds would still be effective. If it 
is assumed that carbon would be liquid when one-half of the a&-bonds 
or C-C valences are disrupted, then the heat of fusion of carbon and 
graphite would be about 120 kcal/gm atom. 

The heat of vaporization of carbon in the ground state has been 
calculated in several different ways. These calculations point to the value 
of 170.4 kcal/gm atom, which is the result of the general agreement 
between the vapor pressure technique and the electron impact technique, 
giving values of 171, 183, and 200 kcal/mole for C, C2, and C3, respec
tively (45). 

2. Heat Capacity (6) 

The heat capacity or specific heat of carbon appears to be inde
pendent of its previous history. There is little difference between the 

1000 2 0 0 0 3000 

TEMPERATURE °K 
F I G . 1 6 . Specific heat of carbon as a function of temperature ( 6 ) . 

value for charcoal and that for graphite. Figure 16 shows the best 
available data. 

Some minor discrepancies and differences appear near 0°K. Based 
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on two-dimensional acoustic vibration, the heat capacity might be ex
pected to follow a T2 law instead of a T3 law in this region; but this 
does not appear to have been cleared up. The best information at 
present is that graphite apparently follows the T3 law, and carbon the T2 

law, at temperatures near 0°K. An increased amount of disorder due to 
irradiation appears to increase the heat capacity at temperatures slightly 
below about 300°K. 

The Debye temperatures for vibrations parallel and perpendicular 
to the aromatic networks are different. Values of θ{{ = 2300°K and 
0 J L = 760°K have been reported. The Debye temperature is that tem
perature at which all the modes of vibration are excited, and it is ap
parent that this would be different in the different crystal directions. An 
average value for polycrystalline graphite is about 1500°K, and at this 
temperature the heat capacity levels off, as shown in Fig. 16. 

The increase at temperatures above 3000°K is thought to be caused 
by the reversible formation of vacancies, thermal defects, or defects in 
the intercrystalline material. 

3. Thermal Conductivity (6, 7 , 1 2 , 21, 23, 35) 

Different types of polycrystalline synthetic graphite exhibit different 
variations of thermal conductivity with temperature. In addition, the 
extent of graphitization also influences the shape of the thermal con
ductivity-temperature curves. Figure 17 shows the general run of such 
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F I G . 1 7 . Thermal conductivity of polycrystalline graphite ( 6 ) . 

curves for polycrystalline graphite. The initial variation with temperature 
is due to the same in-plane vibrations that cause the variation of heat 
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capacity with Τ2; that is, the heat is conducted by lattice vibrations and 
not by electrons as in the metals. A different factor becomes dominant 
at temperatures between 300° and 500°K, depending on the material. 
When all the modes of lattice vibrations are excited and the conductivity 
should tend to level off, the interference between the waves within the 
öfo-planes begins to increase with temperature and causes the thermal 
conductivity to decrease. This is called phonon-phonon scattering. At 
about 3400°K, additional interferences appear which cause a further 
decrease in thermal conductivity. These may be similar to those causing 
an increase in heat capacity at this temperature, as noted previously, 
and may be due to atomic vibrations within and between defects in the 
grain-boundary material which would tend to scatter the lattice vibra
tions responsible for heat conductivity. 

Although there is a small anisotropy in heat conductivity in all poly-
crystalline graphite materials due to orientation in the manufacturing 
process—extrusion or molding—pyrolytic graphite shows the considera
ble anisotropy present in the individual graphite crystals. Table VI shows 

TABLE VI 
T H E R M A L C O N D U C T I V I T Y A T R O O M T E M P E R A T U R E 

Poly crystalline graphite (petroleum-coke base) 1.25 watts/cm °C 
Polycrystalline graphite (lampblack base) 0.42 
Pyrolytic graphite || (heat-treated at 2900°C) 3.0 
Pyrolytic graphite J_ (heat-treated at 2900°C) 0.0028 
Carbon (petroleum-coke base) 0.07 
Carbon (lampblack base) 0.05 
Copper 3.85 
Tungsten 1.25 
Iron 0.7 

the anisotropy effect for some synthetic graphites and for pyrolytic 
graphite. The wide difference between the öb-direction and the c-direc-
tion is, of course, understandable when the basis of thermal conductivity 
is considered to be waves or vibrations transmitted along the lattice. The 
strong aromatic planes transmit these vibrations much better than can 
the weak interactions in the c-direction. The thermal conductivity of 
carbon depends strongly on the extent of graphitization. Figure 18 shows 
how the heat conductivity varies for a specific type of carbon baked at 
different temperatures (G, 2700°C; H, 2000°C; B , 1100°C). The orienta
tion and growth of the crystals and the decrease in grain-boundary 
material account for the variation in heat conductivity shown. The effect 
of phonon-phonon scattering becomes dominant above the boundary 
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F I G . 18. Thermal conductivity of carbon and graphite. G , artificial graphite 
baked to 2 7 0 0 ° C ; H, carbon baked to 2 0 0 0

C
C ; B, carbon baked to 1 1 0 0 ° C (43). 

scattering at higher temperatures for the lower-temperature material 
because of the increased number of scattering imperfections. It is readily 
seen that the heat conductivity of graphite is in the range of that of 
some of the metals and is much higher than it is for any of the non-
metallic crystals, even though it uses the mechanism of lattice vibrations 
for thermal conductivity rather than electron conduction, which is the 
important mechanism in metals. Since most materials exhibit variations 
of thermal conductivity with temperature similar to those shown in Fig. 
18, the temperature must be carefully considered in designing for 
engineering applications. 

4. Thermal Expansion 

It would be expected that thermal expansion, like many other 
properties, would be strongly anisotropic in individual graphite crystals, 
as well as in manufactured graphite, which has some characteristic 
orientation due to the processing methods. The afo-planes show very 
little change in dimensions with change in temperature, primarily because 
the strong bonding forces are affected only to a minor degree. On the 
other hand, because of the low bonding forces, the odirection shows a 
high thermal coefficient of expansion. This is shown in Table VII, which 
lists values for single crystals as well as data for various forms of manu
factured carbon and other materials for comparison. 
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T A B L E VII 
L I N E A R T H E R M A L C O E F F I C I E N T OF E X P A N S I O N 

Linear thermal 
coefficient of 

Material Temperature expansion per 

Single crystals of graphite, afr-direction 0°-150°C 1.5 Χ ΙΟ-6 

400°C 0 
600°-800°C 0.9 

Single crystals of graphite, c-direction 15°-800°C 28.3 
Extruded graphite: || to extrusion 1.1-2.4 

± to extrusion 2 .7 -3 .8 
Molded graphite: || to molding 25°-250°C 6.3 

J_ to molding 25°-250°C 2.3 
Molded carbon: || to molding 25°-250°C 4.5 

_L to molding 25°-250°C 3.6 
Tungsten 4.5 
Molybdenum 5 
Invar 0.9 
Fused quartz 0.5 
Iron 12 
Copper 17 

° Increase in length per unit length per degree centigrade. 

5. Thermal Shock and Ablation 
Thermal shock resistance is the ability of a material to withstand any 

sudden increase or decrease in temperature at its surface. Thermal shock 
can be achieved by plunging a hot piece of material into a cold liquid 
or gas, or by causing hot gases, ions, or electrons to impinge on the 
surface of a relatively cold material. Although there is no precise defini
tion or measurement of this property, it is well known that carbon and 
graphite can stand some of the extremes in this area without difficulty. 

It is apparent that low thermal expansion, high heat conductivity, and 
some ductility contribute to this quality when a hot material is suddenly 
cooled. The same properties, plus a high heat of vaporization, contribute 
to good shock and wear properties under the impact of hot gases. In this 
area, the ease of oxidation of graphite is the one major drawback. 

When tested in small specimens, carbon and graphite have perhaps 
the best resistance to ablation or erosion—that is, the impingement of 
high-energy gases—of any material. Their low strength places certain 
limitations on the structural use of carbon and graphite, and thus some 
of the plastics containing carbon or graphite cloth fillers, or glass fillers, 
have been superior. Even with plastic, however, the initial carbonization 
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of the surface provides a carbon or char on which the impinging gases 
must operate, and thus the good properties of carbon are again involved. 
In addition, the heats of vaporization and disassociation of the hydro
carbons and water from the surface provide not only a heat sink but also 
a protective blanket of gas over the surface. 

On the other hand, in certain areas the plastics are not sufficiently 
effective, and carbon and graphite are the best materials. In one "genera
tion" of rocket nozzles, for example, the characteristics of graphite are 
used to the best advantage. In these designs, the carbon is backed by 
heat insulation, a structural plastic, and finally steel for strength. 

In addition to such exotic uses, carbon and graphite provide suitable 
materials for furnace boats used in reducing or nonoxidizing atmospheres 
for brazing, for semiconductor manufacture, and for similar applications. 

Table VIII gives some comparisons between materials on the basis of 

T A B L E V I I I 

F I G U R E O F M E R I T F O R T H E R M A L S H O C K A N D A B L A T I O N O R E R O S I O N 

Thermal conductivity (watts /cm °C) X heat of vaporization (kcal/gm atom) 

Thermal expansion/°C 

Polycrystalline graphite 70 Χ 10
6
 (in above units) 

Pyrographite || to planes 380 
Pyrographite _L to planes 0 . 2 5 
Carbon 2 . 0 
Tungsten 60 
Molybdenum 26 

an arbitrary factor of merit which is the product of the thermal conduc
tivity and the heat of vaporization, divided by the thermal expansion. 
The strength, ductility, and elastic modulus are not considered because 
of the difficulty of assigning values which represent them under the 
conditions involved. 

6. Radiation and Emissivity 

Carbon comes the nearest of any material to having the radiation 
characteristics of a black body. KirchofFs law, that a body radiates the 
same percentage of black-body radiation that it absorbs, applies to all 
materials; but the different forms of carbon have the highest natural 
absorption and emissivities of any material. 

Lampblack and carbon black absorb and emit up to 99.5%, with an 
average of 98%; graphite absorbs and emits about 80%. Pyrolytic carbon 
and hard gas carbon absorb and emit considerably less; and some small, 
thin, regular crystals of graphite are essentially transparent. 
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Light is absorbed in a cavity because it is reflected back and forth 
between its walls; therefore, a porous body, even though highly reflect
ing, can approach a true black body. The faults and flaws, as well as the 
lack of the regular crystal structure in the blacks, cause the very high 
absorption and radiation at wavelengths up to about 50,000 A, where 
the dimensions of the cavities become small compared with the wave
length, and the radiation does not enter the pores. 

In graphite, the grain-boundary material and the crystal imperfec
tions provide part of the effect, although some surface reflection takes 
place. Pyrolytic carbon or bright carbon becomes almost metallic in 
appearance because of the absence of pores. 

Table IX gives generally accepted values of emissivity for a variety 
of materials. 

T A B L E I X 
T O T A L E M I S S I V I T Y 

Graphite (petroleum-coke base) 0 .8 - 0 . 9 
Graphite (lampblack base) 0 .85-0.95 
Carbon 0.6 - 0 . 8 
Lampblack 0.9 -0 .995 
Copper, polished 0.02 
Copper, oxidized 0.70 

D . ELECTRICAL PROPERTIES 

1. Resistivity 

In the individual single crystal, the electrical resistivity is a distinctly 
anisotropic property. For natural graphite single crystals, the ratio 
between the resistance in the afe-direction and that in the c-direction can 
be of the order of 10,000 to 1. In pyrolytic graphite, ratios up to 1000 
to 1 have been measured. Specific values are given in Fig. 19. The ex
planation for this is relatively clear. The π-electrons, which are not 
associated with the C = C bonds in the aromatic rings, are in an energy 
band only some 0.05 ev below and partly overlapping the conduction 
band. Therefore, the conducting band contains enough 7r-electrons to 
provide a high conductivity along the a&-planes. On the other hand, an 
entirely satisfactory explanation of the high resistance in the c-direction 
is not available. Since the van der Waals' forces holding the afe-planes 
together require no sharing or transfer of electrons, the c-resistance in a 
perfect crystal may be infinite for low-voltage gradients, and the values 
measured may represent conductivity due to defects. Edge effects, 
interstitial impurity atoms, screw dislocations, and intercrystalline ma
terial could account for the measured values of conduction in the 
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FIG. 2 0 . Resistivity as a function of temperature and heat-treating or curing 
temperature (44). 
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F I G . 21. Specific resistance as a function of temperature and curing temperature 
for materials made from ( A ) petroleum coke and pitch and ( B ) lampblack and 
pitch. 

c-direction. In polycrystalline materials, a reasonable average value of 
the specific resistance is measured; and this is a function of the raw 
materials, processing procedure, baking temperature, and baking time. 

Figure 19 gives some values of the room-temperature specific resist
ance of different types of carbon and graphite. These values represent 
what might be considered the stabilized value of the resistance of a 
piece of material held at the final baking or curing temperature for a 
relatively long time. 

The schematic diagram (Fig. 20) which Mrozowski has developed is 
a good means to describe the general situation; however, it must be 
understood that in detail it represents only a very limited and special 
case. In this diagram, the lines fl, b, c, d, and e represent the resistance 
temperature-reversible resistance curves for materials baked to the 
temperatures shown by the points where these lines touch the line 
ABCD. Line / represents a limit for the positive temperature coefficient 
of resistance of graphite. The letters η and ρ indicate that in these regions 
the electric conduction is primarily by electrons or by holes, respectively. 

Figure 21 is drawn in a similar manner for two specific materials. The 

0 . 0 3 
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curves represent the resistance at the temperature indicated in which the 
reversible parts are shown by the double arrows and the irreversible 
parts by the single arrows. Curve A represents a material made from 
petroleum coke and pitch, and Β represents one made from lampblack 
and pitch. The differences in the relation between specific resistance and 
baking or curing temperature, and the temperature coefficients are 
apparent. Since both materials are polycrystalline, the values represent 
complicated mixtures of the different types of carbon in greater or lesser 
amounts as follows: (a) a char containing relatively large amounts of 
OH, H, COOH, and similar radicals which have not been removed by 
the baking temperature; (b) disoriented crystals which are highly turbo-
stratic and which have not begun to arrange themselves to become 
graphite; and (c) graphite crystals which have grown from highly 
turbostratic crystals and from a and b grain-boundary material to suf
ficient size to represent the major component. 

Material a. In this material, which is generated at a baking tempera
ture of about 400° to 500°C, the energy required to bring ττ-electrons 
into the conducting band is about 0.5 to 0.8 ev. The temperature coef
ficient of resistance is strongly negative at temperatures below the 
baking temperature, and conduction is both by electrons and by holes. 

Material b. In this material most of the volatiles have been removed 
and the pattern is set for further graphitization. The resistance, due 
either to highly unoriented material between particles or to crystal 
irregularities, is high. Conduction is probably both ρ and n, and the 
specific resistance is of the order of 10~3 ohm-cm. 

Material c. This is artificial graphite. Crystal size depends on the 
starting raw material as well as on the time and temperature of the 
graphitizing process. Conduction is primarily n, the temperature coeffi
cient of resistance is positive in the higher temperature range, and the 
specific resistance is of the order of 10~3 to 10~4 ohm-cm for this poly
crystalline form. 

On the basis of these three materials and their possible combinations, 
it is possible to explain curves A and Β in Fig. 21. The letters a, b, and 
c on the curves show the areas in which each material may be dominant. 
There is, however, less c-material in the lampblack-base grade than in 
the coke-base grade after the high-temperature bake. 

The time factor has not been considered in Figs. 20 and 21, and this 
is important in the manufacture of practical materials. Quite different 
results can be secured for different heating rates and soaking times in 
all temperature regions, and this fact must be considered in using these 
results. The data in Figs. 20 and 21 are based on commercial baking 
and graphitizing procedures. 
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2. Thermoelectric Properties and Hall Coefficient (6) 
The thermoelectric properties of carbon and graphite are determined 

by the electronic properties of the special carbon material. The thermo
electric power in general follows a curve similar to that of the Hall co
efficient with respect to baking temperature, which is to be expected, 
since they both depend on the amount of ρ and η conduction. Figure 22 
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F I G . 2 2 . Hall coefficient and thermoelectric power as a function of curing tem
perature for carbon ( 6 ) . 

shows how these properties vary with heat-treatment temperature for a 
particular type of carbon—probably a petroleum-coke-base material. 
Lampblack-base materials act differently, since they do not change so 
much at high temperature, and this property has been used to make some 
high-temperature thermocouples between carbon and graphite. 

Since the thermoelectric effect is strongly oriented, a thermocouple 
can also be developed between oriented and nonoriented graphite. The 
thermoelectric voltage from such a combination is shown in Fig. 23. 

3. Contact Properties 
The contact properties of carbon and graphite are fairly well under

stood. For the purpose of discussion, the subject will be divided into 
the stationary-contact and the sliding-contact theories. 

a. Stationary Contacts 
The carbon-to-carbon stationary contact is characterized by its rela-
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F I G . 2 3 . Thermoelectric voltage as a function of temperature for the couple: 
oriented vs. poly crystalline graphite (6) . 

tively high contact constriction resistance and its relative reproducibility 
with respect to the resistance-force curve. Since, under these circum
stances, carbon has no surface oxides or films which interfere effectively 
with conduction, the measurements and calculations of contact effects 
are relatively straightforward. The resistance is a constriction resistance 
within the material, and the area of contact depends on the pressure 
according to the laws of elastic deformation or of plastic deformation, 
depending on the geometry. 

For thin lapped disks the elastic theory holds, and the curves in Fig. 
24 show the variation of resistance with pressure for materials of different 
specific resistance. 

The temperature in the interface between carbon contacts can be 
evaluated by using the U-θ relation between this temperature and the 
voltage (49): 

U2 = 8ρλθ 

where U is the contact voltage, θ is the super temperature at the junc
tion over that of the bulk of the material, ρ is the specific resistance, and 
λ is the heat conductivity. 
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F I G . 2 4 . Resistance and elongation of carbon pile disks. A, resistance; a, elonga
tion of eighty disks, 0 . 0 1 8 inch thick, 0 . 4 3 0 inch in outer diameter, 0 . 1 9 7 inch in 
inner diameter, carbon stack. B, resistance; b, elongation of sixty-seven disks, one-
half 0 . 0 4 0 inch thick, one-half 0 . 0 1 8 inch thick alternated, 0 . 4 3 0 inch in outer 
diameter, 0 . 2 4 5 inch in inner diameter, graphite stack. 

A suitable stationary carbon-to-metal contact requires some special 
considerations to achieve consistency. Against metal surfaces that oxi
dize, such as copper, iron, and nickel, the contact will eventually fail be
cause of high voltage and correspondingly high temperature in the car
bon, and eventual oxidation and burning of the carbon and of the metal 
surface. For example, for graphite against clean copper, with a total 
voltage drop of about 1.8 volts, the maximum temperature rise in the 
graphite is about 400°C and the temperature rise in the surface is about 
130°C. Thus, the temperature in the graphite is near that at which oxi
dation takes place, and the surface temperature is high enough to cause 
oxidation of the copper. 

A satisfactory stationary contact can be made with metal surfaces 
where oxidation of the metal is prevented. Gold, silver, platinum, and 
the other noble metals hold up well against graphite and carbon up to 
the temperature limit for the graphite or carbon. These metals properly 
plated on copper, steel, and other base metals also provide suitable 
contacts. 

If the contact of carbon or graphite against metal is used to open 
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and close a circuit and the possibility for arcing exists, the metal can be 
cleaned and roughened enough to make it suitable as long as there are 
sufficient operations of the contact to wear away the oxides occasionally 
and roughen the metal and carbon surfaces. Some disturbance is almost 
required to maintain suitable contact resistance between carbon and a 
base metal. 

b. Sliding Contacts (20, 49, 66) 

For carbon or graphite sliding against base metals such as copper, 
nickel, iron, or steel, the distinguishing characteristic is the voltage drop, 
which is generally of the order of 1 volt over a wide range of materials, 
speeds, currents, forces, and atmospheres. This 1-volt drop is the result 
of an equilibrium between oxidation of the metal surface which tries to 
decrease the actual conducting surface, and fritting or film breakdown 
which tries to increase the actual conducting surface. The voltage re
quired to maintain metallic spots through thin oxide films on these metals 
is of the order of 0.25 to 0.35 volt and is nearly the melting-point voltage 
of the metal. Add this to the constriction resistance voltage drop in the 
carbon or graphite, and the result is usually about 1 volt. 

Different types of brushes are required to meet some of the other spe
cial requirements of electrical machines and apparatus. Friction, com
mutation, atmospheric circumstances, and mechanical considerations 
enter into the complicated art of choosing brush materials for specific 
applications. This art is becoming more and more a science as the char
acteristics of brush materials are developed and adjusted to meet the 
changing operating and environmental conditions. It should be noted, 
however, that some of the most important innovations in this area have 
resulted from improvements in electrical machines brought about by a 
better understanding of their functions and problems. 

The sliding-contact applications and problems concern both brushes 
on rings and brushes on commutators. The basic essentials of sliding 
conduction and the equilibrium between filming and breakdown as well 
as the friction and mechanical situations are common to both. The 
mechanical problems can be solved in most cases by considerations in 
design which take into account the stability of the brushholder mecha
nism, the brush angle and the possibility of its chattering, and the basic 
mechanical accuracy of the rotating surface and its bearings. 

From the standpoint of brush materials each application is usually 
a compromise in which commutation, brush drop, electrical noise, fric
tion, temperature, wear, and a wide variety of service conditions must be 
considered. It is not possible here to give all the details, but the adapta
bility of carbon products can be seen when it is realized that from the 
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system that includes carbon, graphite, binders, resins, plastics, and 
metals such as copper and silver, and the available processes, have come 
practical brushes for machines from flea power to hundreds of mega
watts, with currents from microamperes to 250,000 amp, and with volt
ages from microvolts to 5000 volts. Brushes range in mass from milli
grams on some small slip rings to a ton of brushes on a large unipolar 
machine. This subject is considered further in this chapter in the section 
on carbon brushes. 

4. Behavior in the Electric Arc (46) 
A group of complicated physical and chemical phenomena cooperate 

to give the effect known as the electric arc. These phenomena are in 
equilibrium and quasi-equilibrium states within themselves and in rela
tion to each other in such a manner that the passage of current through 
the gas between two electrodes at fairly low voltage can be relatively 
stable. For the purpose of this chapter, we define the electric arc as the 
discharge in air or a relatively high-pressure gas between current-
carrying electrodes characterized by a cathode drop of about 10 to 25 
volts, a gas column gradient of about 10 to 20 volts/cm, and an anode 
drop of 0 to 50 volts. The glow discharge, the spark, and the corona dis
charge are all different in the sense that the electrode material plays a 
minor part in determining the characteristics of the discharge, whereas 
in the electric arc, particularly the short arc, the electrode materials play 
a major role. 

The first continuous electric arc was operated by Davy in 1808 when 
he opened an electric circuit with pieces of carbon. The arc between 
metal electrodes had no doubt been seen, but not with a steady current, 
since he was one of the first to use batteries. 

We shall first consider the arc in general and then the relevant prop
erties of carbon and graphite. For this purpose, wTe shall consider the 
five regions of the arc individually in detail. These are: (a) the cathode 
material, (b) the cathode drop region, (c) the plasma, (d) the anode 
drop region, and (e) the anode material. The interrelationship between 
these regions during operation will become apparent. 

In general, an electric arc is formed when a circuit containing over 10 
volts and carrying over about 1 amp is opened. If sufficient current and 
voltage are present to maintain the arc, it quickly develops to a small 
hot spot on the cathode which is emitting electrons by either thermal or 
field emission, or both; a cathode drop region about one mean free path 
thick and about 10 to 25 volts drop next to this cathode spot; a plasma 
consisting of electrons and ions of the surrounding gas, as well as some 
ions from the electrodes, all in thermal equilibrium; the electrons, which 
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drift through the gas and carry almost all the electric current; an anode 
drop region in which the voltage drop again is across a region about one 
mean free path long or longer, but which may or may not exist, depend
ing on the rate of metal evaporation from the anode surface; an anode 
spot, usually larger than the cathode spot, in which the electrons give 
up the energy they have gained in evaporating from the cathode; and 
the anode material, which is conducting heat and electrons away from 
the anode spot. The fundamental processes which keep the arc operating 
are the electron emission from the cathode surface and the electrical 
conductivity of the hot gases. The energy generated in the metals and 
gases by the voltage and current provides the necessary temperature. 
The magnetic energy available in the inductance of almost any electrical 
circuit is sufficient to initiate the arc. 

ß . The Cathode Material 

The surface of the cathode usually emits electrons that make up 98% 
of the current and receives ions for the rest. The surface is heated to a 
high temperature in a small region which, together with the strong 
field at the surface due to the space charge, causes electrons to be raised 
over their work-function energy and emitted. If this temperature is be
low the boiling or melting point of the material (C, W, Mo, etc.), a 
fairly stable arc is formed, and the cathode spot remains stationary. For 
materials on which the surface must be heated to temperatures between 
the melting and boiling points (Fe, Ni, Co, etc.), the arc can be formed, 
but it is unsteady and tends to move around on the surface of the cath
ode. When the surface reaches its boiling point at the cathode (Hg, Ag, 
Cu, etc.), the arc is very unstable and the cathode spot is moving con
tinuously because of the gas pressure and vaporization at this spot. 

The area of the cathode spot and the related current density are de
termined by the thermal balance, in which the heat generated is equal 
to the heat dissipated. For the cathode material, the heat generated 
comes from the PR loss produced in the material, from conduction and 
radiation from the arc plasma, and, to a much smaller extent, from the 
heat due to the impact of positive ions on the surface. The heat dissipated 
is due to conduction to the bulk of the material, the heat of evaporation 
(work function) of the electrons, the heat of evaporation of the metal 
vapor, and radiation. Convection plays only a small part. These factors 
vary in importance with the electrode material and the total arc power; 
but in the case of the carbon cathode, the PR and the heat from the 
plasma are primarily balanced against the work function and the thermal 
conductivity, with the cathode spot temperature at about 3500°K, which 
is high enough for thermal emission of electrons. 
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b. The Cathode Drop Region 
The electrons leaving the cathode have, on the average, one mean 

free path to travel before colliding with an ion, a gas atom, or a mole
cule. The temperature of the gas adjusts itself so that this distance and 
the voltage drop involved correspond roughly to the ionization potential 
of the gases present (^10 to 15 volts). On one side of the cathode drop 
region, the electron energy is largely absorbed by the collisions with the 
gas; and on the other, the ion energy is absorbed as they recombine on 
the cathode surface. The total power is the current times the cathode 
voltage drop, and about half of this goes to the cathode surface by 
conduction and radiation. 

In the case of the materials with low melting and boiling points, the 
space charge of the ions in front of the cathode surface generates a field 
which, by means of the Richardson-Schottky effect and the tunnel effect, 
causes electrons to be drawn out or emitted at temperatures below that 
required by pure thermal emission. Such strong fields at the surface effec
tively decrease the voltage barrier (the work function) and permit emis
sion at the lower boiling temperatures. The energy balance thus includes 
this heat of evaporation. 

c. Arc Phsma 
In this region a quasi-thermal equilibrium exists between the elec

trons, gas atoms, gas molecules, and ions, with a voltage gradient of 
some 5 to 10 volts/cm, and temperatures of the order of 10,000°K. At 
some distance from the electrodes, the heat dissipation is radial rather 
than longitudinal. The heat is generated by collisions and is dissipated 
by radiation, gas convection, and gas conduction. In the high-intensity 
carbon arc, a longitudinal function is introduced by the extensive vapori
zation from the anode; this will be discussed in more detail later. 

d. Anode Drop Region 
Here, electrons are being absorbed by the anode, and the work-

function energy is given up to the anode surface. This heats up the anode 
surface strongly, causes vaporization of the material which interferes 
with the electron conduction, and thus introduces a higher voltage drop 
at the anode surface. This increases the electron energy and adds to the 
energy to be absorbed by the anode. An equilibrium i$> reached when 
the energy balance between anode vaporization, conduction, and radia
tion is equal to the anode drop and work-functioEr energy. An arc can 
exist if the anode is force-cooled to eliminate vaporization, and the anode 
drop is then very low (0 to 10 volts). In the high-intensity carbon arc, 
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on the other hand, the anode surface is restricted, current densities are 
raised, and the arc can be formed with an anode drop of 40 to 50 volts— 
the anode crater being at temperatures of the order of 4000°K. Vaporiza
tion of carbon and core and oxidation of the carbon vapor produce the 
flame and arc configuration shown in Fig. 25. 

F I G . 25 . Schematic diagram of the high-intensity carbon arc. 

e. Anode Material 

The thermal equilibrium here is similar to that at the cathode except 
that the work-function energy is given up at the anode surface by the 
electrons. Otherwise, the factors are similar. 

E . MAGNETIC PROPERTIES (6) 

1. Susceptibility 

The magnetic susceptibility is the ratio between induced magnetiza
tion and the magnetizing force in material that has no permanent mag
netism. It is an important consideration for carbon and graphite, not 
because the magnetic properties as such have any commercial sig
nificance, but because its value indicates the type and distribution of 
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electrons in the material. The effect is positive for paramagnetic mate
rials and negative for diamagnetic materials. Carbon and graphite are 
diamagnetic in that the induced field is in opposition to the applied 
field. For powdered crystals of some of the aromatic hydrocarbons, it 
increases almost linearly with the number of rings in the compound. 

For a representative graphite crystal, with the field perpendicular to 
the a&-planes, the specific diamagnetic susceptibility is 22.0 (see Fig. 
26 for definition); parallel to the planes, it is 0.5. Thus, the anisotropy is 
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F I G . 26 . Specific magnetic susceptibility of carbon at 7 8 ° Κ and at 3 0 0 ° Κ for 
different heat-treating temperatures ( 6 ) . This is the magnetic susceptibility, a pure 
number, measured in the e.g.s. system, divided by the density. 

very high, and the value can be used in ascertaining the crystal struc
ture. For polycrystalline material, the value is about 7.0. The measured 
diamagnetism is due partly to the electrons which can rotate around the 
aromatic rings, and partly to precessing electron spins, and there is also 
present a paramagnetic component due to unpaired electron spins 
which are present at crystal edges or in associated radicals. The specific 
diamagnetic susceptibility is given in Fig. 26 as a function of curing 
temperature. The leveling off indicates the end of crystal growth. Figure 
27 shows diamagnetic susceptibility as a function of crystal size. This is 
further confirmed by grinding experiments in which the diamagnetism 
is largely removed when graphite particles are ground to particles 
smaller than 200 A. Thus, although still a complicated function of 
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F I G . 27. Specific magnetic susceptibility as a function of crystallite diameter ( 6 ) . 
See Fig. 2 6 for definition of units. 

crystal size and shape as well as of the impurity radicals, the suscepti
bility gives an insight into these properties. 

F . CHEMICAL PROPERTIES (6, 7, 71) 

The chemical properties of carbon and graphite are responsible for 
some of its most important commercial applications. Both carbon and 
graphite are practically inert to most water solutions and organic chemi
cals, the exceptions being some of the strongest oxidizing agents and the 
materials that penetrate the crystal and cause exfoliation or swelling, 
such as aluminum chloride. Bromine, fluorine, iodine, hot liquid chlo
rine, HN0 3, H 2S0 4 in over 75% concentration, chromic acid, and aqua 
regia all react with carbon and graphite, usually slowly, but fast enough 
to cause deterioration. Even in the manufacture of Cl2, the wear on the 
anode at which chlorine is formed is only of the order of 5 to 10 pounds 
of graphite per ton of chlorine liberated. 

This strong resistance to chemical attack is due primarily to the high 
carbon-carbon bonding energy which, as noted above, is of the order of 
10.5 ev. The energy to remove carbon cannot usually come from a solu
tion but must come from direct gas-carbon, liquid-carbon, or solid-
carbon reactions, such as are discussed here. 

I. Reactions with Gases 
The reactions of carbon and graphite with oxygen at relatively low 

temperatures are so well known that they need little discussion. It suf
fices to say that carbon begins to oxidize appreciably in air or oxygen at 
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about 350°C, and graphite at about 450°C. This difference is believed to 
be caused by the fact that oxidation takes place at the edges of the ab-
planes and at imperfections on the surfaces of the afo-planes. The edge 
and plane defects are much more numerous in carbon, charcoal, blacks, 
and such materials, than in graphite; and the defects are such that the 
average binding energy is less. Thus, the reaction takes place at lower 
temperatures. Pyrolytic graphite begins to oxidize appreciably only at 
450°C, because the crystal structure is so nearly perfect. Table X shows 

T A B L E X 
G R A P H I T E I N E Q U I L I B R I U M W I T H G A S E O U S P R O D U C T S (β) 

Values of logio KR, where KR = (products)/(reactants) 

C O 2 , Cgraphite + (1) CO, + H 2 , ^ Cgraphite + H 20 , (5) 
CO, ^± Cgraphite + J £ 0 2 , (2) C 0 2, + H 2, ^ CO, + H 20 , (6) 
H 2 O , ^ H 2 , + H O 2 , (3) CH4, ^ Cgraphite + 2H2, (7) 
c o 2 , + ĝraphite — 2CO„ (4) 

Tempera
ture, 
°c (1) (2) (3) (4) (5) (6) (7) 

25 - 6 9 . 09 - 2 4 . 05 - 4 0 . 05 - 2 0 . 99 +16 .00 - 4 . 9 9 - 8 . 9 0 
26.84 - 6 8 . .67 - 2 3 . .93 - 3 9 . 79 - 2 0 . 81 +15 .86 - 4 . 9 5 - 8 . 8 2 

126.84 - 5 1 , .54 - 1 9 . ,13 - 2 9 . .24 - 1 3 . .28 + 10.11 - 3 . 1 7 - 5 . 4 9 
226.84 - 4 1 . .26 - 1 6 . .26 - 2 2 . .89 - 8 . ,74 + 6 . 6 3 - 2 . 1 1 - 3 . 4 3 
326.84 - 3 4 . 40 - 1 4 . .34 - 1 8 . .63 - 5 . ,72 + 4 . 2 9 - 1 . 4 3 - 2 . 0 0 
426.84 - 2 9 . 50 - 1 2 . .96 - 1 5 . .58 - 3 . .58 +2 .62 - 0 . 9 6 - 0 . 9 5 
526.84 - 2 5 . .83 - 1 1 . 93 - 1 3 , .29 - 1 . .97 + 1 . 3 6 - 0 . 6 1 - 0 . 1 5 
626.84 - 2 2 . .97 - 1 1 . 13 - 1 1 . .50 - 0 . .71 +0 .37 - 0 . 3 4 + 0 . 4 9 
726.84 - 2 0 . .68 - 1 0 . 48 - 1 0 . 06 + 0 . ,28 - 0 . 4 2 - 0 . 1 4 + 1.01 
826.84 - 1 8 . 80 - 9 . 94 - 8 . .88 + 1 . 08 - 1 . 0 6 + 0 . 0 2 + 1.43 
926.84 - 1 7 . 24 - 9 . 50 - 7 . 90 + 1 . 76 - 1 . 6 0 + 0 . 1 6 + 1.79 

1026.84 - 1 5 . 92 - 9 . 12 - 7 . 06 + 2 . 32 - 2 . 0 6 + 0 . 2 6 + 2 . 1 0 
1126.84 - 1 4 . 78 - 8 . 79 - 6 . 35 + 2 . 80 - 2 . 4 4 + 0 . 3 6 + 2 . 3 6 

the equilibrium constants for some of the reaction between carbon and 
gases. 

The technical definition of reaction rates between gases and porous 
solids, such as carbon and graphite, is difficult. Most of these materials 
are porous so that reactions can penetrate and the effective surface area 
is therefore indeterminate. If the binders are not as completely graphi-
tized as the bonded particles, the reactions proceed faster in the bond, 
releasing particles which drop off but which are not really oxidized. And, 
of course, these reactions are a surface phenomenon and, therefore, reac
tion rates on a mass basis are dependent on size and shape. Accurate 

CO
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measurement must define all these parameters, including gas flow, and 
this has been done by many investigators. Most important is the fact 
that gaseous oxidizing agents react with carbon at elevated tempera
tures; this is one of the most serious limitations in the application of 
carbon products. 

These reactions are catalyzed by certain impurities, so that extreme 
care must be taken to be certain of the source of the carbon. At very 
high temperatures, the effects of impurities are overpowered, and the 
reaction rates tend to be limited by diffusion or mass transport. 

Methods of preventing or decreasing the oxidation of carbon are well 
known. Coating methods have not been generally successful because 
pinholes usually appear and the carbon is burned behind the surface. 
Low-temperature glasses which are soft at the temperature of service 
appear to inhibit oxidation the best—some decreasing the rate by a fac
tor of 100 to 500. These will be discussed in more detail later. 

Nitrogen, the noble gases, ammonia, and similar materials have no 
reactions with carbon of commercial importance. Water, hydrogen, CO, 
and C 0 2 react according to the equilibrium constants listed in Table X. 
Many other gaseous reactions are possible, but few are technically 
important. 

2. Reactions with Liquids 

As was mentioned before, with a few exceptions carbon and graphite 
show little reaction with water or other low-temperature liquid solu
tions. Reactions with liquid salts and liquid metals are more important. 
The most important, technically, is probably the iron-carbon reaction in 
steelmaking, but this will not be considered here except from the stand
point that carbon can be dissolved directly by liquid iron. Other metals, 
such as Ni, Co, and Pt, also form carbides. The formation of carbides of 
definite composition is shown by the phase diagrams of carbon with Al, 
Fe, Co, and many other metals. 

There is also a large group of metals that show no reaction with car
bon in the molten state. These include Ag, Cu, Sn, Hg, Zn, Pb, Cd, and 
Ge, so that carbon and graphite can be used as furnace boats, crucibles, 
and molds for these materials in solid and liquid form. It should be men
tioned, however, that many of these metals can be made to wet graphite 
if proper precautions are taken to flux and clean the graphite surface. 
This can be accomplished with materials such as TiH4 and ZrH4 which 
not only remove the 0 2 from the graphite surface but probably also act 
as intermediate compounds, reacting with both the carbon or graphite 
and the metal. 
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Certain liquid salts which are oxidizers can attack carbon (NaNOs, 
NaN02, Na 2S0 3, etc.) Others which are not oxidizers have little effect 
(NaC0 3, NaOH, etc.). Carbon or graphite rods are often used to 
"rectify" heat-treating salt baths—that is, to neutralize any oxidizing 
materials that develop in time which would oxidize the metal being 
heat-treated. 

3. Reactions with Solids (71) 
It is doubtful if reactions between carbon or graphite and other 

solids are possible without the intervention of another phase. Thus, the 
reactions involved in the formation of WC, Mo2C, TiC, ZrC, FeC, CaC2, 
SiC, AI4C3, and similar materials probably involve a liquid or gaseous 
intermediary. Most of these compounds are formed by adding excess 
carbon to the oxide of the metal, heating to high temperature, and driv
ing off the CO or C0 2 . The basic reactions thus involve the gas which 
is available to transport carbon to the metal and to reduce the oxide. 
The temperatures must be high enough to provide the activity necessary 
for reduction of the oxides by CO and the oxidation of carbon by C0 2 . 
These reactions are again surface effects which take place at the edges 
of crystals or at imperfections. The most reactive types of carbon, the 
carbon blacks, are employed in these situations. Where the reactions are 
not desired, for example in furnace boats or crucibles, graphite is used. 

4. Crystal Compounds of Graphite (6) 
Brief mention has been made of certain types of reaction in which 

graphite is exfoliated, or in which the reaction is slow under various 
conditions. There is a whole group of materials formed in various ways 
which have one characteristic in common—they retain the structure and 
continuity of the a&-planes and the general crystal structure and shape 
of the graphite, but reasonably stoichiometric quantities of other mate
rials have entered between the planes. 

These compounds are formed from solutions of salts in strong acids 
( A I C I 3 in concentrated H 2 S0 4 ) , or from vapors and gases in which the 
temperatures of the source and of the graphite are closely controlled. 
Ubbelohde and Lewis (6) have divided these into four classes: 

1. Electrochemical compounds formed in solutions of strong oxidizers. 
Graphite bisulfate can be formed by heating graphite in strong sulfuric 
acid to which concentrated HN0 3 has been added. The sulfate radical 
penetrates the crystal and causes extreme exfoliation and crumbling. 
The remaining powder has specific properties. Similar compounds can 
be formed with CrOs, KMn04, (NH 4) 4 S2Os, Mn0 2, Pb0 2, As2Os, and 
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others. The halogens are slightly reactive with graphite in solution but 
also form these compounds directly from the gas under proper cir
cumstances. 

2. Alkali-metal adduct compounds formed by heating both the alkali 
metal and graphite to the proper temperatures to control the vapor pres
sure and cause the reaction to proceed in the proper direction. The 
graphite layer spacing increases (from 3.35 A to 4.6 A for every eighth 
layer for the compound C 6 4Na), and a wide variety of stoichiometric 
products is formed, depending on the exact conditions. The alkali metal 
is able to penetrate the edges of the graphite crystal after it has been 
degassed by heating in vacuum. The active sites pass the atoms along 
until large areas between the planes are filled. The greatest amount of 
alkali metal that can be introduced corresponds to C8K. 

3. Halogen graphite compounds under the proper conditions of pres
sure and temperature formed directly from the gas. C8Br and a whole 
series of other compounds containing Br, I, and CI separately and in 
combination are well known. With fluorine, the reactions are different 
in that the network is changed and the compound is formed with co-
valent bonds. 

4. Molecule penetration of the graphite lattice achieved by heating 
the graphite and the second material together—sometimes in the pres
ence of chlorine. In this way FeCl3, A1C13, and a whole series of metal 
chlorides including Cu, Au, B, Cr, Co, and Ru can be made to penetrate 
the lattice. Similarly, certain sulfides and oxides have also been made to 
penetrate. In general, however, it is necessary that the graphite crystal 
structure be large and regular before such action can take place. In fact, 
this ability to react is a characteristic that can be used to differentiate 
carbon and graphite. In the relatively large spaces between the planes, 
these neutral atoms, molecules, and ions can be introduced with very 
low binding energies; but they also find positions of minimum energy 
which provide a certain regularity and stoichiometry. Although these 
reactions have little commercial significance, knowledge of them is im
portant in the application of carbon and graphite in chemical fields. 

G . NUCLEAR PROPERTIES (7, 8, 11, 50) 

1. Neutron Reflection and Moderation 

In controlled nuclear reactions, the fast neutrons given off during 
fission of U 2 35 must be slowed to near-thermal energies to increase the 
probability of capture by other U 2 35 atoms. The reason is that the cap
ture cross section of U 2 35 is small for fast neutrons and large for slow 
neutrons. This decrease in energy must be accomplished by multiple 
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collisions in which energy is lost but capture is improbable. The energy 
loss is best achieved by elastic collisions with light nuclei. Deuterium in 
heavy water is best, but expensive; and by reason of its physical and 
mechanical properties, graphite is an important moderating and reflecting 
material. 

Table XI shows the reaction cross sections in barns (10~24 cm 2) of 

TABLE X I 
C R O S S S E C T I O N S F O R N U C L E A R R E A C T I O N S , I N B A R N S (10~24 cm2) 

Reaction C Η Fe Β Cd D U2 38 Be t/ 2 35 Pu2 39 

Elastic impact of 0.2-1 2 1.1 1.4 7 3 
fast neutrons 
(moderation 
and reflection) 

Elastic impact of 4.8 38 11 4 7 7 10 7 10 10 
slow neutrons 
(moderation 
and reflection) 

Capture of 0.0032 0.33 2.5 755 2500 0.0005 3 0.01 550 1026 
thermal 
neutrons 

some of the common materials. The high cross section of carbon for 
elastic impact and its low cross section for neutron capture show its 
advantage in this area. 

It can also be readily seen from Table XI that, to eliminate adsorp
tion of neutrons, it is important to get rid of impurities in the graphite, 
such as B, Cd, and others with high capture cross sections. 

The primary advantages of graphite in addition to its nuclear prop
erties are: (1) it is relatively inexpensive even in highly purified form; 
(2) it can readily be machined to close tolerances; (3) it can withstand 
high temperatures as a structural material; (4) it has high thermal con
ductivity; (5) it has low thermal expansion; and (6) it can be used to 
contain and circulate liquid metals. The main disadvantages are its oxi
dation at high temperature and the dimensional changes or distortion 
which take place in it when it is exposed to neutron irradiation of high 
intensity and duration. 

2. Degradation 
There is sufficient energy in the fast neutrons from a pile (6 Mev) 

to displace the carbon atoms from their normal lattice positions. This 
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effect was predicted very early by Wigner and later was found experi
mentally to be the case. After exposures to a fast neutron total flux of 
some 10 2 0 nvt (neutrons per second per square centimeter times time in 
seconds), it is estimated that about 1% of the atoms have been displaced. 
Table XII shows the measured effect of such an irradiation on some of 

T A B L E X I I 
E F F E C T O F H I G H - S P E E D N E U T K O N S O N G R A P H I T E 

Physical property 

Resistivity 
Heat 

conductivity Elasticity Hardness 

Multiplying factor caused by 
10

20
 nvt* 

14 1 /80 2 4 

Same factor for a hard carbon not 
irradiated, but with about 1 % 
atoms assumed to be displaced 

14 1 /50 2 5 

° nvt is the integrated flux or number of neutrons (per second per square centimeter) 
X velocity X time. 

the physical properties. The comparison between unirradiated carbon 
and irradiated graphite is notable. The properties of the irradiated 
graphite can be returned to normal by heat treatment. At 400°C, about 
80% of the effect of irradiation is removed; and at 1700°C, it is all re
moved. 

The strength, as a result of the interference of the displaced atoms 
with slip, shows a corresponding increase with irradiation. All these 
effects are dependent on the particular source of carbon or graphite. In
creases from 10 to 90% in ultimate tensile strength result from 10 1 0 nvt 
radiation, depending on the initial materials. In general, the largest in
crease occurs in the materials that tend to graphitize most readily, such 
as those with a petroleum-coke base. The hard gas-carbon materials 
show the least change, since they already have a defect structure similar 
to that generated by irradiation. 

Radiation also causes dimensional changes. Expansion of the carbon 
and graphite can be up to 2.2% for 10 2 0 nvt for petroleum-coke-base mate
rials, but can be negative for carbon-black, sugar, and resin-base mate
rials. In materials oriented by extrusion, the expansion is greater in the 
direction perpendicular to the extrusion direction. 

In all cases, the physical process appears to be that in which carbon 
atoms are physically moved from their normal lattice position to a dif-
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ferent position—probably between the lattice planes. When the number 
of such faults becomes sufficient, the material is similar to an ungraphi
tized carbon. The lubricating properties are lost, electric resistance in
creases, and the other physical properties are changed in the appropriate 
direction. It is apparent, however, that irradiated graphite can readily be 
"regraphitized" at a lower temperature (1700°C) than can an original 
carbon material (2800°C). 

The electronic properties of graphite, such as the thermoelectric 
properties, the Hall effect, and the magnetic susceptibility, are also in
fluenced in the direction which would be expected, in that they become 
more like ungraphitized material. It should be noted, however, that 
there are wide differences in the results of such radiation exposures 
which depend on the neutron energies as well as on the total integrated 
flux and the specific material under investigation. 

The behavior of graphite and carbon under radiation is covered gen
erally in the chapter by Elleman and Townley, "Materials as Affected 
by Radiation" (this volume). 

III. Applications 

A. MECHANICAL APPLICATIONS 

The mechanical applications of carbon and graphite are those in 
which, in general, the frictional properties of the material are im
portant. Graphite and carbon have not been extensively used structurally 
in the past unless some chemical, electrical, or thermal property was 
also required, so these are the uses discussed below. This situation is 
changing, however, and the structural properties of carbon and graphite 
and their control for design purposes is becoming more and more im
portant. 

1. Seals 
Wherever a rotating shaft must pass from one phase or material to 

another, and the materials on either or both sides must be contained, a 
seal is necessary. There are innumerable situations involving a wide 
spectrum of solids, liquids, and gases at various pressures and tempera
tures and in a variety of designs. Carbon and graphite and their deriva
tives cover by far the largest region of application. In only a few places 
is any other material better. There are some applications in which other 
materials, such as fiber materials and plastics, are cheaper, but few in 
which some graphite is not involved. 

Fundamentally, carbon and graphite are used because of their fric-
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tional properties. These, plus the feasibility of producing unusual shapes 
by molding or machining, and the possibility of providing smooth, flat, 
running surfaces, make carbon and graphite seals possible. The thermal 
and chemical characteristics extend the temperature range and the mate
rial possibilities. 

Because the material has high compression strength, it is loaded in 
this manner, and shrink fits are common. Since machining is costly, mold
ing to size with grinding and polishing, or lapping only on essential 
dimensions, is the rule. Designs usually try to eliminate the effects of 
chipping at edges. 

In operation, shaft seals provide a flexible spring-mounted backing 
(see Fig. 28) which seals the carbon to the shaft or to the stationary 

F I G . 2 8 . Schematic diagram of a carbon shaft seal. 

member. A metal face plate, polished to tolerance similar to that of the 
face of the carbon, is attached to the opposite member. Cast iron, stainless 
steel, tool steels, high-temperature steels, bronze, ceramics, and cermets 
can be the mating parts. 

A lubricating filni of some type, either graphite or liquid, is required 
to prevent seizure and high wear. In sealing liquids, the seal pressure is 
adjusted so that about two-thirds of the face will be penetrated by the 
liquid. This is accomplished by having the pressure on the seal face 
about one and one-half times that of the fluid being contained. With 
water, oils, and most liquids, the fluid film is sufficient to prevent seizure. 
With some materials, however, such as liquid N2, H2, and air, there is 
not sufficient moisture to provide the necessary qualities of graphite 
lubrication. The films disappear, and on ordinary graphite seals high 
wear results. This can be overcome by using the same adjuvants in the 
graphite that are used in high-altitude brushes—namely, BaF 2 or MoS2. 
With these the graphite lubricating film is maintained, and the wear rate 
stays low. 
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At high temperatures the glass-forming materials used to decrease 
the rate of oxidation act, in addition, as adjuvants to prevent seizure. 
The use of ceramic mating materials or ceramic additions to the graphite 
has similar results. Seizure in this case, as well as in brush applications, 
can take place only when the materials involved can exchange electrons 
and thus provide a bond similar in strength to that of the materials 
themselves. Oxides, ceramics, the adjuvants, and the lubricants have 
their electrons bound in the compounds so that they cannot be ex
changed. The high rates of shear can then exist in these polar com
pounds with little wear or damage. Some graphite is necessary, how
ever, since ceramic against ceramic can be catastrophic. Table XIII 

T A B L E XIII 
S E A L R I N G M A T E R I A L A P P L I C A T I O N S 

Material being Seal 
contained Pressure Temperature material 

Mating 
material 

Air and dry gases Vacuum 

Air and dry gases Atmospheric 
to 600 psi 

Air 

Water 

Steam 

Atmospheric 

Atmospheric 

Organic fluids— Up to 
fuels, lubricants, 3000 psi 
hydraulic fluids, 
solvents 

Chemical solutions 
(see Table X X I 
for permissible 
materials) 

-160° to 
+ 100°C 

-160° to 
100°C 

100° to 
550°C 

0 to 
~100°C 

Up to 
300°C 

Carbon graphite 
plus MoS2 or 
other adjuvants 

Carbon graphite 
and electro-
graphite with 
or without 
adjuvants 

Electrographite 
plus oxidation 
inhibitor 

Resin graphite, 
carbon graphite 

Carbon graphite, 
electrographite 

Metal graphite, 
metal-impreg
nated graphite, 
carbon graphite 

Chromium-plated 
steel 

Ceramics, bronze, 
chromium-plated 
steel 

Tungsten carbide, 
high-tempera
ture alloys, sin
tered carbides 

Cast iron, bronze, 
ceramics 

Steel 

Sintered carbides, 
cast iron, chro
mium-plated 
steel, bronze, 
ceramics 

Impervious carbon Ceramics, sintered 
graphite carbides, special 

alloys 
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shows some of the general areas of seal application and the materials 
involved. 

2. Bearings 

Considering the use of carbon and graphite as seals and electrical 
brushes, it might be expected that their use as bearing materials would 
be widespread. This is not so, since in most cases lubricated metal bear
ings, ball and roller bearings, etc., are much cheaper and more reliable. 
The practical use of carbon and graphite bearings appears in those areas 
where the other systems are inoperative. These include very high tem
peratures, very low temperatures, nonlubricated bearings, and similar 
situations. In any case, the pressure X velocity values of such bearings 
must be kept below about 15,000 psi X ft/min to prevent wear. Table 
XIV gives these values for some different types of bearing. 

T A B L E X I V 
C A R B O N B E A R I N G S 

Materials Lubrication pva Remarks 

Carbon-steel Oil 150,000 
Graphite-steel Moist air 15,000 
Graphite-steel Dry air 15,000 Adjuvants required in graphite 
Graphite-steel High temperature 15,000 Oxidation protection required 

(over 500°C) in graphite 
a Pressure in pounds per square inch; velocity in feet per minute. 

Carbon and graphite bearings are able to extend the temperature, 
altitude, and chemical range of rotating shafts because of their unique 
properties, but they cannot compete with usual bearings in their natural 
fields. This is one of the important reasons for extending the temperature 
range of graphite materials, since there is little hope for other success
ful solutions to the high-temperature, dry-bearing problem. A further 
discussion of carbon and graphite as bearing materials is given by P. G. 
Forrester in the chapter "Materials for Plain Bearings." 

3. Miscellaneous 

Just the opposite of the seal and bearing applications are those in 
which carbon is used as a material with high friction but one that does 
not seize. Values of the coefficient of friction up to 0.5 can be generated 
with ungraphitized carbon against various steels, and carbon is used for 
this purpose as a brake, or as a speed-control friction device. In the 
latter, high temperatures are often generated, since the slip torque may 
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be high. High-temperature oxidation-resistant material is used to increase 
life. The advantage of carbon in these areas is that, although the co
efficient of friction is not as high as with some ceramics or cermets, it is 
fairly constant with speed and temperature, and wear rates are low. 

Additional special mechanical applications requiring the low-friction 
low-wear characteristics of graphite include vanes for rotary pumps, pis
ton rings for nonlubricated compressors, labyrinth seals for steam tur
bines, and similar uses. Graphite is used to prevent wear and galling when 
the devices are unlubricated and with special adjuvants where very dry 
gases must be handled. The friction and wear problem in very dry gases 
is the same as that which appears at high altitude on brushes. 

B . THERMAL APPLICATIONS 

In this classification we have those applications which take advantage 
of the strength at high temperature, the high sublimation temperature, 
the low coefficient of expansion, and with these the accurate machining 
possibilities of graphite. These include molds, furnace boats and parts, 
rocket nozzles and vanes, and nose cones. 

1. Molds and Furnace Parts 

Since carbon and graphite retain mechanical strength at high tem
peratures better than any other material does, they can be used to pro
vide pressure for molding other materials at temperatures at which the 
other materials become soft. Hot molding of refractory metals, cermets, 
carbides, nitrides, and similar materials has provided means of decreas
ing porosity and approaching their theoretical properties. Carbon or 
graphite materials heated electrically provide the mold and plunger 
materials for pressures up to about 2000 psi and for temperatures up to 
2500°C. 

The technical problems are not simple. The molds may be heated 
with high-frequency induction equipment or by conduction; they may 
be heated in the press or transferred after heating; but the result is the 
same, and, of course, the molds must be protected from oxidation at 
high temperatures if they are to be used repeatedly. 

In a few cases, carbon molds are used for glass forming, primarily 
because of the ease of machining for short runs. Steel molds last longer, 
however, for large production runs. 

An important use of carbon and graphite which has suddenly in
creased in recent years is that of supporting parts to be brazed or 
soldered in high-temperature furnaces. The semiconductor industry has 
expanded this field considerably, since in the manufacture of transistors 
and diodes many small parts must be accurately positioned through sev-
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eral brazing and treating processes. Boats and supports of carbon and 
graphite can be machined to accurate tolerances; they do not change 
dimensions on repeated passes through the furnaces; they can be purified 
to avoid contamination; and they can be heated and cooled quickly 
without cracking or distortion. The requirement for reducing or neutral 
atmospheres is generally met in these processes. 

Carbon molds for steel ingot production and for steel castings are 
becoming increasingly important (74). The possibility of making single 
carbon and graphite slabs large enough to eliminate a number of small 
pieces in the mold has given this area of activity additional impetus. Be
cause of their dimensional stability in spite of thermal shock and wide 
temperature variations, carbon molds and dies can be used economically 
for specific castings such as rail wheels, for ingots for rolling, and for 
molds or dies for continuous casting. 

Carbon and graphite tube furnaces are finding increasing use because 
of their ability to stand high temperatures (>3000°C) and their tem
perature flexibility. They may be heated from room temperature to their 
maximum as quickly as the power can be applied. 

These furnaces often consist of a carbon or graphite tube which is 
either a single continuous cylinder with decreased cross section in the 
center, or a tube built of slabs to the shape and size required. Coils and 
split crucibles are also used. Electrical connections are made directly 
with water-cooled metal connections or indirectly through graphite elec
trodes which, in turn, have water-cooled connections on them. Insulation 
for high-temperature work is lampblack or carbon black. 

Outgassing of the construction materials is a serious problem in vac
uum carbon furnaces; but dry hydrogen, dry nitrogen, helium, or argon 
can be used if the impurities released from the carbon do not interfere. 
The gas from the carbon usually comes off as carbon monoxide. In spite 
of this limitation, very useful and practical special-purpose furnaces are 
in operation. 

The tubes are usually carbon to take advantage of the higher re
sistance and lower heat conductivity. In some cases, the material graphi-
tizes in use if the temperatures are above 2400°C, and allowance for the 
resistance drop must be made in the power supply. Table XV gives 
some of the physical properties including temperature coefficient of 
resistance of the materials usually employed for carbon furnace resistors. 

Another high-temperature furnace application of carbon is in the lin
ings of blast furnaces (41). Although more expensive than refractory 
brick, carbon brick linings in the lower areas of blast furnaces pay for 
themselves in lower maintenance, longer life, and less chance of "blow
outs" or catastrophic failures. High-temperature strength, low thermal 
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T A B L E X V 
D E S I G N I N F O R M A T I O N F O R C A R B O N - T U B E F U R N A C E R E S I S T O R M A T E R I A L S 

Strength 
at room 

temperature, 
psi 

Resistivity 
at room 

temperature, 
ohms X cm 

Effect of temperature on resistivity, % 

Material 

Strength 
at room 

temperature, 
psi 

Resistivity 
at room 

temperature, 
ohms X cm 30°C 100°C 500°C 1000°C 2000°C 3000°C 

Carbon 
Graphite 

4500 
3000 

0.0045 
0.00075 

100 98 87 78 60 
100 88 70 68 90 100 

expansion, and low thermal distortion over long periods, as well as the 
fact that there are no deleterious reactions with the furnace environ
ment, result in long life. This is in contrast to high thermal expansion, 
continuous shrinkage, and reactions between the slags and refractories 
in the same area for refractory bricks. Oxidation is minimized by the 
positioning of the brick and protection in vulnerable areas, and by the 
fact that the blast air has usually passed over hotter coke before it 
reaches the lining and thus is not oxidizing to carbon at the surface 
temperature of the brick. The higher heat conductivity of carbon brick 
requires modified design where it is used, but this is considered when 
furnaces are relined with carbon. 

The carbon for this usage has recently been made by a new process 
in which it is hot-molded at carbonizing temperatures and then baked 
at a somewhat higher temperature to remove any volatiles that are left. 
This is done by electric resistance heating in the molds to about 1200°F 
under pressure in the process described as "8-minute carbon." A high 
percentage of the bond is carbonized under these conditions, and the 
result is a hard, dense, strong material particularly adapted to this 
purpose. 

2. Rocket Nozzles and Ablation or Erosion Materiah (62) 

The ablation, erosion, and high surface heat-input problems involved 
in rocket motors and nose cones require materials that can receive this 
energy, reflect or absorb it, and continue to operate properly for the re
quired time. In certain cases, such as jet engine seals and bearings, liquid 
cooling by means of fuel can keep critical areas cool under the rela
tively high rates of heat flux generated continuously. In rockets, how
ever, advantage is taken of the short-time transient situation to permit 
a given amount of wear and to decrease weight and size. Energy dis
sipation at the surface is higher both in the motors and on the nose 
cones. 

The final solution to these surface problems in any system is the re-
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suit of an extensive series of interrelated phenomena which involve the 
properties of the surface material itself, as well as its thickness and the 
whole thermal and mechanical system throughout the necessary opera
tional life. If the operational surface cannot be kept below the melting 
point, the material loss is excessive, since only the small heat of fusion 
is available to absorb energy, and, therefore, large masses of material 
are removed. Materials that do not melt but sublime or vaporize have 
better dimensional stability, since heats of vaporization are generally 
large. When materials that can sublime are considered, the surface tem
perature is limited by the equilibrium between energy applied and en
ergy absorbed. The energy absorbed includes sensible heat as the tem
perature rises, heat conducted, heat of vaporization, and heat radiated. 
Graphite, which is capable of absorbing a great deal of heat in this man
ner, is the primary material for liquid-fueled rocket nozzles (except for 
some of the largest), for many of the smaller solid-fueled rocket nozzles, 
and for the vanes used to stabilize some of the larger boosters. The pri
mary disadvantages of graphite are its high rate of oxidation, which 
limits its use in air, and its relatively low strength, which limits its 
application in the presence of fuels that contain particles. 

The graphite materials for these uses must be as dense and strong 
as possible and must be extremely uniform. Small flaws cause uneven 
wear which can change the direction of the gas flow and cause misfiring 
or flight inaccuracies. To produce uniform material requires special 
techniques; and molded material, impregnated with pitch and later 
graphitized, has been the most suitable. The physical properties of the 
three types of material used in this area are given in Table XVI. The 

T A B L E X V I 
M O L D E D A N D R E C R Y S T A L L I Z E D G R A P H I T E M A T E R I A L S 

Material 

Transverse 
strength,

a 

psi 

Young's 
modulus, 
dynamic,

6 

g m / c m
2 

Density, 
g m / c m

3 

A. High-density molded graphite I I 5700 1 .70 
_L 5600 160 Χ 10

6 

B . High-density pitch-impregnated I I 6700 84 1 .80 
molded graphite _L 6500 125 

C. Recrystallized graphite {28) I I 5400 200 1 .95 
J - 2400 60 

a
 Force to produce deformation parallel or perpendicular to molding pressure as 

noted. 
6
 Longitudinal vibrations induced parallel or perpendicular to molding pressure as 

noted. 
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recrystallized material mentioned in the table is graphite which has been 
molded at temperatures and pressures high enough to cause recrystalliza-
tion, flow, and very low porosity (28). It approaches the highest density 
available in graphite. 

In addition to the known physical limitations of graphite, the size 
limitations must also be considered. The largest presses now make ma
terial listed as types A and Β in Table XVI about 4 feet in diameter by 
6 feet long. The recrystallized material, C in Table XVI, can be made in 
pieces about 14 inches in diameter by 12 inches long. 

Where larger surfaces than can be cut from such pieces are required, 
use is made of graphite cloth or fibers molded in thermosetting plastics. 
The properties of these materials are similar to those of graphite, since 
they do not melt, and, in addition, they are cooled by the evaporation 
of the gases which come off during the thermal decomposition. 

To remove some of the limitations on graphite, efforts have been 
made to coat it with materials that protect it from oxidation, to impreg
nate it with materials that cool by evaporation, to strengthen it with 
impregnations of plastics, and to force liquids through its porosity for 
cooling. All these methods have certain advantages and disadvantages— 
the difference often depending on the method of test. The final results 
and the material used in a particular application depends on the require
ments of the system, and there is no universal solution. Plastic-bonded 
graphite cloth appears to be a suitable nose-cone material in certain 
cases. 

Several methods are used to simulate the high heat-input rate condi
tions for laboratory evaluation tests that do not require firing rockets 
themselves. Oxidizing hydrogen-oxygen flames, the plasma jet from an 
electric arc, and the anode of the arc itself have been used to investigate 
the properties of candidate materials. 

C. ELECTRICAL APPLICATIONS 

1. Carbon Brushes (39, 48) 

Carbon and graphite brushes, discussed to some extent in Section 
II D.3.fo, cover almost all the sliding-contact current-collecting applica
tions. Exceptions are wire brushes similar to those from which "brushes" 
get their name, such as bronze or molybdenum brushes on steel rings for 
magnetic clutches, precious-metal wire brushes on noble-metal rings for 
special instrument and electronic applications, mercury sliding contacts, 
and some liquid-salt contacts. All other applications require brushes 
that contain more or less graphite even though some may contain a major 
part of a metal such as copper or silver. The frictional and electrical 
properties of carbon and graphite are responsible for their ability to 
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conduct current from a moving to a stationary surface with fairly low 
voltage drop, low friction, and low wear. Friction and wear are dis
cussed in some detail by Benzing in his chapter, "Solid Lubricants," 
particularly under the section on graphite lubrication. 

The application of the thousands of brush materials to the different 
uses is a "black art" which, because of its complexity, has caused many 
to try to find other ways of doing the same thing. This has been success
ful in such machines as brushless alternators for aircraft and for large 
power applications, and for some special small motors and generators. It 
has only recently become apparent, however, that much of the dif
ficulty experienced with brushes is due to the complicated interaction of 
the mechanical, electrical, and environmental factors, and that much still 
can be done to improve the simple rectifier which is called a commutator 
(66). 

The subject of carbon brushes could fill this entire book, so that it 
becomes necessary merely to sketch the physical basis for brush opera
tion and then to apply it only to some of the most important fields. 

In the ordinary contact between a carbon brush and a copper ring, 
current is carried by very small metallic spots which are the result of 
fritting of the oxide and carbon film by electrical breakdown effects. A 
certain amount of moisture must be present in the air to prevent high 
wear (dew point > — 10°C), and oxides, water, and the graphite from the 
brush provide the film that prevents seizure between the clean copper 
and the clean graphite, which would give high wear. The electrical con
tact can be maintained at low voltage if the conducting parts are sepa
rated by no more than about 5 A (5 X 10~8 cm). This requires a stable 
mechanical system, a much more important part of brush application 
than is normally realized. Under proper mechanical circumstances, 
brushes and rings can operate under extremely diverse conditions of 
current, voltage, and force. The important consideration is that the 
temperature of the brush and ring system be kept low, and arcing pre
vented. 

There are many combinations of brush and ring materials which op
erate satisfactorily under a wide variety of situations, and usually with 
wear rates of the order of 10~4 cm of brush length per hour or lower. 

Since the conduction process in the sliding contact is practically in
dependent of time, once an equilibrium has been set up it does not mat
ter whether or not the ring becomes a segmented commutator, as long 
as the other mechanical and electrical circumstances are not changed. 
Thus, if machines could be designed with perfect commutation and per
fect mechanical sliding, the brushes should be able to operate on com
mutators as well as they can on rings. The proximity of practical ma-
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chines to this ideal represents the ease or difficulty of brush application. 
Commutating machines are presently in continuous use on which brush 
life is estimated to be 4 to 5 years (steel mill generators). On the other 
hand, other practical machines are required to have service lives of only 
about 100 hours (automotive starters). Manufacturing economies in the 
design are arranged to use up the available brush life. 

The moisture and oxygen in the atmosphere take part in the success
ful operation of brushes under ordinary atmospheric conditions. Brush 
wear increases drastically from 10~4 cm/hr to 10 cm/hr when the dew 
point drops below —10 °C, or when the altitude is above 25,000 feet 
with ordinary brushes on copper. The problem that arises in machines 
for arctic ground use and for high-altitude and space applications has 
been solved by adjuvants to the brushes. Barium fluoride is impregnated 
into electrographitic brushes for machines that can have sufficient run-in 
at sea level and where operation at altitude is not extended. If brushes 
are required to operate for long periods under high-altitude or space 
conditions, this can be accomplished by addition of lithium carbonate 
or molybdenum sulfide. Of course, in all instances the brushes must also 
be suitable for extended sea-level operation at normal temperatures and 
humidities. 

Commutation is the reversal of current in the armature coil as it 
passes under the brush. The inductive energy in the coil can be de
creased by the interpole which reverses the field and by energy ab
sorbed in other circuits electrically in parallel or coupled magnetically. 
The machine designer attempts to make these all uniform, and this 
uniformity can be approached when the number of commutator bars is 
equal to the number of armature slots. When this is not so, none of the 
separate coils in the same slot will commutate in exactly the same way, 
and the contact-voltage drop in the brush must make up the difference. 
Third-bar and fourth-bar markings are the results of improper commuta
tion when there are three or four bars per slot. Thus, although on per
fect machines brushes on a commutator should act practically the same 
as on a slip ring, brushes must make up for the necessary economies in 
the practical designs of machines. 

Table XVII gives some of the physical properties, compositions, and 
applications of the most useful types of brush material. 

The development of brushes is largely a proprietary art, since only a 
few of the important details can be analyzed, measured, and controlled 
by patents. A small change in raw materials or processing can be very 
valuable commercially, and brush manufacturers cannot release the 
specifications, which are usually developed at considerable expense. On 
the other hand, much development work is being carried on to improve 
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T A B L E X V I I 
C A R B O N A N D G R A P H I T E B R U S H A P P L I C A T I O N S 

Brush material Specific 
resistivity, 

Type Composition ohms X cm Application 

Electrographitic 0.0016 Generators and motors under 50 
(low resistivity) volts 

Electrographite 0.0025 Generators and motors from 50-
(medium resistivity) 200 volts 

Electrographite 0.005 Fractional horsepower as well as 
(high resistivity) power applications 

Carbon graphite 0.0025 Automotive generator 
(low resistivity) 

Carbon graphite 0.0056 Automotive generator 
(medium resistivity) 

Resin bonded 0.018 Fractional horsepower 
(high resistivity) 

Copper graphite 97% metal 0.0000038 Automotive starters 
3% graphite 

Copper graphite 75% copper 0.0003 Plating generators, slip rings 
25% graphite 

Copper graphite 50% copper 0.00066 Automotive auxiliaries 
50% graphite 

Silver graphite 90% silver 0.0000029 Silver and copper slip rings 
10% graphite 

Silver graphite 75% silver 0.000016 Silver and copper slip rings 
25% graphite 

Silver graphite 50% silver 0.00009 Slip rings, low-voltage motors 
50% graphite 

life, commutation, and performance in many areas—particularly the 
automotive, the diesel, and the fractional-horsepower fields. The prob
lems in space do not appear to be impossible, and brushes are operating 
suitably in the equipment involved. 

2. Arc Light Carbons (46) 

The high-intensity carbon arc, sometimes known as the Beck or 
Sperry arc, is used commercially in searchlights, theater projectors, and 
similar illuminators. This arc, which uses electrodes containing special 
salts, is characterized by high currents, steady operation, high electrode 
wear, and a crater in the anode which, together with the plasma before 
it, radiates with a high-temperature continuous spectrum with the spe
cial lines from the additives showing strongly. 

The arrangement and the shape of the electrodes are shown in Fig. 
25. The anode is strongly cooled near the arc end of the electrode. The 
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flame is a gas jet which takes its characteristic shape from the reaction 
between the gas coming from the anode and the electron stream coming 
from the cathode. The best interrelationship between current, voltage, 
and electrode diameter is chosen to give the required luminous intensity. 
A particular arrangement for a signal searchlight has an anode 16 mm in 
diameter, a cathode 11 mm in diameter, 150 amp, and 60 volts, with 
3 to 4 inches per minute of anode wear. This arc does not operate 
without hissing unless metal salts are added. 

The radiation from the anode for different conditions is shown in 
Fig. 29. The high temperature of the anode is apparent from the com-

T — ι — ι — ι — ι — ι — ι — Γ 
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FIG. 2 9 . Radiation from the anode of the high-intensity arc (46). 

parison between the curves for Planck's black-body radiation and those 
from the specific arcs. 

The carbon material used for commercial purposes is a mixture of 
lampblack and coke-base material, extruded into tubes which are baked 
and then filled with a particular mixture of salts and carbon flour to 
give the required results. This combination is baked again to about 
800°C, but not graphitized. The requirements for the carbon material 
are, primarily, uniformity and low heat conductivity (to decrease losses 
to the connectors). The salts vary from manufacturer to manufacturer 
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F I G . 30 . Graphite electronic tube anode configurations. 

Graphite is chosen because it can readily be adapted to the special 
shapes required. It has a very low vapor pressure and when properly 
purified can be properly outgassed. Its secondary emission is low, and 
it can be machined to close tolerances. 

The graphite for these purposes is usually molded from petroleum-
coke-base materials, either in block form or approximately to size. Final 
machining brings the parts to tolerance, and purification in some cases 
is similar to that used for nuclear-grade materials. 

In a tube anode, the work-function energy given to the electrons 
when they leave the cathode is released when they are absorbed by the 
anode. Properly prepared carbon can operate at high temperatures, dis
sipating this heat by radiation with little secondary emission, and with 
little gas given off to reduce the vacuum. Its competitors in this area are 
primarily tantalum, molybdenum, and nickel; and each of these materials 
is used in particular designs because of the different possibilities they 
present in fabrication. 

but usually contain some of the rare earths, the alkali metals, and the 
alkaline earth metals. 

3. Tube Anodes 
In certain high-power applications, graphite is used for the anode in 

vacuum tubes. Figure 30 shows some of the particular configurations. 
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4. Electrodes 

The electrode business represents by far the largest tonnage of carbon 
and graphite used commercially. The electrodes used in electric-arc 
steelmaking and melting furnaces and in aluminum and magnesium 
manufacture are the largest items. About 20 to 40 pounds of electrodes 
are used for 1 ton of electric-arc furnace steel, 1000 pounds of electrodes 
per ton of aluminum, and 300 pounds of electrodes per ton of magnesium. 
It is thus apparent that carbon and graphite enter in an important way 
into the economics of these metals. Electrodes for dry cell batteries are 
used in large numbers, but in relatively low tonnage. Aside from certain 
specifications on porosity and strength, the production involves producing 
large numbers at low cost. 

a. Electrodes for Electric Steel Furnaces 

The electric-arc steel-melting furnace provides a clean, efficient 
process in which the heat is generated by three single-phase arcs between 
three electrodes and the charge, which is the electrical ground. The 
analysis of the steel can be closely controlled in the charging, and the 
impurities in the electrodes can be kept low enough to add little or no 
contaminants. Impurities in the electrodes are controlled by the choice 
of raw materials, as well as by the graphitizing process. 

There are three types of electrodes used: carbon, graphite, and the 
Soderberg electrode. The latter is manufactured from green mix by 
tamping it into steel casings and baking it as it is used—a special process 
not considered further here. Carbon and graphite come into the picture 
largely from the standpoint of control; and, since carbon is cheaper than 
graphite, it is used in those areas where less control is necessary. Carbon 
has higher resistance and lower heat conductivity than graphite. The 
economic balance governing the choice depends on the current density 
in the electrodes, the resistance of the joints between electrodes as they 
are fed through, and the heat and electrical conductivities and their 
variation with temperature. Even though carbon has higher resistance, 
the heat loss is less because the thermal conductivity is even lower. 
Thus, graphite has an additional cost in heat loss for the advantages 
gained in purity. 

The electrodes and the melt maintain a reducing atmosphere in the 
furnace so that there is little loss of carbon by oxidation. The major usage 
is caused by the vaporization of the electrodes in the arc and by the 
solution of carbon into the melt. In the a-c arc, the electrode is alternately 
positive and negative so that the wear is quite uniform on all the elec
trodes as long as the material is uniform. The application requires ma-
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terial that is dense, strong, and homogeneous. Table XVIII shows the 
physical properties of typical carbon and graphite electrodes. 

T A B L E X V I I I 
P H Y S I C A L P R O P E R T I E S O F T Y P I C A L C A R B O N A N D G R A P H I T E E L E C T R O D E S 

Material 

Room temperature 

Thermal 
Resistance, conductivity, 
ohms X cm watts /cm °C 

Density, 
g m / c m

3 

Tensile 
strength, 

psi 

Electrographite, petroleum- 0 . 0 0 0 4 1 .25 1 .6 1000 
coke base 

Carbon, petroleum-coke 0 . 0 0 3 0 . 0 6 7 1 .55 1500 
base 

b. Electrodes for Aluminum and Magnesium Cells 

The production of these materials uses the largest tonnage of carbon 
and graphite of any single application. In fact, it is so large that the 
major producers have their own carbon-electrode manufacturing plants 
which are integrated with metal production. 

These metals are reduced from their salts at high temperatures in 
electrolytic cells which use molten electrolytes. Carbon electrodes in the 
aluminum industry and graphite electrodes in the magnesium industry 
are similar to those used in the steel furnaces except that control over 
the purity of the raw materials is more stringent, since the impurities in 
the electrodes have a greater influence on the properties of the reduced 
metals. Skill in design and operation of the cells largely determines the 
choice of carbon or graphite, and considerable effort is made to decrease 
electrode consumption. 

Similar molten electrolyte systems are used in the manufacture of 
phosphorus, sodium, potassium, manganese dioxide, and other special 
materials. High temperatures for the manufacture of calcium carbide are 
also achieved by means of carbon-electrode furnaces. 

D . CHEMICAL APPLICATIONS 

The chemical applications of graphite and carbon include anodes for 
electrolytic production of Cl2, Br2, I 2, and F 2 , chemical hardware and 
plumbing, and miscellaneous uses including anodic protection electrodes 
for pipelines, ships, and other structures subject to electrolytic corrosion. 
All take advantage of the relative inactivity of carbon and graphite to 
common corrosive chemicals even with applied potential. 
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1. Anodes for Chlorine Cells 
By far the largest application of graphite in this area is for anodes in 

the electrolytic production of chlorine. Chlorine is one of the basic 
technical chemicals, and about five million tons are produced each year. 
About 5 to 10 pounds of graphite are required per ton of Cl2, depending 
on the type of cell and the particular operating procedures. Although the 
processes differ in detail, the same principles apply for all the halogen 
gases. 

Two general types of cell are used for chlorine production: the 
diaphragm cell and the mercury cell. In the diaphragm cell (Fig. 31) 

F I G . 3 1 . Schematic diagram of the Hooker diaphragm chlorine cell. 

die electrolyte is divided into two regions by a porous diaphragm 
through which ions and electrolytes can pass, but which prevents the 
mixture of the two gases. This diaphragm is made from an asbestos 
slurry with a bonding agent to make it stick to an iron screen when the 
screen is dipped into the slurry. The cell is then constructed with an 
iron cathode on one side of the diaphragm and graphite impregnated 
with linseed oil or a resin which is cast in lead on the other. The details 
of a Hooker cell are shown in Fig. 31. Graphite enters into the cost of 
chlorine in three ways: first, on the simple basis of pounds of graphite 
per ton of chlorine; second, on the basis of its contribution to the 
voltage drop or power loss in the cells; and third, on the basis of its 
effect on the life of the diaphragm in the cell. The diaphragm eventually 
becomes filled with sludge and must be changed once or twice during 
the life of the graphite, which is a half-year to a year and a half, depend
ing on operating circumstances. 
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Mercury cells take advantage of the fact that sodium deposited on 
the mercury cathode is immediately amalgamated with it, and no hy
drogen is formed in the cell. No diaphragm is therefore necessary, and 
the chlorine is carried away through holes in the anode, as shown in 
Fig. 32. The mercury is circulated through the cell and thence to a 

RETURNED TO CELL 

DENUDER 

F I G . 3 2 . Schematic diagram of the mercury chlorine cell. 

denuder which removes the sodium and produces either sodium hy
droxide or sodium metal. 

The mercury cells use untreated material of high density, but because 
of a peculiar reaction involving vanadium by which hydrogen can be 
formed in the cell, it is necessary either to use anodes that are low in 
vanadium or to eliminate it from the brine. Hydrogen in the chlorine can 
cause an explosion, so one or the other precaution must be used. Both 
are in commercial production, although purified anodes appear to be 
the most economical approach. 

Although the reaction in the formation of chlorine appears to be 
quite simple, in reality the details of the reaction are not. Complex ions 
are formed in the solution, and the double layer at the anode surface can 
cause the reaction to be either rate-limited or diffusion-limited, depending 
on the particular circumstance. Since voltage differences of 0.05 volt are 
economically important, much work is done on the graphite materials 
and the impregnations to keep the voltage down and to cause the wear 
to take place in such a way that diffusion need not occur in surface 
capillaries left in the impregnant. 

It also appears that the attack on the graphite takes place first in the 
carbon or graphite formed from the bond, and not so readily in the 
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graphitized coke particles. Therefore this bonding material is made as 
similar to the graphitized coke as possible. 

Graphite has had no material competition in this area until recently. 
Platinum-coated titanium is being considered, and a few experimental 
cells have operated with it. Some platinum is used up in this reaction, 
and available published data show the economic balance in favor of 
graphite, considering the investment involved in the change. 

Typical physical properties for anodes for both diaphragm and 
mercury cells are shown in Table XIX. 

T A B L E X I X 
T Y P I C A L P R O P E R T I E S OF GRAPHITE ANODES FOR CHLORINE C E L L S 

Apparent Transverse 
density, Resistivity, Scleroscope strength, 

Grade g m / c m 3 ohms X cm hardness psi Remarks 

Untreated types 
A 1 .55 0 . 0 0 0 9 35 2800 Regular electro

graphite 
Β 1 .63 0 . 0 0 0 8 5 40 3000 A higher-density 

anode material 
C 1.67 0 . 0 0 0 8 5 35 3500 Pitch-treated 

graphite 
Oil-treated types 

^A plus 1 .70 0 . 0 0 0 9 0 35 2800 Low density, high 
linseed oil oil 

HB Plus 1 .76 0 . 0 0 0 8 5 40 3000 High density, low 
linseed oil oil 

2. Acid-Resistant Plumbing and Hardware (72) 

Carbon and graphite, again because of their inertness with respect 
to a wide variety of chemicals, can be used as chemical plumbing and 
hardware. Pipe can be readily extruded, fittings and valves can be 
machined to close tolerances from solid block, and a wide variety of 
heat exchangers, reaction vessels, and similar chemical plumbing can be 
produced. 

The primary limitations of carbon and graphite derive from their 
brittleness—they must be handled like glass or ceramic materials—and 
from their porosity. This latter difficulty is overcome by closing off the 
pores with some organic material, such as a resin, which makes the 
material impervious to gases and liquids. Several resins are used for 
this purpose, but those most successful are the materials that polymerize 
with minimum change in volume or loss of reaction products, such as 
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furfural, styrene, epoxy, and similar materials. E a c h has a particular use 
or area in which it is most suited, depending on its resistance to the 
chemicals to be contained and the ambient circumstances. 

Pipe is usually made from ungraphitized carbon if strength is 
required, and from graphite for heat exchangers. The fittings are made 

TABLE X X 
I M P E R V I O U S C A R B O N A N D G R A P H I T E 

Thermal 
conductivity 

Transverse Tensile Compressive at room 
strength, strength, strength, temperature, 

Material psi psi psi watts/cm °C 

Carbon, furfural impregnation 4500 2000 11,000 0.067 
Graphite, furfural impregnation 5000 2600 11,000 1.25 

TABLE X X I 
C H E M I C A L S T H A T C A N B E C O N T A I N E D B Y C A R B O N O R G R A P H I T E 

Acetic acid Ferrous chloride Octyl alcohol 
Acetone Ferrous sulfate Oleic acid 
Ammonium hydroxide Formic acid Oxalic acid 
Ammonium thiocyanate Freon Paradichlorobenzene 
Amyl alcohol Furfuryl alcohol Paraldehyde 
Aniline Gasoline Phenol 
Arsenic acid Glycerine Phosphoric acid 
Arsenic trichloride Hydrobromic acid Phosphorus trichloride 
Benzene Hydrochloric acid Salicylic acid 
Boric acid Hydrogen sulfide Soap 
Butyl alcohol Isopropyl acetate Sodium chloride 
Butyl Cellosolve Isopropyl alcohol Sodium hydroxide 
Carbonic acid Isopropyl ether Sodium nitrate 
Carbon disulfide Kerosene Stannic chloride 
Carbon tetrachloride Lactic acid Steam 
Chloroethyl benzene Manganese sulfate Stearic acid 
Chloroform Mannitol Sulfur chloride 
Citric acid Methyl alcohol Sulfuric acid up to 75% 
Creosole Methyl ketone Tartaric acid 
Cupric chloride Milk Tetrachloroethane 
Dextrose Monochlorobenzene Tetramine 
Dioxan Μ onoethanolamine Toluene 
Dow therm Naphtha Turpentine 
Ethyl acetate Naphthalene Trichloroethylene 
Ethyl alcohol Nickel chloride Zinc chloride 
Ethylene dichloride Nickel sulfate Zinc sulfate 
Ferric chloride 
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from graphite because of the ease of machining. The resins add con
siderable strength and impact resistance to the materials, giving mechani
cal properties similar to those shown in Table XX. 

Table XXI gives a list of chemicals that can be contained in carbon 
and graphite pipe, and Table XXII lists some that cannot be so contained. 

T A B L E X X I I 
C H E M I C A L S T H A T C A N N O T B E C O N T A I N E D B Y C A R B O N O R G R A P H I T E 

Bromine 
Chlorine, hot liquid 
Chromic acid 
Chrome plating solution 
Fluorine 
Hydrofluoric acid 
Iodine 
Nitric acid 
Sulfuric acid, over 75% concentration 

Machine threads are used in some cases to make the joints between 
the sections of pipe, although slip fits and tapered joints are also possible. 
In all cases, however, a cement must be provided, not only to hold the 
joint mechanically solid, since joints cannot be tightened to the deforma
tion point as with metals, but also to seal the threads and lands. These 
cements are mixtures of resins similar to those used to impregnate the 
pipe together with graphite or carbon powder. They are readily applied 
and either air-hardened or cured by the application of heat to the joint. 

E . NUCLEAR APPLICATIONS 

It would be presumptuous to pretend to discuss in detail the whole 
subject of nuclear carbon and graphite in these few pages. This has been 
done very well in a recent book edited by Nightingale (7) . It will be 
possible here merely to sketch some of the basic ideas and problems, 
and to give the briefest physical explanations. 

The properties of graphite of primary concern in nuclear applications 
are as follows: 

1. Moderating and reflecting ability. Because of its relatively low 
atomic weight, more energy per collision is absorbed from neutrons by 
elastic impact in carbon than in materials of higher atomic weight. 

2. Low absorption properties for neutrons. Only a very small propor
tion ( < 10"3) of the collisions results in reactions which absorb neutrons. 

3. Ease of purification. Decrease of unwanted impurity atoms to 
acceptable levels can be accomplished relatively easily. 
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4. Mechanical strength and stability. Large masses of material are 
relatively stable because of the low thermal expansion even at high 
operating temperatures. 

5. High heat conductivity. Energy developed in the fuel and in the 
graphite is readily conducted to a cooled surface. 

6. Ease of machining. Complicated shapes can be machined to close 
tolerances for stacking, and for special fixtures, boats, and holders, with 
relative ease, on standard grinding and cutting equipment. 

Given these reasons for the use of graphite, we shall consider how 
the radiation in the reactors influences these specific properties. Since 
neutrons appear at energies of about 2 to 3 Mev and lose only a small 
part of their energy in each elastic impact, they must make on an average 
about 110 collisions to drop to thermal energies of 0.03 ev. In addition, 
many high-energy impacts cause a carbon atom to move out of its lattice 
position at fairly high energy as a so-called "knock-on" atom. These 
atoms and others which they themselves generate must, in turn, lose 
their energy by continuing energy-absorbing processes which are dif
ferent for different energy levels. The high-energy carbon atom (10 4 to 
10e ev) loses energy by electronic excitation of the shells of the atom it 
passes. The intermediate-energy "knock-on" carbon atom (10 3 to 104 

ev) loses energy also by Rutherford scattering in which the reaction is 
between the coulomb charges of the nuclei and electron screening is 
relatively unimportant. The third region is called "hard-sphere" scatter
ing (10* to 10s ev) in which the coulomb forces of the electron clouds 
interact and the reaction is elastic. Thus, there are both elastic and 
inelastic impacts between the carbon atoms. In the inelastic collisions 
the energy is absorbed by electron excitation of the atoms involved and 
then dissipated as photons; and in the elastic impacts the energy transfer 
may be from 0 to 100%, although the average is of the order of 50%; and, 
although additional numbers of knock-on atoms are created, the energies 
are decreasing until the electrons and finally the lattice vibrations or 
phonons come into play. For example, a 10-Mev neutron produces about 
5 χ 104 displacements in slowing down to thermal velocity, and a 2-Mev 
neutron produces about 2 χ 104 displacements. 

During the electron-excitation phase, electrons may attain energies 
corresponding to temperatures up to 105 °K along the path, and near the 
end of the reaction the final energies of the knock-on atoms are absorbed 
in relatively small regions (radius 6 Ä), and thermal spikes or peak tem
peratures of 1000°K for a short time are possible. 

The details of the reactions described above are extremely compli
cated and are discussed broadly by T. S. Elleman and C. W. Townley 
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in their chapter, "Materials as Affected by Radiation." It is apparent, 
however, that the result to the graphite is a displacement of atoms from 
the normal positions in the crystal structure. This has several measurable 
effects. The average c-dimension increases, and the average α-dimension 
decreases, which results in corresponding dimensional changes in 
oriented graphite such as extruded or molded material. It also degrades 
the material so that it becomes similar to ungraphitized material. 

The dimensional changes and the decrease in heat conductivity which 
result from the disturbed lattice are the two most injurious effects. Large 
holes through many feet of thickness of graphite are disturbed as some 
sections shrink and others expand, and the temperature rises because the 
dissipated heat cannot be carried away as readily. 

It is interesting to note, however, that the rate of the dimensional 
change as a function of radiation goes through an inversion at about 
300°C in that the effect changes sign and is much smaller. Figure 33 

0 500 1000 
EXPOSURE, MWD/AT 

F I G . 33 . Radiation damage of graphite as a function of exposure and tempera
ture. One megawatt-day per adjacent ton of uranium is from 2.2 to 9.6 nvt ( 7 , 
p. 2 2 8 ) . 

shows the results of such experiments. At temperatures above an average 
of 300°C, the atom mobilities due to the base temperature plus the 
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thermal spikes are such that the damage is repaired as rapidly as it 
appears. The radiation itself must play an important part in this reaction, 
since a material must be heated to about 1700°C to remove all the 
radiation damage generated at room temperature. 

Thus, of the six properties on which the use of graphite in reactors 
is based, only two are influenced by radiation; and by operating the piles 
at elevated temperature, these can be practically eliminated. 

The designers' ingenuity has been successful in minimizing these 
effects or in permitting them to take place without interfering with the 
operation in many piles, and the details of many of these structures have 
been disclosed. 

The above discussion concerns graphite as a structural material in the 
building up of a pile. It is also possible to mix uranium directly in the 
carbon or graphite to produce admixed fuel materials. This can be done 
by impregnating porous graphite with uranium salts in solution and 
then heating to carry out a desired further reaction, by mixing uranium 
compounds or metal in the original mix and baking the result, or by 
adding pellets or lumps to the mix. Graphite flour must be used in the 
last two procedures, since these compositions cannot be baked to 
graphitizing temperatures. 

These materials can then be used as rods, bars, or extruded shapes; 
or as small spheres or pellets, the mass of which would take the shape of 
the container, as does sand in a bucket. In this type of material, struc
tural support is supplied by other parts of the system; but the material 
and processes must be such that the proper purity level is maintained. 

IV. Recent Developments 

A. PYROLYTIC GRAPHITE (51, 53, 54, 56, 63, 64) 

Pyrolytic graphite is a material that has resulted from the extension 
of work to make "bright carbon" or deposited carbon. Under certain 
conditions of temperature, a hydrocarbon gas, mixed with a proper 
proportion of H2 or N 2 , decomposes into a shiny, hard, light-gray deposit 
which forms on surfaces placed in the oven (and on its walls), in contrast 
to the soot that usually forms during the partial combustion of the same 
hydrocarbon. This material, deposited at about 800°C on ceramic 
substrates, is used commercially for deposited-carbon resistors for 
electronic applications. It is also used in nuclear work to act as a solid 
barrier to prevent chemical reactions between uranium oxides and some 
of the supporting metal structures. 

As the deposition temperature is raised, the resulting deposit becomes 
more graphitic until, in the temperature range between 1600° and 
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2500°C, the material called pyrolytic graphite is formed. The processes 
and many of the properties of the materials made at different tempera
tures are discussed in references 3 , 53, 54, 63, and 64. 

Earlier in this chapter it was pointed out that pyrolytic graphite 
approaches as closely to what can be considered the ideal graphite 
crystal as any artificial material, particularly after it has been re-
graphitized. Figure 34 shows the electric resistivity in the basal plane 
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F I G . 34 . Room-temperature resistivity of pyrolytic carbon along the basal plane 
as a function of deposition temperature (53). 

as a function of deposition temperature; and Fig. 35 shows the same for 
the c-direction. Both sets of data point to the higher degree of ordering 
of the higher-temperature deposit. The position on these curves of 
regraphitized material is also noted. 

The physical and chemical properties of pyrolytic graphite are 
similar to those described above for the single crystals. The important 
difference is that pyrolytic materials can be produced in pieces large 
enough to be tested for various technical properties. The material has 
been applied to the surface of polycrystalline graphite to decrease oxida
tion at high temperatures. Although some improvement is noted, particu
larly in the temperature range just above that at which graphite begins 
to oxidize, it is not a major one, and oxidation rates at high temperature 
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F I G . 35. Room-temperature resistivity of pyrolytic carbon along the c-axis as a 
function of deposition temperature (53 ) . 

(>600°C) are little changed. The material has been tested as a rocket 
nozzle in both orientations: that is, the c-direction parallel and perpen
dicular to the inside surface. Because of the low heat conductivity in the 
c-direction, the latter was not suitable because the surface got too hot 
and evaporated. In the other case, the high heat conductivity in the 
ab-direction carried the heat from the surface; but for manufacturing 
reasons the nozzle had to be built up of a number of disks with the 
c-dimension parallel to the axis of the nozzle. Successful operation of 
such a nozzle throat has been reported by Kraus (62). It has been 
reported privately that the material is good in seal rings, but no detailed 
published data are available. 

Perhaps the most important attribute of pyrolytic graphite at the 
present time is the fact that it provides large pure crystals or nearly 
single crystals, on which fundamental work on the basic theory of 
graphite may be carried out. The predictions of band theory can be 
checked experimentally on such materials, and the mechanisms of elec
trical conduction, thermal conduction, expansion, Hall effect, etc., can 
be proved. 

A considerable amount of work supported by the Defense Depart
ment is being carried out on the theory, use, and generation of large 
sizes of pyrolytic graphite. Pieces large enough to fabricate rocket nozzles 
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have been generated and tested, with results as reported above. From 
this large effort is bound to come useful technical developments in other 
fields as well. 

B . HIGH-DENSITY GRAPHITE (28) 

With the theoretical maximum density of 2.26 for graphite, it can 
be seen that pyrolytic graphite approaches this very closely with 2.23. 
For many structural uses, however, less expensive materials must be 
made available in larger sizes. The graphite materials are listed in order 
of density in Table XXIII. 

TABLE X X I I I 

H I G H - D E N S I T Y G R A P H I T E 

Material Density, gm/cc 

Extruded graphite 1.5-1.6 
Extruded graphite, pitch-treated and graphitized 1.6-1.7 
Molded graphite 1 .7-1.8 
Molded graphite, pitch-treated 1.75-1.85 
Recrystallized graphite 1.90-2.05 {72) 
Pyrolytic graphite 1.1-2.23 
Natural graphite, single crystal 2.26 

The properties of recrystallized graphite have been reported, but 
some of the details of the process have not been disclosed. It is believed 
that it is molded under high temperature (2500°C) and high pressure 
( > 10 tons per square inch), under which circumstances the individual 
crystals are crushed together but there is evidently sufficient mobility 
to decrease the amount of unoriented material. 

This material has been developed primarily for ablation and erosion 
application. The decrease in porosity improves the resistance to oxida
tion and to evaporation by decreasing the amount of wear due to the 
release of small particles from the surface. The material will also be 
useful for aerospace nuclear applications, particularly in missiles, since 
it puts more carbon in the same volume and thus can decrease the size 
and the structural weight of reactors which must be transported. 

C. GLASSY CARBON (55, 73) 

A new type of carbon has been developed by the Tokai Electrodes 
Company of Japan. In appearance it looks like black glass, somewhat 
lighter in weight, but with the same shiny reflecting surface. The process 
has not yet been disclosed, but samples of the material have been made 
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available. In addition to the vitreous glassy appearance and brittle 
conchoidal fracture, the material has properties listed in Table XXIV. 

T A B L E X X I V 
G L A S S Y C A R B O N (73) 

Property Carbon Electrographite 

Strength (transverse), psi 1 2 , 8 0 0 - 1 4 , 2 0 0 5700-7100 
Apparent density, g m / c m

3 
1 . 4 7 - 1 . 5 0 1 . 4 3 - 1 . 4 6 

Apparent porosity, % 0 . 2 - 0 . 4 3 - 5 
Resistivity, ohms X cm 4 5 - 5 0 Χ 10"

4 
3 0 - 3 5 X 10~

4 

Ash, % 0 . 1 - 0 . 2 0 . 1 
Gas permeability, cm

2
/ sec 1 0 -

1 8
- 1 0 "

12 XO-7-10-9 
Thermal conductivity, watts /cm °C 0 . 1 4 - 0 . 1 8 0 . 6 - 0 . 7 
Thermal expansion per °C 2 . 0 - 2 . 2 X 10~

6 
2 . 0 - 2 . 2 Χ ΙΟ"

6 

Young's modulus, g m / c m
2 

2 7 0 . 0 - 3 0 0 . 0 1 5 0 . 0 - 2 0 0 . 0 

It would appear from the physical data that G C 3 0 was prepared at 
higher temperature than G C 1 0 , and that the difference between the two 
might be that G C 3 0 is graphitized and G C 1 0 is ungraphitized. The 
materials show a lower rate of oxidation at 8 0 0 ° C than does normal 
graphite, and they are not affected by 5 0 - 5 0 concentrated H 2 S 0 4 and 
H N 0 3 . It can be made in pipe, crucibles, plates, and many unusual 
shapes—much like glassware. It should have an interesting group of 
applications. A similar material has been discussed by Davidson and 
Losty ( 6 7 ) . 

D. HIGH-TEMPERATURE SEALS AND BEARINGS 

Although some differences in oxidation rates can be achieved by the 
choice of processing procedures and raw materials in the region between 
room temperature and 5 0 0 ° C , at higher temperatures the rates tend to 
even out, and carbon and graphite alone oxidize in air at rates that are 
limited by the diffusion and transport of the reaction products. Two 
basically different approaches have been taken to the problem of 
decreasing oxidation rates. One uses the method, described previously, 
of adding to the pores a vitreous substance which is partly fluid at the 
required operating temperature and which seals over the surface and 
mechanically impedes the oxidation reaction. A whole series of materials 
is available with different base grades and different glasses, but with 
similar properties. The other approach is to make the ceramic the major 
component in the system with graphite in a smaller amount but still 
interconnected to maintain high-temperature strength. Each of these 
materials has a range of applications under specific circumstances, and 
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each has distinct limitations. Oxidation is not entirely eliminated in 
either but is delayed sufficiently to make the material practical. Figure 
36 shows the results of a standard oxidation test on one of the graphite-

7T 
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F I G . 3 6 . Weight loss in air as a function of temperature for graphite and glass-
impregnated graphite. 

base materials containing a low-temperature glass. 
The mechanical properties of the impregnated materials are those of 

the usual carbon or graphite materials—that is, the base grades to which 
the glasses are added. The ceramic-base materials have somewhat higher 
low-temperature strength and lower high-temperature strength than the 
carbon-based materials. The glass-impregnated material is used com
mercially now in jet engine seals and bearings, in carbon welding tips, 
and in similar applications. The ceramic carbon is being developed for 
higher temperatures in the same general area. 

E . FRICTION AND SLIDING CONTACTS FOR HIGH-ALTITUDE 

AND SPACE FLIGHT 

Part of the problem in special sliding-contact and bearing applications 
involves the definition of the problem itself. It is not always possible to 
remove the contacts and bearings from the rest of the mechanism and 
test them separately with any meaning unless the essential characteristic 
of the situation from the standpoint of contacts and bearings has been 
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retained. Brushholders, vibration from the rest of the system, gases 
given off by other components or parts of the system, all can contribute 
to variations between simulated and actual circumstances. 

Sliding contacts and bearings must operate under a range of circum
stances from complete submersion in liquids such as fuel and lubricating 
oils, to sliding contacts inside a glass furnace, to high-altitude atmos
pheres, to the near vacuum of outer space. Materials and systems have 
been evolved to operate under these conditions, as well as to extend the 
range of currents, operating temperatures, and ratings under ordinary 
atmospheric conditions. To define the present state of the art in general, 
we shall choose a few special situations which have been investigated 
recently. The subject of carbon and graphite in space flight use is treated 
additionally by Benzing in his chapter, "Solid Lubricants" (this volume). 

Wire brush "brushes" have been used under oil against steel for 
certain clutch and control applications for some time. Recent experi
ments in the Stackpole laboratory have shown that certain carbon-
graphite materials and metal-graphite materials can be made to operate 
under kerosene, fuel oil, hydraulic fluid, gasoline, and even light silicone 
oil if the brush spring force is increased to about two to three times its 
normal value. The wear is very low, and cooling from the liquid is also 
very efficient. The use of silicone oils is surprising, considering the fact 
that silicone vapors cause very high wear rates on brushes operating in 
air. It is possible that this excess wear in air is influenced by the presence 
of oxygen which is effectively excluded when the brushes run flooded 
with the silicone liquid. 

The high-altitude atmosphere problem, the problem in pure inert 
gases such as N2, Ar, and Ne, and the problem in outer space are similar 
for both brushes and bearings in that suitable filming materials must be 
maintained at the sliding surfaces to prevent metallic seizure. Volatile 
materials which would eventually be lost in open or ventilated systems 
cannot be considered for filming. In sealed devices, the loss of organic 
materials from resins and plastics must not interfere with normal opera
tion: but, since these are usually reducing with respect to copper oxide, 
solid filming materials such as MoS2 and BaF 2 are suitable to maintain 
the proper film. Electric brushes containing MoS2 in conjunction with 
carbon, graphite, copper graphite, and silver graphite appear to be 
suitable for the space applications. Tests have been run down to pres
sures of 10~6 mm with favorable results, and no further difficulty is 
expected on down to 10~12 mm. Even at 1 0 6 mm, the film must be 
maintained by the brush without the help of the surrounding atmosphere; 
and if this is the case, the complete removal of the atmosphere should 
cause no further difficulty. Cooling under these circumstances must, of 
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course, be by conduction and radiation only, and all parts must be 
designed accordingly. Table XXV lists some of the special materials 
used in this area, together with their applications. 

T A B L E X X V 
S P E C I A L E L E C T R I C A L B R U S H A P P L I C A T I O N S 

Application Material 

Under liquids 
Kerosene 
Fuel oil 
Gasoline 
Light silicone oil J 

Aircraft 
Up to 80,000 feet] 

Dry gases \ 
N2, H2, A, etc. j 

Space 

Pressure down to 10"6 mm 

High temperatures 
In air to 800°C, slow speed 
In air to 500°C 

Electrographite and carbon graphite (low 
resistance), two to three times normal 
brush force 

Electrographite + BaF 2 

Electrographite + L12CO3 
Carbon graphite + M 0 S 2 

Electrographite + Li 2C0 3 

Carbon graphite + M 0 S 2 
Silver graphite + MoS2 

Silver + M 0 S 2 

Silver lead oxide 
Electrographite + low-temperature glass 

F . CARBON AND GRAPHITE CLOTH ( 6 1 ) 

High-temperature technology requires for its development a wide 
variety of materials and possible fabrication techniques. A particular 
need for a nonmelting, light, high-temperature fiber in yarn and cloth 
form arises in the fabrication of rocket nozzle assemblies and plastic-
bonded ablation materials. Carbon has the fundamental properties 
required, and methods of providing yarn and cloth have been developed. 

Carbon filaments have been produced by carbonizing various organic 
materials, but the best results have come from the controlled pyrolysis 
of rayon. The process is carried out in a neutral or reducing atmosphere, 
with a catalyst in certain cases. Starting with yarn or woven cloth, it is 
possible to prepare materials that can withstand washing in an automatic 
clothes washer. The material is carbonized after weaving so that the 
required knit or weave can be made on conventional equipment before 
pyrolysis. Carbonizing and later graphitizing are carried out on bolts or 
rolls of material. 
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The cloth in strips or the yarn may be used as high-temperature 
insulation by wrapping it around the structure to be insulated and then 
holding it mechanically with other structural or insulating materials. 

As a filler in ablative plastics, the cloth or yarn is cut into small pieces 
and mixed with the resin before molding. The heat generated at the 
surface during testing or use decomposes the plastic at the surface, but 
the carbon forms a structure which prevents mechanical distortion and 
also prevents the wear from taking place anywhere but directly at the 
surface. Thus, structural and dimensional stability are maintained, with 
the wear taking place in prescribed and suitable regions. 

The whole subject of carbon and graphite fibers has been discussed 
thoroughly by Schmidt and Jones (61). 

G . F U E L CELLS (57, 68, 69) 

There are two basically different approaches to the technical problem 
of producing a low-temperature continuous-battery or fuel cell. One 
approach uses either an acid or an alkaline electrolyte and porous carbon 
electrodes, and the other an alkaline electrolyte and porous metal elec
trodes. Considerable effort is being spent on both of these as well as on 
high-temperature fuel cells, and it will be some time before final deci
sions can be made; in fact, there may be proper economic reasons for 
each kind. 

In any case, the function of the porous electrode is to provide a 
maximum of the region consisting of the contact between the liquid 
electrolyte, the solid carbon, the gaseous fuel, and the catalyst. In 
simplest form, the action of the fuel cell is the reverse of the electrolytic 
decomposition of water. This reverse action, although theoretically 
simple, is technically difficult. 

Oxygen is forced through one side of a porous carbon electrode, and 
hydrogen or another gaseous fuel that will react with 0 2 is forced 
through one side of another porous carbon electrode. The space between 
the electrodes is filled with an alkaline electrolyte such as KOH. The 
electrodes have been impregnated with a catalyst—usually platinum or 
palladium—and are treated to decrease the tendency toward wetting or 
flooding. Oxygen and hydrogen are ionized in the presence of the 
catalyst and then carried into the solution where they react to form 
water. This simple reaction can produce near-theoretical voltages with 
little difficulty; however, when current is drawn from the system, the 
three-phase interface is disturbed and tends to move in the porous 
electrode to the surface. When the electrode becomes flooded, the sys
tem is effectively polarized and the terminal voltage drops. The porous 
carbon electrode, together with the catalyst, must therefore prevent this 
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flooding and still maintain the three-phase junction near the electrolyte 
side of the electrode. 

Much of the work on the details of the carbon materials and on the 
catalysts is either proprietary or is under government contract. It is 
known, however, that considerable progress has been made, and there is 
ample reason to expect that practical results will be achieved. Figure 37 

0 .1 .2 .3 .4 

AMPERES/CM
2 

F I G . 37. Characteristics of the Union Carbide fuel cell (69). 

gives some information on the voltage-current characteristic of a low-
temperature alkaline oxygen-hydrogen cell with porous carbon electrodes. 

Most of the technical problems involved in getting practical fuel cells 
operational lie in the areas of eliminating the waste products, preventing 
the deactivation of the catalyst by impurities, and maintaining the three-
phase interface. These problems are not insurmountable, as evidenced by 
the practical application of an alkaline cell (57) to power for instru
mentation in a system where power failure can cause serious difficulty 
during shutdown of operations. The reliability of the fuel-cell system is 
expected to provide continuous and emergency power. Similar special 
uses will be able to afford the present high cost of this power, but the 
ultimate aim is the commercial production of large amounts of power 
with particular emphasis on transportation. 

Table XXVI lists several types of carbon and carbon graphite used 
in acid fuel-cell experiments, together with their physical properties. 



T
A

B
L

E 
X

X
V

I 
C

A
R

B
O

N
 

A
N

D
 

G
R

A
P

H
I

T
E

 
F

U
E

L
-

C
E

L
L 

E
L

E
C

T
R

O
D

E
S 

T
ot

al
 

po
ro

si
ty

 
F

in
e 

po
ro

si
ty

 
ra

ng
e 

Su
rf

ac
e 

E
le

ct
ri

ca
l 

A
pp

ar
en

t 
R

ea
l 

- 
P

er
m

ea
bi

li
ty

, 
ar

ea
 

re
si

st
an

ce
, 

M
at

er
ia

l 
de

ns
it

y"
 

d
en

si
ty

6 
C

c/
gm

 
Pe

r 
ce

nt
 

Pe
r 

ce
nt

 
M

ic
ro

ns
 

D
ar

cy
s 

m
2/g

m
 

oh
m

s 
X

 
cm

 

1 
1.

35
 

1.
89

 
0.

21
5 

29
 

23
 

0
.3

-7
 

0.
71

2 
1.

6 
0.

00
74

 
2<

 
0.

68
 

2.
04

 
1.

00
 

68
 

55
 

2-
6 

0.
12

4 
1.

3 
0.

01
35

 
3 

0.
65

 
1.

93
 

1.
07

 
70

 
48

 
3

-7
 

0
.5

7
6 

30
0 

0.
07

1 
4 

0.
65

 
1.

71
 

0.
95

 
62

 
42

 
0

.1
-1

 
0.

00
22

 
20

0 
0

.0
3

3 
5 

0.
61

 
1.

71
 

1.
05

 
64

 
46

 
0

.1
-1

 
0.

00
27

 
70

0 
0

.0
3

8 
6 

0.
20

 
1.

82
 

4.
45

 
89

 
62

 
2-

35
 

25
0 

a A
pp

ar
en

t 
d

en
si

ty
 i

s 
ta

k
en

 b
y 

m
ea

su
ri

ng
 t

h
e 

w
ei

gh
t 

an
d 

vo
lu

m
e 

oc
cu

pi
ed

 
b

y 
a 

gi
ve

n 
sa

m
pl

e.
 

6 R
ea

l 
d

en
si

ty
 i

s 
u

se
d 

to
 d

ef
in

e 
th

e 
d

en
si

ty
 o

f 
th

e 
m

at
er

ia
l 

w
h

ic
h 

m
ak

es
 u

p 
th

e 
pi

ec
e 

an
d 

w
h

ic
h 

su
rr

ou
nd

s 
th

e 
po

ro
si

ty
. 

c A
ll 

m
at

er
ia

ls
 c

ar
bo

n 
gr

ap
hi

te
 e

xc
ep

t 
th

is
 o

ne
 w

h
ic

h 
ha

s 
b

ee
n 

gr
ap

hi
ti

ze
d.

 



CARBON AND GRAPHITE 93 

Η . N E W MANUFACTURING PROCEDURES 

Within the last few years, several new processes and procedures have 
been developed for producing carbon and graphite materials. These 
have been discussed briefly when the application or material was 
mentioned. It is important to note, however, that considering the com
plexity of the technical applications of carbon and graphite, results 
are often secured on particular applications which depend to a great 
extent on the manufacturing procedure, even though the measurable 
physical properties of the materials are the same. This fact not only 
underlines our lack of knowledge of certain aspects of carbon and 
graphite but also requires that materials produced by different proce
dures be tested on all applications to determine whether a particular 
advantage has been achieved. Accordingly, the new processes will be 
mentioned together with the present range of commercial applications. 
This is not intended to be limiting, but only descriptive of the present 
state of the art. 

Because of the long lead time in the preparation of many carbon and 
graphite materials (1 to 3 months), considerable effort has been made 
to produce materials quickly. An Air Force contract has been given to 
produce large graphite bodies (4 feet in diameter by 8 feet) in a few 
days. Information on the physical properties of this material is not yet 
available. Carbon brick has been hot-molded in a few minutes at tem
peratures above 700°C (72). This material, after further quick baking 
to remove more volatiles, is suitable for blast furnace linings and chemi
cal applications where carbon brick is required. 

New production facilities are available which will produce graphite 
slabs 6 by 26 by 2 feet thick, with future possibility of pieces 9 by 20 by 
3 feet thick. These large pieces are for use in molds for pressure casting 
of steel as well as for continuous casting of nozzles or dies (74). 

Pyrolytic graphite (51, 53, 54, 63, 64) has properties that have been 
only partly investigated. Its use for brushes and seals, and for other 
electrical and mechanical applications, is only cursorily examined because 
of its present cost; however, when the cost is decreased, it may find 
technical commercial application. 

Recrystallized graphite (28) is also limited in its application by its 
cost, but production procedures will certainly bring this down, and it 
will be tested over a wide range of applications. 

Glassy carbon is one of the most unusual carbon materials in recent 
years (55, 73). It is being exploited and will certainly find commercial 
use. Cost information is not available at present, but the material is 
being proposed for the market where impervious carbon and graphite 
are now acceptable. 
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The purification procedures developed for nuclear graphite (8) have 
important applications in other fields—missile graphite, mercury-cell 
graphite, solid-state furnace boats, and spectrographic carbon. The 
process can be applied to any carbon or graphite and is low enough in 
cost to be used in all these areas. 

Some graphite whiskers have been produced under special circum
stances (52). Not much is known of their properties, but, as in the case 
of pyrolytic graphite, investigation may prove them to be useful in 
various applications. 

V. Conclusion 
It has been shown that carbon products can be made in a great 

variety of compositions and microstructures. They may consist of several 
forms of essentially pure carbon—and in these various forms carbon can 
be made extraordinarily pure at very low cost—or they may be combined 
with other materials. The area of composites of carbon and other ma
terials has been investigated in the past in certain fields such as brushes, 
but a great deal more has been done in other fields in the past year or 
two. 

In its various microstructural forms, carbon can be given physical 
and mechanical properties covering wide limits. With the possible 
exception of the steels, carbon is clearly the most versatile material in 
existence, and it ranks with the steels, glasses, and concretes among the 
cheapest. Unlike steels, which in almost all their applications could be 
replaced by other materials if economic considerations did not rule 
otherwise, carbons and graphites often serve purposes for which they 
alone are suited. Perhaps this is why the immense potential of carbon 
products as purely structural materials, even without taking advantage 
of their electrical, thermal, or chemical properties, has not yet been 
widely exploited. It may be that too much attention has been paid to 
their uniqueness. Another reason, of course, is brittleness; but one 
might review in that connection the facts that the early form of iron-
carbon alloy, cast iron, was just as brittle and is still widely used; that 
tough and ductile steels are not yet a century old; that glass, concrete, 
and, in fact, all the ceramics are just as brittle. 

The space age with its emphasis on low weight may provide the 
impetus for a rapid expansion of carbon products into purely structural 
markets. Already it has led to the important development of pyrolytic 
graphite, graphite yarn and cloth, oxidation-resistant graphites, and 
other highly special materials mentioned only too briefly in these pages. 
The brevity of their treatment may be ascribed not only to their novelty 
and to the lack of any extended body of information about them but also 
to the difficulty of predicting to what ingenious uses scientists and 
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engineers will put them. So it was before Hall found an easy way to 
make tons of cheap aluminum; so it was before Siemens and Bessemer 
found inexpensive ways of making great quantities of steel; so it was 
before a distant ancestor found ways to make window glass to fit every
one's home-construction budget. 

The basic problem facing the mechanical designer with carbon and 
graphite lies in the spread or range of the mechanical properties within 
one lot or batch of material, as well as between batches. When the 
technical problems involved in holding a group of properties within a 
set of reasonably narrow limits have been solved, graphite will be used 
under conditions nearer the nominal values of its properties with 
confidence. 

Meanwhile, the already established uses of carbon and graphite in 
electrodes, anodes, brushes, seals, molds, arc lights, batteries, furnace 
linings, and so forth, consume 350,000 tons of carbon products annually 
in this country alone, a quantity which is now growing at an annual rate 
of 5% and will continue to grow at an ever-increasing rate. It is estimated 
that the annual volume of the items considered above is about 
$230,000,000 in approximately the following proportions: 

Brushes 18% 
Electrodes for furnaces and electrolytic cells (steel, aluminum, 50% 

chlorine, etc., excluding Soderberg electrodes) 
Electrical uses (welding, power tubes, illuminating, brazing) 10% 
Mechanical uses (seals, dies, vanes, bearings, nozzles, etc.) 7% 
Nuclear uses (piles, moderators), chemical uses (hardware), 15% 

metallurgical uses (hardware), refractories 
We have thus discussed and considered a material which is solidly 

rooted in our present industrial technology and which is finding new uses 
in the most advanced areas of exploration. 
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