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ABSTRACT 

Polymer-graphite Composite Loudspeaker Diaphragm 

Tsunehiro Tsukagoshi, Shinichi Yokozaki 

Sumio Hagiwara, Yasuyuki Arai 

& Takeo Yamamoto 

Pioneer Electronic Corporation 
Electronic Engineering Reasarch Laboratory 

4-15-5 Ohmori-Nishi Ohta-ku, Tokyo, 143 Japan 

A polymer-graphite composite has been developed which has both a high E/p ratio and a large 

internal loss factor. The specific modulus (E/p) of the composite is higher than that of aluminum 

or titanium, and the internal loss, tan 0, is larger than that of cone paper. 

Since the composite exhibits good formability it can be molded into various shapes of low- and 
high-frequency loudspeaker diaphragms. By the use of the composite superior loudspeakers 

have been realized that have smooth frequency response, very low harmonic distortion 

characteristics and wide dynamic range. 

INTRODUCTION 

Desirable properties of materials for loudspeaker diaphragms are high Young's modulus, low 

density and large internal loss. For mid-range and high-frequency loudspeaker diaphragms light 

metals such as aluminum, titanium or beryllium have been employed. Since they all have high 

values of the ratio of Young's modulus to density (E/p), the high frequency limit can be extended. 

In low-frequency loudspeakers cone papers with large internal losses have been employed which 

result in smooth frequency responses. Paper diaphragms, however, are apt to break up at 
relatively low frequencies because of their low Young's modulus and produce large distortions 

when high level signals are supplied to them. 

In these situations loudspeaker diaphragms, particularly low-frequency diaphragms, which have 

both a high E/p ratio and large internal losses have been desired for many years. To realize 

these desirable properties the possibilities of a new composite material have been studied and 
a superior material has been realized. 

This material consists of fine graphite granules and several specific polymers. By the 

employment of these polymer-graphite composite diaphragms (P.G.) loudspeakers which have 

superior sound quality can be produced. 

This paper describes the development process, the structure and the physical properties of the 

composite and the characteristics of several loudspeakers using P.G. diaphragms. 
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GRAPHITE 

Graphite is one form of the carbon crystal and has a laminar structure which consists of large 

layers linking many hexagonal rings of carbon atoms [graphene] as shown in Figs. 1 a & 1 b. The 
covalent bonding of carbon atoms in the 'a-b' dimension layer plane is so strong that it produces 

a Young's modulus greater than 1,100 GPa. (5). Contrastingly, layer planes are only weakly 

bonded to each other by the van der Waals force and this weak bonding between 'c' axis layer 

planes results in slipperiness. Carbon fibers having a high Young's modulus exploit the firm a-b 
plane bonding of graphite. 

In the case of loudspeaker diaphragms using carbon fibers, adequate strength is not produced 

because of the lack of solid bonding between carbon fibers caused by the slipperiness of the C

axis carbon fiber surfaces. 

In our early developmental stages a chemical vapor deposition (C.V .D.) method was employed to 
obtain a carbon diaphragm. A carbon film deposited by the C.V.D. method has the special feature 

that the a-b layer planes of the deposited carbon are oriented parallel to the substrate surface if 

the C.V.D. conditions are suitable. 
Carbon particles were deposited on a substrate, which had the shape of the diaphragm and which 

was heated to a temperature over 10000 C. The carbon diaphragm was obtained by separation 

from the substrate. A loudspeaker using this carbon diaphragm produced a very smooth frequency 

response. 

A scanning electron micrograph of the fracture cross section of the diaphragm revealed a laminar 

structure in the deposited film diaphragm. The C.v.D. method is very difficult to use in actual 

production because of its high manufacuring cost. 

However, graphite with a laminar structure contributes to a high Young's modulus and is very 
suitable for loudpeaker diaphragms. 

POLYMER-GRAPHITE COMPOSITE 

In order to realize laminar structures in diaphragm materials, composites were investigated using 
graphite crystallite granules having parallel layer planes. The following several points were taken 

into consideration in the development processes of the composite: 

I. - Dispersion of graphite granules into matrix polymers. 

2. - Orientation of laminar graphite granules parallel to the surface of the diaphragm. 

3. - Development of matrix polymers that can be applied to the diaphragm and can tightly bond 

graphite granules to each other. 

4. - Mixing ratio of graphite granules to matrix polymers. 

All these factors exert mutual influences, therefore the physical properties of the composites have 

many variations. As a result of many experiments on numerous combinations of the above factors, 
a superior composite was realized. The composite has both a high E/p ratio and a large internal 

loss factor, tan o. Ablock diagram of the composite production process is shown in Fig. 2. 

STRUCTURE OF THE COMPOSITE 

A scanning electron micrograph of the fracture cross section of the composite sheet is shown in 

Fig. 3. A laminar structure parallel to the surface is observed and this resulted from the orientation 

imprated thru the calendaring process in the composite production. 
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PHYSICAL PROPERTIES OF THE COMPOSITE 

To compare the composite with other materials used for diaphragms, the physical properties are 

shown in Tables 1 a and 1 b. Particularly, the comparison data concerning internal loss and sound 

velocity of each material are plotted in Fig. 4. The sound velocity of the composite is higher than 

that of aluminum or titanium and is about three times that of cone paper. 
The decay patterns of free vibrations of the composite, aluminum and cone paper reeds are shown 
in Fig. 5. It is recognized that the compostite is an excellent material for diaphragms having both a 

high E/p ratio and larger internal loss. This kind of material has never been previously obtained. 
Since the composite has good formability, it can be molded into various shapes of diaphragms for 

either low-frequency or high-frequency loudspeakers. Becausethe fine graphite granule layer 
planes are oriented parallel to the diaphragm surfaces, isotrophy of the physical properties can be 

obtained in the direction of the surfaces. Being stable in humidity, by which cone paper is degraded, 
the composite can have stability with high strength for a very long time. 

CHARACTERISTICS OF LOUDSPEAKERS WITH P.G. DIAPHRAGMS 

In order to effectively use P.G. diaphragms, several types of loudspeakers have been developed 

by the use of Finite Element Analysis and laser holography. 

1 - 400mm Cone Type Low-Frequency Loudspeaker -Comparisons of the characteristics between 
a 400mm cone type loudspeaker employing the P.G. diaphragm and a 400mm loudspeaker 

employing a paper diaphragm of the same shape are shown in Figs. 7 and 8. 

Fig. 7 shows an output sound pressure level of 90dB and Fig. 8 shows an output sound pressure 

level of 115dB. The harmonic distortion of the loudspeaker with the P.G. diaphragm at 90dB is 

markedly lower than 0.03%, and at· a very high sound pressure level of 115dB is lower than 0.3% 

in the frequency range of 100Hz to 800Hz. Furthermore, the high frequency limit of the 

loudspeaker with the P.G. diaphragm is an octave higher than that seen from the paper diaphragm. 

The peak at the high frequency resonance of the diaphragm using the composite material is hardly 

noticeable both at 90dB and 115dB sound pressure levels. Thus the P.G. diaphragm loudspeaker 

produces a very smooth frequency response and very low harmonic distortion .. 

2 - High Frequency Loudspeaker- The frequency responses and harmonic distortion characteristics of 

two 66mm cone type high-frequency loudspeakers, one with the P.G. diaphragm and the other with a 

paper diaphragm of the same shape are compared in Fig. 9. The frequency response of the loudspeaker 

with the P.G. diaphragm is markedly smoother in the frequency range from 1 kHz to 43kHz. 

The frequency responses of two 25mm dome type high-frequency loudspeakers, one with a P.G. 

diaphragm and the other with a titanium diaphragm of the same shape are compared in Fig. 10. 
The frequency response of the loudspeaker with the P.G. diaphragm reaches 35kHz which is higher 

by about 5kHz than the titanitum diaphragm and the peak at the high frequency resonance of the 

loudspeaker using the P.G. diaphragm is lower in both amplitude and Q, thus a smoother high 
frequency response is achieved by the P.G. diaphragm. 

CONCLUSION 

The polymer-graphite composite with a laminar structure has both a high E/p ratio and a large 

internal loss factor. Therefore, loudspeakers employing P.G. diaphragms provide smooth frequency 
response and low harmonic distortion over a wide frequency range. 

The composite will be applied to other components in various fields. 
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Fig.1a. Schematic model of bonding of carbon atoms 
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Fig. 1 b. Schematic model of laminar structure of graphite crystal 

Fig. 2. Flow diagram of the 
production process 
of polymer-graphite 
composite. 
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Fig. 3. Scanning electron micrograph of fracture cross-section 

of the polymer-graphite composite. 
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a) Aluminum 

b) Cone Paper 

Fig. 5. Decay Patterns of Free Vibration 
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Fig. 6. 400 mm cone type loudspeaker using the 

polymer-graphite composite diaphragm. 
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Fig. 7. Frequency responses and harmonic distortion characteristics of 400mm 

cone type loudspeakers at an output sound pressure of 90dB @ 1 M for: 
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Fig. 8. Frequency responses and harmonic distortion characteristics of 400mm 

cone type loudspeakers at an output sound pressure of 115dB @ 1 M for: 

a) the polymer-graphite composite diaphragm and, 

b) a paper cone diaphragm 

- 8 -

. " 
.� I�' . , , 

11 • I 

I:'V' . .. V', Uk 
2K 5K 10K 



110 
100 
90 
80 
70 
60 
50 
i,() 
30 
20 

..r 
V 

� 
".r·�"·'�'\", 

./\ ./' ..,--..r' 

2nd H.D. 

�3'dH.D. � 

\/\ f� 
.... �N .. n�, :\,\ ;, 

110 
100 

"- 11\ J'\t'\ 
"V V 

\ 

\ 

90 
m- oo 
� 70 Q) !/) 60 c: 
0 l\ 

" /\ � 

V V�A. 
,,�,,� ,\\1 ,,,.' \ 

c. 50 !/) Q) 40 0:: 
30 

./' 
V 

� 
...... I ... ,.·J' ... ·� 

� -- -y 

2 nd H.D. 
�3rdH.D. 

� : ' 
.,..+.t' 

\ 'rw'\A .A ��·V;( ·-
I, ,, " 

f\ 
IV 
� I·'.�! ...... 

J\ 
� 

K.I1 
" \,,� 

y I\Y\ 
" 

1\1\ 
y l� . YK\ • J .... 

200 500 lK 2K 5K 10K 20K 50K lOOK 
20 

200 500 lK 2 K  5 K l0K 20K 50K lOOK 

(a) Frequency (Hz) (b) Frequency (Hz) 

Fig. 9. Frequency responses and harmonic distortion characteristics of 66mm 
cone type loudspeakers for: 

m-
� 
Q) !/) c: 
0 c. !/) Q) 

0:: 

a) the polymer-graphite composite diaphragm 
b) cone paper diaphragm. 

120 

110 \ 
• 
• 
• 
• 
• 

I 
I 

100 , ..., , 

90 ( 

80 
Polymer Graphite Composite 

70 

60 
1K 

-----

2K 

Titanium 

5K 10K 20K 

Frequency (Hz) 

, 

\� 
, \ 

-'� 
• 

\� 
\ \ \ , , 

\ 

\ 

50K 100K 

Fig. 10. Frequency responses of two 25mm tweeters; a polymer-graphite domed unit 

and a titanium domed unit. 

Note the almost complete lack of HF resonance in the P.G. unit and its 

almost textbook smooth, 30dB/octave rolloff beyond 40KHz. 
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Table 1. Physical properties of several materials for diaphragms 

Young's Density Sonic 
Modulus 

p: 
Velocity 

E: GPa gmlcc �E/p: mls 

COlTl'osite- 70 1 .8 6. 2 x 103 

Aluminum 70 2.7 5.1 x 103 

Titanium 1 10 4.5 4.9 x 103 

Cone 2 .0 0.5 2.0 x ld Paper 

Table 1 Physical properties of materials for diaphragms. 

Material Young's . Density Specific Sound 
mo"ulus modulus velocit� 

E, ){ltr°N/m2 (2, x 1 �kg/rR J E/Q, xl 070(m/s)2 VEfQ, x 10 IU/s 

Beryllium 28 1.8S 1-' 12 

Bfi)ton 40 2.34 17 13 

Aluminum 7.0 2.7 2.d 5.1 

Ti'tanium 10 4 . 5 2.1 4.7 

Boranized 
25 4.5 5.6 7.5 titank1m 

.. �ben fiber 23 1.74 13 11..5 

CFR-olefin 0.37 0.45 a.8J 2.9 

Polymer- 7.0 1.8 3.9 6.2 graphite 

Cone paper 0.1-0.2 0.5 0.2-0.4 1.4-2.0 

Graphite 35 1.4 25 15.8 
Glass 
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The Structure of G1oaphite. 749 

By J. D. BERNAL, B.A. 

(Communicated by Sir William Bragg, F.R.S.-Received July 28, 1924.) 

The crystallographic information on the subject of graphite is scanty. It 

has generally been accepted as hexagonal with a well-marked basal cleavage; 

but besides the cleavage face few other faces have ever been observed on it. 

Kenngott,* the earliest observer, seems to have obtained the best crystal, 

and measured planes, to which he gave the indices 1011 and 1121, making 

angles of 58° and 70° 18' respectively with the basal plane 0001. (These 

results are strikingly confirmed by X-ray measurements, which make the 

corresponding angles 58° 8' and 70° 13'.) Nordenskioldt considered graphite 

monoclinic, on account of the variability of its angles; but his conclusions 

were questioned by Sjogren,t who, in a very full paper, adduced a number of 

reasons (twinning, percussion and etch figures, thermal conductivity) to 

show that it was hexagonal. Quite recently the researches of Gaubert§ 

have added a knowledge of the optical properties of graphite. In very thin 

flakes it is transparent, uniaxial and negatively birefringent, with a refractive 

index of about 2. This settles definitely that it has trigonal hexagonal 

symmetry. 

The X-ray analysis of graphite has lagged considerably behind that of the 

• Hintze,' Mineralogic,' vol. 1. 
t · Pogg. Ann.,' vol. 96, p. 110 (1866). 
t • Min. Mag.' (Aug., 1886). 
t • Comptee Rendua,' vol. 177. pp. 1123-1125 (1923). 
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diamond. Bragg* in 1914 made a measurement of the spacing of the cleavage 
l'lanes, finding it to be 3·42 A.V., while Ewald,t in the same year, took & 
Laue photograph of a crystal, perpendicular to the axis, confirming ita 
hexagonal symmetry. The fuller interpretation of its structure was attempted 

by Hullt and by Debye and Scherrer§ in 1917 by the powder�method. Both 

were able to assign a structure to the element, but these structures have 

difierent lattices and belong to difierent crystal systems. An examination 

of the original papers shows that the observations of neither investigator are 

in very good agreement with the structure they propose, and the observations 

only show the roughest agreement with each other. This is especially marked 

in the matter of intensities. On the whole, Hull's results are more plausible, 

because he separated the KCl and Kf1lines of Mo by screening, whereas Debye 

and Scherrer often mistook oc for � lines, as will be shown subsequently. Since 

t,hen Backhurstll has made some measurements on graphite, from the point 

of view of its expansion and the effect of temperature on the reflection 

intensities. 

It. seemed to me that the essence of the problem lay in determining the 

orientation of the planes giving rise to the spacings observed in the powder 

photographs. For this a single crystal was necessary. I had the good fortune 

t� secure from Prof. Gordon , of King's College, a specimen of Ceylon graphite, 

from which, by careful dissection and picking out, I obtained a few crystalline 

fragments which, though very far from perfect, were sufficiently so for my 

purpose. 

The method of analysis employed was that of the rotating crystal with 8 

c oncentric cylindrical film. The actual apparatus is shown in the diagram, 

fig. 1. The rays from the X-ray tube (of the Shearer� type, with copper 
anticathode) passed through the brass tube A, through the two diaphragms 

B B/, which were either holes or slits, and fell upon the rotating crystal C. 
The crystal was mounted on a goniometrical holder, such as that described by 
Bragg. ** The diffracted rays fall upon the film, which is placed on the inside 

of the small cylindrical brass camera, D. A small camera, radius 2·25 em., 

was used, because the imperfections of the crystals prevented any very sharp 
* 'X-Rays and Crystal Structure,' 4th Ed., p. 131. 
t 'Sitzungsberichte, MUnch.' (1914). 
t ' Physical Review,' vol. 10, p. 661 (1917). 
§ 'Physikalische Zeitschrift,' vol. 18, p. 291 (1917). 
II 'Roy. Soc. Proc.,' A, vol. 102 (1922). 
� 'X.Rays and Crystal Structure,' 'th Ed., p. 33 . 

•• 'X-Rays and Crystal Structure,' 4th Ed., p. 20. 



The Structure of Graphite. 751 

reflections, and a larger camera would have decreased the intensity without 

adding to the accuracy. 

100 

Vi 
C S' A l� 

V :: • 0 w 

[: 0 � 
- N_ 

c P 
I I 

FIG. 1. 

Theory. 

The theory of the method is much simplified by the use of polar co
ordinates 1, X, 4> (see fig. 2) (X is measured from the equator and takes the 

place of 0, as the latter is reserved for the glancing angle). Take the axis of 

rotation of the crystal as the axis X = 7t/2. The incident beam, supposed 

perpendicular to it, as X = 0, cfo = O. Let the incident ray of wave-length A 

impinge upon a crystal plane of spacing d, the normal to which makes an 

angle (X with the axis of rotation. In general, at some point of its revolution, 

this plane will come into position where it reflects the incident beam. Its 

normal then makes with the incident beam an angle 7t/2 + (), where () is given 

by the familiar formula sin () = lj2d. 
The reflected beam makes an angle 2() with the incident beam and its X 4> 

co-ordinates are given by the two formuloo 

cos X cos cfo = cos 2(), sin X = 2 sin () cos (X. 

From these equations it can be seen that if X and 4> are one solution corre
sponding to fixed values of () and a, so are X and -4>; and as the plane a 

is indistinguishable from that 1t - a. The values - X, 4> and - X, - 4>, also 



752 J. D. Bernal. 

satisfy the equation. The reflecting position is, in general, reached in four 
positions of the plane giving four reflected directions, symmetrically Watri-

FIa. 2. 

buted about the equator and the plane containing the incident ray and the 

axis. If sin () cos a > I there is no real value X' cf> that can satisfy the equa

tions. No reflection is therefore possible. This occurs for small spacings 

and planes nearly perpendicular to the axis of rotation. If a = 0, i.e., the 

plane is parallel to the axis, X = O. There are only two reflections, both in 
the equatorial plane. 

Now consider a cylindrical film of radius a. The reflected ray meets it 

at the point a/sin X, X,�. If the cylinder is flattened out the zy co-ordinates 

of this point referred to axes in, and perpendicular to, the equator 

are x = a cf>, y = a tan X. That is, by measuring the co-ordinates of the 

spots on the film we can obtain X and cf> and thence () and a. 

These calculations are, however, rather laborious, and the procedure can be 
simplified by a graphical method. Actually z and y were calculated for a 

cylinder of 10 ems. radius, and for every five degrees in the values of () and a. 

These were plotted and the curves () = const and a = const drawn for every 
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five degrees. The first set are, of course, the familiar Debye curves; the 

eeoond resemble lemniscates in form. (See fig. 3.) The films were projected 

on to this chart with suitable magnification, and 8 and a read 011 directly to 

an accuracy of about one degree. I 

FIG. 3. 

Two photographs of a crystal in different settings are theoretically sufficient. 
to account completely fO,r its structure, but to avoid complications these 
settings are so chosen that the axis of rotation coincides with some important 

axis of the crystal, and preferably in turn with two axes at right angles . The 
same planes can always be identified in the two photographs from the fact 
that they have the same spacing. Allowance has, however , to be made for 

planes belonging to the same form, and this is usually e1lected by the setting 

of the crystal, in which the spots due to such planes are made to superpose 

their effects. From the two values alJ a2 of the inclination of the normal 
of the plane to the axis, the position of the plane relative to the axes can be 
caloulated, and from two pairs of such values the angle between the two corre

sponding planes in the crystal can be found. It is easier, however, and for the 

purpose quite accurate enough, to prepare from the measurements a stereo

graphio projection of the crystal in the manner described below. 

Let the primitive be chosen to include the two axes of rotation 1 and 2 
(see fig. 4), the poles of which are at Al and A2• About Al and A2 describe 

email circles of angular diameter al and ai' 

3 G 2 
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Where they meet is the projection of the plane. In this way the whole 

stereographic projection may be mapped out and from it the symmetry and 

.FIG.4. 

axial ratios of the crystal determined. The case is much simplified when the 
axes are at right angles. Here one axis may be taken as the axis of the primi

tive and the other to lie in it. 

Experimental Procedure. 
The first requirement is a single crystal, or one approximately so; that is. 

a. crystal one of whose constituent pieces is so much greater than the others 

that the spots on the plate due to it can easily be separated. To secure this 
several crystals were mounted in turn in an arbitrary manner and photographed 

with relatively short exposures. Most were found to give a great number of 
spota due to the cleavage plane, such as photographs, and were consequently 

rejected. At last one was found which gave an intense single spot rellection 

with a much fainter halo and subsidiary spots. This crystal was used in most 

of the subsequent work. It will be referred to as crystal I. The crystal was a 

small fragment of a cleavage plane, of irregular outline and fairly thick as 

graphite crystals go. (See fig. 5.) It was first set with its cleavap plane 
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perpendicular to the am, giving photograph No.1. The peotograph sh�ws 

eleven principal planes (not counting the arc of the cleavage powder and the 

vertical brush due to reflections of white radiation by the cleavage plane). 

FIG. 5. 

The values of (J and at for each of these are shown in Table I, together with 

the calculated values on the basis of the Hull lattice. 
This photograph is in itself sufficient to determine the graphite lattice, on 

the BOle aaaumption that it has a trigonal or hexagonal symmetry, for it shows 

reflections of planes at the spacings and angles demanded by the Hull lattice 

(see Table I), whereas, according to the Debye and Scherrer lattice, for instance, 

the spacing of the (0110) planes should have been one-third of that which 

appears on the plate. 

The crystal was then turned through 90° and another photograph taken. 

Here the normal to the cleavage plane is in the equator, and it was seen that 

the planes 1011, 1101 and other planes in that zone gave reflections near 

each other, showing that the 1210 and IT20 zones are nearly, but not quite, 

at 300 to the axis. The angle of mis-setting is 8°, but the method gives no 

hint of which sense this mis-setting is in, so that the next photograph, where 

the crystal haa been turned through that amount, shows that it haa only made 

things worse. However, in the next (No.2) the final result is achieved, and 

the crystal is now set with the zone 2110 parallel to the axis. 

This photograph shows a large number of planes , the most important being 

those in the equatorial zone. The definition is sufficiently good to be able to 
measure 11 planes in this zone, and thus to estimate their spacings to within 

1 per cent., i.e., nearly &8 accurately &8 Hull's measurements, and at the same 

time to leave no possibility of doubt in the great majority of cases &8 to the 

indices of the plane dealt with. In Table II a comparison is given between 

Hull's spacing and th'ese, and the agreement is excellent. In the same table 

there are also given spacings recalculated. from Debye and Scherrer's measure

ments, taking some lines given &8 � lines as a lines and using a more correct 

value for A K. Cu. This procedure gets rid of some of the most glaring 
differences; but there are some lines, notably. those at spacing 1·48, 1·21 
and 0·92, whioh oannot be accounted for, either as a or &8 � lines. All of 

these linea are marked weak and may conceivably be due to some impurity. 
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By turning tbe crystal through 30° the 211n zone is brought into the eq-. 
torial plane. The photograph taken in this position shows these reft�, 
but, unfortunately, showed at the same time that the crystal was not a simple' 
one, but consisted of two crystals having the cleavage plane in common but 
turned through about 28° with respect to each other-probably twins. There 
is, however, no difficulty in separating the spots due to the main crystal, and 
the values of () and 0(2 are given in Table I.  

Subsequently other photographs have been taken with crystal II (No. S). 

This had the advantage of not being twinned and, as it was larger than orystal I, 
of showing up faint spots better. The results from these photographs are 
incorporated in Tables I and II. 

It can be seen from the tables that of the 25 planes that can reflect copper 
rays only four have been unaccounted for, and all of these are planes of high 
indices. 

2110 

FIo. 6. 

All these measurements are relative to the cleavage spacing, the four ordell 
of whose reflections calibrate the photograph. It is di1Iicult to obtain a � 
value of the radius of the film, &8 it is a duplitised one, and its thiolmela aDd 
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that of its paper envelopes are commensurate with that of the camera 

itself. 
The values of aI' a2, a3 observable on the photographs are combined to give 

a stereographic projection of the crystal in the manner described above. This 
is shown in fig. 6. It will be seen that the points lie as closely as might be 

expected to their calculated position. 

Measurements by the Ionisation Spectrometer. 
Once the crystal can be set up so that an important zone lies in the equatorial 

plane, the crystal holder can be removed as one piece on to the table of the 

ionisation spectrometer. 

Mr. Astbury was kind enough to make some measurements of the crystal 

set up as for photographing, i.e. with the zone HI n in the equatorial plane. 

He was able to detect three orders of the cleavage plane and also the plane 

0111, the angle between it and the cleavage plane being measured and found 

to be 72° 30' as against 72° 44' calculated. Mr. 'Vood also, using a larger and 

more imperfect crystal, observed three orders of the cleavage plane, giving 

a spacing of 3·41 A. U. These measurements will be referred to again in the 

discussion of the intensity questions. Subsequently Miss Yardley, using 
crystal II, was able to measure five orders of the cleavage plane reflections, 

giving a mean value of 3·41 A.U. 

Laue Photograph Measurements. 
Mr. Astbury has very kindly taken four Laue photographs of graphite: 

(i) with crystal II, No.4; (ii) with crystal IV, which was unfortunately destroyed; 

(iii) with crystal V; and (iv) with the thick crystal VI. In all cases the cleavage 

plane is perpendicular to the beam, and the distance between plate and crystal 

was 2 cms. All t.he photographs are similar in that they show prominent spots 

due to the 0111 planes, and fainter ones, due to the 2112. These spots are 

reduplicated on all the plates except one, on account of the twinning to be 

discussed in a later paper. Besides these spots there are others which from 

their position and appearance must be referred to distorted portions of the 

crystal. All the photographs show the hexagonal symmetry. 

The large size of the spots, due to imperfections of the crystal, did not permit 
of accurate measurements. The values of the axial ratio as calculated from 

photographs (i), (ii), (iii) and (iv) are 2·65, 2·64, 2·63, 2·60. The value from 

other measurements is 2·77. 
Ewald's Laue photograph of graphite taken in 1914 shows a very similar 

appearance, but it was obviously taken from a better crystal than any at my 
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disposal. He referred the crystal to different axes, but re-calculating his 
results gives an axial ratio of 2·79, much closer to the other values. 

Fundamental Lattice. 
All the measurements from the photographs agree with the lattice suggeaW. 

by Hull, namely, a hexagonal lattice, with length of side of elementary triangle 
2·4 A.U. and of height 6·8 A.U. This lattice is shown drawn to scale infig. 7 . 

------ . " -- � r� -�� 

, 

-'" � " � ----
FIG. 7. 

To determine the dimensions of this lattice better than could be done by the 
small circular camera employed, the crystal (in this case crystal II) was mounted 
on a Miiller spectrometer, so that the OlIn zone was in the equatorial plane. 
Three spacings were measured, 0002, 0110, and 0111. The last two gave 
rather wide bands even with fine slits, but their spacings could be measured to 
an accuracy of 1 per cent., while the cleavage plane, which gave sharper reflec

tions, could be measured to an accuracy of 1 per cent. 

The spacings are :-0002 3·40±·01 A.U. 
0110 2·13±·02 A.U. 
0111 2·02±·02 A.U. 
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Taking account of the other values of the cleavage-plane spacing, which are all 

over 3·40, we may take it as 3·41. From this and the values of the other 

two � spacings we arrive at two values for the base length of the elementary 

triangle, 2·46 and 2·44. We may, therefore, take as the dimensions of the 

cell of graphite at ordinary temperatures and pressures :-

Height .. 6·82± ·04 A.D. 
Length of sides. . '.. � . 45 ± ·03 A.l7. 
Axial ratio, c : a 2·77 

Measurements on Artiftcial Graphite. 
Through the kindness of Mr. Robert Lennox, of the Lennox Foundry 

Company, London, I have been able to obtain crystals of artificial graphite 

which occur loose in pockets in the heads of certain silicon-steel castings. 

These crystals, while much smaller than the natural crystals employed, were 

large enough to give photographs by the rotation method, showing four of the 

most prominent graphite planes in identical positions to those of the natural 

graphite. A comparison photograph, in which a flake of natural graphite was 

mounted side by side with one of artificial graphite in a Miiller spectrometer, 

showed that the cleavage spacings of the two forms do not differ by as much as 

0·3 per cent. We may, therefore, assume that artificial and natural graphite 

are identical in structure. 

Position of the Atoms. 
The volume of the unit cell of graphite is 

6·82 X 2·451 X 3/2 = 35·5 A.V. 
The specific gravity of graphite is 2·2. If there are N atoms of weight 
12 X 1·66 = 20·0 A.D. per cell; then 

20.N = 35·5 X 2·2 = 78. N = 4. 
There are four atoms in the unit cell. The distribution of the four atoms in 
the cell can only be determined on the basis of the intensities of the reflections 

from the various planes. 
The most important plane, and the only one from which quantitative inten

sities have been measured, is the cleavage plane. The spacing for this plane 
is 3·41 A.U. half the height of the unit cell. This shows that in each cell the 
four atoms must have heights, 0, t/2, i, 1 + t/2, above the basal plane of the cell 
(these heights refer to fractions of the actual height of the cell). If we con
aider only half the cell it is clear that the atoms must lie in two planes, the 
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basal plane and one at a so-far indeterminate height t above it. To estimate 
this height we have the intensities of the successive orders of reflection from 
the cleavage plane. The results of the various measurements are given in 
Table III. Those of Miss Yardley are the most complete, giving as far as the 
fifth order. The ionisation spectrometer measurements agree fairly closely 

with each other, and the photographic measurements bear them out as far 

as they go. In order to obtain higher orders photographically, I used both 
a molybdenum and a silver anti-cathode, but in neither case could any order 
higher than the fifth be detected. 

In comparison with the observed values are shown the intensities calculated 

for various values of t ;  0, Jr, t. The intensities are given between rather 

wide limits, the upper being based on the behaviour of the diamond, the lower 
on the theoretical decrease with cosec2 8. It can be seen that none of these 

calculated values fit the whole of the observed values; for instance, t = t 
fits the observations fairly well until the fourth order, after which it gives too 
high values, whereas t = 0 is consistently higher than the observed values. 

The fact that only on the latter hypothesis each order is weaker than the one· 

before it is very strongly in its favour, and the more rapid faJUng-off of the
intensities of the successive orders may well be accounted for by the following 
considerations. In fig. 8 curves plotted from Miss Yardley's results are given. 
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The vertical seale of the third, fourth and fifth orders is shown multiplied 

ten-fold, but the horizontal angular scale is the same for all, and it can be seen 

that the breadths of the peaks, instead of increasing with the higher orders 

as they would in a more perfect crystal , actually decrease. The explanation 

of this is that the reflections from the small crystals nearly coincident with 

the main crystal contribute to the large peaks of the first orders , but in the 

higher orders, where the peaks themselves are small , their effect is lost in the 

general white radiation. At the same time the imperfections of the crystal 

probably abolish that extinction efIect which in the diamond reduces the 
intensities of the first ord.ers. (Another but more speculative cause for this 

apparent rapid falling-off of intensity will be dealt with when we consider 
the positions of the electrons . ) If we assume that the first of the above causes 

is alone operative, it can be allowed for by multiplying the heights of the peaks 
of the ionisation curves by the corresponding order, and taking the result as 

the true measure of intensity. The results taken from Miss Yardley's measure

ments are given in the table, and will be seen to agree much more closely 
than any of the others with the theoretical values. 

Returning now to the interpretation of the intensities, we see that there 

is a fairly strong probability that all the carbon atoma lie in the basal planes 

of the cells, and that it is almost certain that half of them do not lie at a 
• 

distance more than one-ninth of the cleavage spacing from the plane containing 

the other half. 

Whatever the actual symmetry of graphite is, it certainly has a trigonal 

axis perpendicular to the cleavage plane. This ensures that all the atoms 

Flo. 9. 
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must lie either on the axes through the points of the lattice or on axes p888iDg 
through the centres of the triangles of the hexagonal net (the points A, B, 
C in fig. 9). Any other arrangement would either not give trigonal symmetry 
or would lead to more than four atoms in the cell. 

We may now consider the evidence of the intensities of reHection from planes 
of the type 2ITn. The graphite crystal must, in conformity with what has 
been said above, present the appearance of fig. 10 when viewed along the 

. ----cb----· ----
I 
I 
I 

-l- - --

FIG. 10. 

common axis of these planes. (In this figure, and in figures 11 and 12, the 
white circles represent the positions of atoms governed by the undetermined 

parameter t, drawn for values of t = } and t = 0.) It will be seen at once 

that the planes for which n is odd are halved. Of the planes of even indices 
four appear on the photographs: 2110,2112, 2IT4, and 2116; the others are 

beyond the range of copper rays. All these planes give strong reHections. 

Debye and Scherrer also mark them all as strong; Hull, however, gives the 
intensities as 35, 50, 15, 2. A plausible explanation for this disagreement 

is given by the following considerations, to which sufficient notice has not 

always been given. In the classical expression for intensity 

N2AI 1 + cos220·'e-Blln2' r� dV 
sin 20 2 ",.,,2e' 

the term . 1 f) is not generally taken into account, and qUite rightly, since 
sm2 
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it only makes a small difference in the result if the glancing angles are small, 
that is, if hard rays are used. But Debye-and Scherrer used copper rays and 
a camera of a circular kind, in which the values of 8 approached ISO, which 
vastly increased the intensity of the reflected beam in these cases. This 
effect is very noticeable on Debye photographs of nearly all substances; the 
circle surrounding the opposite point of entry of the X-ray beam being nearly 
as intense as those surrounding the central spot. The effect is also noticeable 
in my photographs, notwithstanding the fact that the spots are very much 
spread out, owing to the large geometrical dispersion and distortion in his 

part of the field. 
To avoid the difficulties these considerations entail it is best to compare 

only the intensities of points in the same part of the field. Judged in this way 
the 211" planes still give strong reflections, or at any rate there is no marked 
falling oft. Theoretically the intensities of these planes should be affected 
in the ratio of 1 : 1 + cos 27tt : 1 + cos 47tt : 1 + cos &tl. 

If t = t this would be 1·0 : 1·76 : 1·17 : 0·5, and 2IT6 would only be one
third as strong as 2112, which would be quite sufficient to show photographically. 

A fortiori, if t = f, as Hull's model makes it, the effect would be llnmistake
ably present. It is only on the assumption that t = 0 that 2T12, 21T4, 21T6 
would all give the same intensity. Thus the evidence from the 21T" planes 
corroborates that obtained from the' cleavage plane. 

We have shown that the four carbon atoms can only lie on three axes in 

the cell (the axes marked A, B, C in fig. 9), and that their heights above the 
base of the cell are 0, t/2, i, i (1 + t). If we place the first atom on the axis A 
and at height 0, we have to find how to place the remaining three atoms. 
Consider the atom at height t/2, it might be placed on axis A or on axis B or 
C. There is a good reason why: it should not lie on A. The distance between 
the first two atoms would then be less than 1/9 of 3'41, 0·38 A. U. ; i of the 
diameter of the carbon atom and much smaller than the diameter of any 

atom. We muSt therefore place the second atom on the axis through B or 
C, which of the two is immaterial. 

The third atom, height i, may now be placed on A, B or C-there is nothing 
80 far to say which-and the fourth, height i (1 + t), on any axis on which the 

third is not placed. H the third atom is placed on A the fourth can only be 
placed on C; to place it on B would be to repeat the arrangement of the first. 
two atoms and thus halve the height of the lattic�. If the third atom is. 
placed on B the fourth can only be placed on A, because the fourth atom must 
be related to the first of the cell above, as the second atom is to the third p 
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otherwise the perfect halving of the basal plane could not be maintained:1 
to place the third atom on B and the fourth on C would upset this re1ll.tion. 
Similarly, if the third atom is placed on C the fourth must be on B; but this 
arrangement is essentially the same as the one first mentioned, with B in the 
place of A, so we are left with only two possible struotures, shown in 
figs. 11, 12. 

-
OliO 

A B C C A 

FIG. 11. 

To distinguish between them we have the intensities of the planes of the' 
type 011 n. The appearanoe of the two structures (whioh we will oallstruoturee 
I and II), viewed along their common axis, is shown in figs. 11 and 12. As 
oan be seen, the structure II would degenerate into one with ha1f the lattice 
height if t = 0, but this we are not yet justified in &88UJDing. If we calculate 
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the ratios in which the reflection intensities of various planes of the type 01 In 
would be affected by interleaving in each of the structures we get:-

When nis odd 
When n is even 

ouo 
A S 

For Structure I. 

-Per 
tr + i sinll (nt7t) 

-

011'2 
A 

FlO. 12. 

For Structure II. 
t sin' 1 (nt7t) 
1 C082 1 (nht) 

A 

Now t > 1/9, so that the reflections from such planes as 01 II, 0113, should 
according to model LI be very small, much less than those of 01 TO and 01J2. 

The observed intensities show unequivocally that the reverse is the case. 

0111 gives a very strong reflection indeed, the next after the cleavage plane in 
fact; 0113 is also strong; while both 01 TO and 01 T2 are distinctly weak. 

Structure II must, consequently, be rejected without further consideration. 
According to model I, on the other hand, all planes such &8 01 T1, 0113,0115, 
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01 T7,  should be equally afiected by interleaving ; this is bome out by � 
photographs, which show no marked difierence in intensities. On the othe 
hand, the reflections from the 01 T2n planes should, except when t = 0, increue 
in intensity with n in a rapid manner. The photographs do not show such an 
increase and the intensities are less than those from the 01 T (2n + 1 )  set. Thia 
enables us to fix an upper limit for t. The reHection from the 0117 plane is 
certainly stronger than that from 01 16 (it is probably more than twice as strong). 
From this we have the inequality :-

/, > "* + i sin2 3nt : 
sin2 3:n:t < 1 
I sin 3m l  < i 

3nt < n/6 
t < iiT' 

This limitation of t is much more rigid than the two previously employed. The 
comparison between the reflections of the odd and the even planes avoids all 

the allowances for the angle of reHection, the absorption, or any of the general 
factors which affect intensity. 

It may be seen that none of the results, except that from the ionisation 

spectrometer, suggest that t =1= 0 ;  and this method, without the allowances 

suggested, would equally disagree with any other value of t < -h. 0 is a much 
more probable value than any fraction < T\;, particularly for reasons of 

symmetry, and we may therefore adopt it without much fear of error. 
In this way the structure of graphite has been completely determined. The 

model arrived at is shown in fig. 13.  It may be described as follows :-

The atoms of carbon in graphite lie in planes in which they form nets of 
hexagons. These nets are in successive planes, superposed so that half the 

atoms in one net lie normally above half the atoms of the net beneath, while the 

other half lie normally above the centres of the hexagons of this net. Alternate 

nets lie atom for atom normally above each other. The symmetry of graphite 

is hexagonal holohedral, belonging to the space group J)leb' It will be seen 

that this model, while it accepts Hull's lattice, has the carbon atoms arranged in 
plane nets, as in the model of Debye and Scherrer, so that it agrees and disagreee 
with both equally. 

The model put forward, though fairly well established by X-ray data, is 
open to objections on physico-chemical grounds. The first and most obvious 
of these is that the atoms are actually closer together in the hexagonal nets of 
graphite than they are in diamond, their centres being 1 · 42 instead of 1 · 63 A.U. 
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apart. This should not be surprising, as in the absence of other carbon atoms 
in the immediate vicinity the atoms in the rings might be considered to draw 
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closer together than they do in diamond . The great difference between the 
mechanical properties of graphite and diamond (hardness, flexibility, etc . )  is 

due to the fact that the atoms are linked closely in a two-dimensionai llet in 

the former and in a t,hree-dimensional lattice in the latter, and, in fact, graphite 

exhibita in the plane of the cleavage sheets considerable hardness and tenacity. 

Another objection is that the carbon atom in the structure proposed would 

lose that tetrahedral symmetry so well exhibited in diamond and in organic 
substances. This is inevitable in any explanation of graphite structure. The 
relatively large gap between the carbon atoms in succe88ive cleavage planes 
can only be explained by some virtual extension of the carbon atom along one 

axis, thus destroying ita tetrahedral symmetry. 

The t� objection is one which was urged against Hull's structure and which 



7 6 8  J .  D .  Bernal. 

applies in a lesser degree to the one proposed. It is that it  makea the carbon 
atoms fal l  into two classes. It can he seen from fig. 13 that the carbon atome 
at A and A' a re geometrically differently placed than those at B and C. This 
is undeniably displeasing to our sense of the homogeneity of elementary 

substances. However, this difference is not very great. In fig. 14  we see 

c 

s 

�·IO. 1 4. 

the arrangement of the neighbours of a carbon atom in an A and B position ; 
in both cases the immediate neighbours are three atoms in the equatorial plane 
at a distance of 1 · 42 A.V. The next nearest are, in the cage of an A atom, 
two atoms all the vertical axis at a distance of 3 ' 41 ,  and six symmetrically 
distributed about it at a distance of 3 · 70 A.V. In the case of a B atom there 
are 1 2  at a distance of 3 · 70 A.V. It is probable that an atom loses most of 
it" directive attraction at distances as large as 3 · 4  A.V. , and the resultant 
non-directive forces must be very much the same in both cases , so that it must 
be nearly an indifferent matter whether a carbon atom takes an A or B position. 
This is borne out by the twinning and glide planes of graphite, in which inter
changes of A and B positions take place. 

The proposed structure fits in well with the later ideas of Bohr on the 
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!etncture of the carbon atom. Instead of the four L electrons being distributed 

in 21 orbita whose planes intersect at the tetrahedral angle, he now postulates 

u the more stable form an atom with only three 2.  orbits and one 21 orbit . 

This form would possess trigonal . symmetry only. Such atoms would fit 

very naturally together in the graphite nets, giving the appearance of fig. 1 5, 

FIG. 15. 

the orbits being seen· edgeways. The fourth L orbit is not shown , it being 
doubtful in what form it would persist in the solid, but the existence of such 
a loosely bound electron would explain at once the relatively large distance 

between successive planes of atoms and would help to account for the rapid 

falling-oft of the intensities of the orders of reflection from this plane. It 

would also explain the metallic properties of graphite, such as its thermal 

and electrical conductivities and its very high absorption of light. A test for 

this hypothesis would be a determination of the resistances of graphite crystals 

in different directions : it would be expected that the resistance would be 

much greater across the cleavage layers than along them. It is hoped that 
experiments at the Cryogenic Laboratory at Leyden may clear up this point. 

Diamond may be considered to consist of atoms with four 2 1  orbits, and 

this would explain both its higher symmetry and its non-metallic qualities .  
The orbits in diamond would thUB suffer more mutual screening action than 
those of graphite, and might consequently be expected to be larger ; this would 

explain the closer packing of the graphite nets. The existence of two forms 

of carbon atom in diamond and graphite, analogous to the two forms of helium, 

may tend to explain the extreme difficulty of converting graphite (obviously 
the more stable · form) into diamond, in a way that no mere difference of 

arrangement of similar atoms could do. 
The chemical bearings of the structure of graphite are still obscure ; strictly 

BpMking, its elucidation throws no new light on the vexed question of the 

plane or puckered benzene ring. Before turning carbon in any form into 
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any organic substance in any ordinary way, such high temperatures are used 

that the structure is completely broken up, and we have no more reason for 

assuming that the Bat ring of graphite should persist rather than the puckered 

one of diamond. 

There remains, however, one avenue along which the transition is more 

gradua1. Gaubert,· in his investigations of the optical properties of graphite, 

observed its change into graphitic acid under the microscope, and remarked 

that the crystals of the latter retained the orientation of the original graphite 

crystals. It is hoped in the future, by X-ray investigation of the transforma

tion graphite-graphitic acid-meIlitic acid, to relate the structure of graphite 

to that of the benzene ring. 
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Su'mrnary. 

The structure of graphite has been examined by the method of the rotating 

single crystal. Sufficient evidence has been found to establish the lattice 

proposed by Hull rather than that proposed by Debye and Scherrer. This is 

confirmed by measurements by the ionisation spectrometer and from Laue 

photographs. The structure has also been completely determined. It is 

essentially that of Hull, but with all the carbon atoms lying in the cleavage 

plane, as in the Debye and Scherrer model. 

Table I. 

1 2 3 

lices of 
Rotation Axis 0001. Rotation Axis 2110. Rotation Axis 01 to. 'lane. 

8 (obs.) 141 (obs.) 1"1 (cal.) 8 (obs.) I al (obs.) I CLl (cal.) 8 (obs.) 1"3 (obs.) I "3 (cal.) 

° , ° , ° , 0 
0 00 0 00 

I 
1°3 0 ° 

0 ° I 
0002 0 13 0 DO 90 0 

"'" 

e (4 

0 
13 

0004 0 27 0' 90 0 90 0 27 10 90 0 90 0 26 
0006 0 43 0 90 0 90 0 43 15 90 0 90 0 41 
0008 0 63 0 90 0 90 0 65 30 90 0 90 0 '" 

0110 21 0 90 0 90 0 0 
1010 21 0 00 0 00 0 21 30 29 30 30 0 21 30 159 0 60 0 

21, 
noo . 

• Loc. cit., p. 1. 
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Table I-cont'inuecl. 
1 

Rotation Axis 000 1 .  

, (obs. ) 1 111 (oba. ) I 111 (cal. ) 

0 I 0 I 0 . 

22 25 73 30 72 44 

25 1 5  59 0 5S 8 

30 0 48 30 ; 47 0 

. 

- - , 00 0 
46 82 30 8 1  1 2  

- - 72 44 

52 30 64 30 65 0 
58 8 
52 1 5  

38 45 90 0 00 0 

42 0 7 1  0 70 13  

5 1  1 5  58 0 50l 1 5  

72 30 1 90  0 90 0 
72 45 84: 0 84 0 

2 

Rotation Axis 2 1 10. 

(J (obs.) ! � (obs.) 1 "!! 
(cal ) 

0 I 0 I 0 '0 22 40 00 0 90 
22 1 5  34 0 34 1 2  

- - 90 0 
25 5 40 10 42 3t; 

29 40 90 0 90 0 

29 45 48 0 50 36 

- - 00 0 
- - 57 3 

4 1  0 90 0 90 0 

42 0 6 1  0 62 0 

50 0 90 0 00 0 
50 30 66 0 66 22 

60 1 5  90 0 90 0 

60 0 68 30 68 45 

76 0 00 0 00 0 
- - 7 1  6 

- - 00 0 
- - 90 0 

50 0 90 0 90 0 

52 35 00 0 00 0 
- - 00 0 

64 30 90 0 90 0 

0 
39 0 50 0 60 0 

20 47 
42 0 6 1  0 6 1  5t  

35 45 
50 30 66 0 6(j 0 

47 1 1  
65 30 70 30 70 4 

- - -

- - -

3 

Rotation Axis 0 1 10. (J (cal . )  

8 (obs. ) I "s (obs. ) I "11 (cal . )  

.., I 0 , ., 16 I 0 . I i  
22 0 62 30 6 1  28 22 20 

25 0 34 0 3 1  52 
25 0 66 0 H4 50 25 30 

30 0 45 0 43 0 
2U 0 iO 20 US 30 29 36 

- - 5 1  1 2  
7 1  42 36 0 

- -

42 0 59 0 • 58 1 5  
4 1  30 76 0 74 1 6  42 6 

- - 6 1  48 
76 1 8  50 6 

- -

6 \  0 6i 0 65 19  
58 0 79 0 77  54 60 36 

- - 68 6 
79 1 2  77  0 

- -

- - - 46 50 
- - - 47 50 
- - - 49 50 
- - - 53 30 
- - - 59 0 
- - - 67 0 

39 0 90 0 00 0 
39 0 

42 1 5  \cK) 0 no 0 
42 0 

50 1 8  90 0 00 0 
5 1  0 

67 0 90 0 90 0 
67 30 

- - - 1 74 1 5  
- - - 75 40 
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Table I I .  

I::ipacings. Intensities. 

J nd iccs of -

RI.>flecting Obflerved by Esti· 
Esti 

Plnne.  Observed . Observed Debye and Calculated . Estimated . mated 
by De 

by Hul l .  Scherrer by Hull. and 
( recalculated) . Seh 

Ionisation I 
C)ea" agc 

spectro meter \ 
measure· • plane. As�umed . mentE. I n 002 3 · 4 1  3 · 3i 3 · 36 3 · 4 1 I 1 00  1 00  St 

0004 1 · 7 l  1 · 69 l · iO 1 · 7 1  St 1 3 3 m 
0006 1 · 1 4- . . . . 1 · 1 3 1 · 1 4 S-m 2 · 5 W 
0008 O · S;"' . . . .  0 · 85 1  0 · 85 S-m 0 
Znne ObserH'd . 

Order of O U It 1 intensity. 
H I  TO 2 · 1 3 2 · 1 1  2 · 28 2 · 1 2 m (5) 30 VW 
0 1  T 1  2 ' 00  2 · 03 2 ' Olj 2 · 03 St ( 1 )  60 St 
O I T2 1 · 71) 1 · 8 1  l · i6 1 · 80 In (6)  1 m 
O l J3  1 · 55 1 ·  541 I · Olj 1 · 55 St (2) 2 m 

1 · 48� S-m 
0 1 14 1 · 35 . . . .  J · 3 1  ? 1 · 33 VW ( i )  VW 
0 1 1 .5 J · 1 5 . . . .  J · 2 1 1 · 1 4 S-m (3) VW 
O l lij ) · 0 1  ? 0 · 9nO 1 · 0 1  l '  J · 00 VW (7 ) 
O U i  

(2IU) 
0 · 888 . . . .  0 · 865 0 · 88 S-m (3) VW 

O t Is 0 · il)4 ? . . . .  O · iH 1 I 0 · 79 VW 1 ( 9 )  
Zone I 022 11 , I i 
02�0 - I I 1 · 06 . . . .  

022 1 ) · O() } · 05 1 · 06 ) · 04 W 3 
0222 1 · 00 ? 0 · 990 ? } · oo VW 1 

0223 0 · 95 . . . .  0 · 96 0 · 96 W 

0 · 92 1  
02t.l - . . . .  0 · 89 . . . .  

0225 0 · 84 ? . . . .  0 · 84 W ?  
Zone 
2H2 11 
2HO 1 · 23 1 · 227 ) · 25 1 · 23 S-m (4) 35 St 
2 H 2  I ·  Hj  1 · 1 55 1 · 1 8 1 · 1 5 St ( 1 ) (j() St 
2 I 14 1 · 00 0 · 990 ) · 0 1  0 · 99 St (2) 15 pt St 

2II6  
(0 1 16) 

(2) 0 · 837 0 . 827 0 · 838 0 · 83 St 2 St 
Zone 
1 2an  

1 230 0 · 80 0 · 800 } 0 · i9 ? 0 · 80  S-m } 5 
1 23 1  

I 0 · 79 0 · 800 0 · 80 S-m 
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Table I1 1 .-Cleavage Plane Reflections . 

lot OnIer. 1 2nd OnIer. 1 3rd Ordpr. 1 4tb Order. l 5tb Order. I 8tb Order. I 
100 3 0 

100 16 6 0 

100 1 3 · 5  2 · 4 0 

100 1 2 · 5  2 · 1  0 

100 1 2 · 4  2 · 0  0 · 4 0 · 08 0 

100 33 12  4 · 4  1 · 5 

100 40 � 25 25 � I I  1 5 � 6  -+ 4  -+ 3  
100 26 � I t i I 7 � 3  0 · 5 � 0 · 2  -+ 0 · 1 3 -+ 0 · 8  

I 100 19  -+ 1 2  1 1 . 6  -+ 0 · i 1 1 . 0 -+ O · -t  -+ 2 · 0  -+ 2 t1 

Observoo by 

Hull (pboto< 
metric) . 

Debye and 
Scherrer. 

Astbury. 
Wood. 
Yardley. 

Yardley ( cor-rected). 

Calcu]a ted . 
No interleaving 

t = O. 
Intt'rleaving 

I = � .  
I ntt'rlE'aving 

t = � .  













































THE THERMAL EXPANSION OF GRAPHITE 
FROM 15°c. TO 800°c.: PART I. EXPERIMENTAL 

By J. B. NELSON AND D. P. RILEY, 
Cavendish Laboratory, Cambridge 

(Now at British Coal Utilisation Research Association) 

MS. received 23 March 1945 

ABSTRACT. The variation With temperature of the a and c urut-cell dimensions of 
hexagonal Ceylon graphite has been measured over the temperature range 15°-800° c. by 
the x-ray powder method. At 14°·6 C., 

a=2'4562±0'0001 kx. c=6·6943 ±0'0007 kx. 
The carbon-carbon bond length, 

C-C=1'4210±0'OOOl A. 
The a dlmenslOn shows a shght contractlOn up to about 400° c., a small expansion 

occurrmg above this temperature. The thermal expansion in the c direction is large; 
the average value for a over the temperature range is 28·3 X 10-1 Tlie complex nature 
of the expansion m both directions IS discussed qualitatively. 

§ 1. INTRODUCTION 

A
T U D Y of the thermal expansion of graphite is of interest for two main 

reasons. The first is the need for extending our knowledge of the 
solid state in the field of anisotropic crystals ; the second is the importance 

of precise information concerning the effect of heat on elementary carbon in COll.
nection with the technological processes of carbonization and coking. The 
x-ray method is the only suitable one for an investigation of this character. Other 
methods, the results of which are summarized in § 2, are not able to do more than 
measure the mean linear expansion of the crystal. Such information is of little 
significance thermodynamically, the essence of the problem being the anisotropy 
of the structure. The work reported here shows how valuable a tool x-ray 
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diffraction methods can be in measuring the effect of temperature on such 
structures. 

§2. PREVIOUS WORK 
Previous x-ray work comparable to ours has been carried out by Backhurst 

(1923) in the course of an investigation of the variation in intensity of x-ray 
reflections with temperature. He measured with the ionisation spectrometer 
and molybdenum radiation the shift of the 0004 reflection (called by him 0001) 
on heating from 17° to 8700 c. In this wayan average value over this range 
of 26·7 x 10-6 was derived for (XII' the . coefficient of linear expansiQn in the c 
direction."*' This value is somewhat lower than the average value of 28·3 x IO-S 
found by us. He did not measure the coefficient in the a direction, (XL, but 
surmised that a contraction and not an expansion might occur. 

Hirata (1931) has investigated the behaviour of carbon in an incandescent 
arc at a temperature of about 4000° c. Even at this temperature, no measurable 
expansioI]. in the a direction occurred, but by observing the shift of the 0002 
reflection (with copper radiation) he derived these average values for (X;; over 
this large temperature range : 

exll = 39·1 x fo-6 assuming a temperature of 4200° c. by measurements of 
surface brightness. 

(XII = 45·1 x 10-6 assuming an average temperature of 3700° c. 

The thermal expansion of graphite has also been measured by various other 
methods, and the following values have been recorded : 

ExpanSlOn coefficIent Temperature Ce.) 

Fizeau (1869) 
7'86 X 10-6 400 
7·96 X 10-6 500 

Muraoka (1881) 3'8 X 10-8 260 to 30r 
Day and Sosman (1912) 0·55 x 10-8+3'2 x 1O-8t 0° to 18000 

Hidnert and Sweeney (1927) 
2·7 X 10-6 200 to 600" 
3 '7 X 10-8 

Edlmg (1939) 
2·34 X 10-6 -1950 to -183° 
6·695 X 10-6 + 20° to +40.0 

Dewar (1902) 7·33 X 10-8 (vol. coeff.) -190° to 717" 

In no case was a single crystal of graphite used. As the specimens probably 
consisted of aggregations of small graphite crystals variously oriented , the values 
can only refer to the mean coefficient of linear expansion a... In a hexagonal crystal 

_ 2 1 
ex = 3'(X.L + 3" (XI 

and, using our data, a..�8 x 10-6 at 20° c. Several of the values are much too 
low and probably refer to the expansion of the aggregated solid as a whole rather 

than to the expansion of the individual crystals. It is interesting that Fizeau, 

* The symbols all and eLl. refer to the coefficients of hnear expansion parallel and perpendicular 
to the hexagonal aXIs 
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who was the first to measure the thermal expansion of graphite in the course 
of his classical researches, was also responsible for the best value of �. 

The work of Erfling requires special comment. Employing an optical method, 
he attempted to measure cx.L by taking care to orient the crystals in the specimen. 
In spite of his precautions Erfling must have been measuring the mean coefficient 
of expansion. His value of 6·695 x 10-6 at 20° to 40° c. is probably a low value 
for ci; it is much too large to be 1X.l, which we have found to be a small negative
quantity over this range. 

§3. APPARATUS 
The camera used was the high-temperature 19 cm.-diameter powder-camera 

described by Wilson (1941). The camera angle Ok for this instrument has 
been carefully determined by Wilson and Lipson (1941). The use of this camera 
in the determination of accurate unit-cell dimensions had been previously investi
gated (Nelson and : Riley, 1945). The method of measuring the temperature 
of the specimen was essentially that of Wilson. We found, however, that the 
melting point of aluminium filings did not provide a satisfactory high-temperature 
calibration as the aluminium reacted with the silica capillary in which it was 
contained. Antimony (Hilger H.S.), with a melting point of 630°·5 C., was used 
in its place. It can be said that the error in temperature measurement did not 
exceed ± 10 c. at the highest temperature investigated and was certainly less than 
this at the lower temperatures. 

§4. PREPARATION OF THE SPECIMEN 
Some difficulty was encountered in obtaining a specimen of graphite which 

combined high purity with the ability to give the sharp diffraction lines necessary 
for accurate measurements. 

An examination of powder photographs of available graphites ( " Kish ", 
Acheson, Mexican, Bavarian, Travancore, Ceylon) showed that the Ceylon 
specimen gave the sharpest lines, although the purity was not of the highest 
(4% ash). It was felt, however, that purification by the usual chemical treat
ments (boiling with NaOH, H2S04 or HF solution) was to be avoided because of 

the ease with which graphite forms complexes which show an appreciably altered 
c dimension. The Ceylon graphite was therefore chosen in spite of its low 
purity. 

After reducing the material to pass a 300-mesh B. S. S. sieve, several silica 
capillary tubes of bore approximately equal to 0·05 cm. and a wall thickness of 
0·003 cm. were filled. It was thought advisable to remove traces of adsorbed 
gases by heating to about 8500 c. during the' evacuation of the filled capillaries. 
However, as soon as even gentle heating was applied to them, the graphite powder 
was completely swept out, presumably by gases released during the heating. 
This made it necessary to heat the powdered graphite in bulk in a large-bore 
(1· 5 cm.) continuously evacuated silica tube. Heating for 30 minutes at approxi
mately 8500 c. was found to be an ample treatment for completely removing 
the gas. Photographs of the graphite taken in an ordinary powder camera 
showed that the only extra lines discernible, besides those due to a small amount 
of the rhombohedral modification of graphite, were those of Fe30, in the heat-
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treated material and hydrated FeJOa in the untreated. It seems fairly certain, 
therefore, that the evolution of gas is connected with the reaction 

3Fe20a + C-+ZFeaO, + CO 

together with the evolution of water vapour. 
No trouble was encountered in evacuating, heating and sealing off the capil� 

laries after heat-treatment. The sealed-off capillary with the smallest bore and 
thinnest, most uniform wall thickness was selected for the exposures, which were 
made in order of descending temperature. Its bore, as measured by a microscope 
ocular micrometer, was 0·048 cm. and the wall thickness 0·0025 cm. 

Subsequent precision measurements of both the a and c dimensions of the 
heat-treated and untreated graphites at room temperature were in excellent 
agreement. It would appear, therefore, that the impurities present (chiefly 
oxide of iron) have no influence on the measurements as they simply form a 
mixture with the graphite itself. 

§ 5. THE X-RAY PHOTOGRAPHS 
X-ray photographs were taken at the following temperatures: 14°.6, 150°, 

300°, 450°, 600°, 700°, 800° c. 
The temperature fluctuation during the exposure was greater the higher 

the temperature, but in no case did it exceed ± 0°'5c. - The photographs were 
taken with unfiltered manganese radiation with exposures of about 200 rna. hrs. 

The high-angle portions of the x-ray photographs are reproduced in figure 1. 
Even a qualitative comparison leads to some interesting conclusions. The 
hkiO reflections (1120 and Z020) do not move with change of temperature, 
while the 0006 doublet moves towards the low-angle end of the film quite markedly 
with increasing temperature. It can also be observed with the hkil reflections 
that as the I index increases (112Z, 1124, 1015), the rate of line shift with tempera
ture also increases. The thermal expansion of the lattice is clearly anisotropic, 
the expansion occurring along the c axis. It should be noted that, at 15° C., 
the 553 doublet of FesO, is practically coincident with the 1124 f3 line of graphite. 
Resolution is effected at higher temperatures due to the different thermal 
expanslOns. 

Another effect which is clearly visible concerns the relative intensities of the 
diffraction lines. The relative intensity of the 0006 reflections compared with the 
intensities of the hkiO reflections (1120, Z020) shows a progressive diminution with 
temperature. This fading of the 0006 line is due to the large amplitude of thermal 
vibrations perpendicular to the layers, and obviously is in agreement with the 
pronounced anisotropy of thermal expansion. The 1015 reflection shows a 
similar effect because of the high I index. 

There are also nine extra lines due to the Fe30, previously mentioned, although 
only one (553 doublet) can be se�n in figure 1. The identity of this compound 
was established by comparison of the interplanar spacings and intensities of the 
lines observed with that of pure FeS04• To obtain the true cell dimensions, the 
calculated apparent length of the cubic unit cell was plotted against the extra-

. 
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temperature and 800° c. films. The results are as follows: 

Temperature (Oe.) a (kx.) 
15 

800 
20 (pure FesO" Wyckoff and Crittenden 1925) 

8·378 
8·475 
8'37±0'01 

Mean linear coefficient of thermal expansion, 14·7 X 10-6 (range 15° to 8000 c.) 

§6. MEASUREMENT OF UNIT-CELL DIMENSIONS AND DERIVATION 
OF EXPANSION COEFFICIENTS 

The best radiation to use (manganese) gives the 2020 �-doublet at f) = 80° 

to 81 ° and the 0006 �-doublet at 0,;:::::; 70° at room temperature. These angles, 
and particularly the latter one, are not as high as is desirable in precision measure
ments, but it is impossible to effect any improvement in this case by change of 
x-ray wave-length. Hence, particular attention had to be paid to the extrapolation 
procedure adopted. 

Work described elsewhere (Nelson and Riley, 1945) has shown that a reliable 
linear extrapolation is obtained down to f) � 30° if the unit cell dimension under 

'd . . I d . cos2f) cos2f) Th d' " conSl eratlOn IS p otte agamst -. 
-f)- + -f)-' e apparent C ImenslOns gIven 

sm 
by the 0004 (f) = 38°·9 at room temperature) and 0006 reflections were therefore 
plotted against this function. A linear extrapolation to f(f)) = 0 gave the c value 
quoted for each temperature. As the extrapolation lies through only two points, 
the accuracy claimed is mainly dependent on the suitabiIi ty of the function of f) 
used in the plot. We have assigned an error of about one part in 10,000 to the 
c values derived in this way. The 0004 lines were accompanied by a weak satellite 
line on all the films. This feature was shown to arise from a preferred orientation 
of the graphite crystals in the specimen. The effect of this on the accuracy of 
the determination of the c dimension has already been discussed (Nelson and 
Riley, 1945). 

In order to obtain the best value for the a dimensions at each temperature, 
the apparent a values derived from the following lines were plotted again st 
cos2 e cos2 f) 
sine + -f)- : 

2020 �l' �2· 
1120 �l' �2,J3. 
1010�, f3. 

At room temperature, the f) values for the 1010 � and fJ lines were roughly 
29°·6 and 26°·6 respectively. We did not assign them much weight in the extra
polation, but they serve to confirm its general trend. The error assigned to any 
given a dimension is approximately one part in 25,000. The refraction cor
rection for a or c is negligible in comparison with the probable experimental 
error. 

The values derived for the c dimensions at the various temperatures are given 
In table 1. A plot of c against temperature gives a smooth curve deviating only 
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slightly from linearity. An expression in t and t2 was adopted to represent 
this curve, and the results were analyzed by the method of least squares. The 
best-fitting relation was found to be 

c = 6.69154 + 180·70 x 10-6t + 12·63 x 10-9t2, . • . . . .  (1) 
where t is expressed in °e. and c in kx. 

Table 1. c dimensions of graphite at various temperatures, in kx 
Temperature Observed Calculated Difference 

(Oe.) ( calc.-obs.) 
14'6 6'6943 6.69418 -1·2x10-f. 

150 6'7185 6.71893 +4'3 
300 6·7474 6.74688 -5·2 
450 6,7752 6.77541 +2·1 
600 6·8046 6'80451 -0'9 
700 6·8240 6'82422 +2·2 
800 6·8443 6'84418 -1·2 

The values of c calculated from this equation are also given in the table. 
The deviations between the calculated and observed values are too large for 
equation (1) to be considered a satisfactory expression. The mean deviation is 
2·4 x 10-4., and c is therefore expressed with an average accuracy of only one part 
in 2800, whereas the observed values themselves are accurate to about one part 
in 10,000. That the assumption of a parabolic expression for c is not j�tified 
is confirmed by examining the variation with temperature of the expansion 
coefficient. Equation (1) leads to the following linear expression for the coefficient 

1 OC 
cell = c' at: ...... (2) 
The straight line of equation (2) is compared with values of cell derived directly 
from the. experimental data in figure 2 . 

.30 

29 

(XII (x 10) 
28 

27 

o 200 400 C 600 800 100 

F1gure 2. Comparison of observed 1111 values with the best lmear representation. 

These values of cell were derived. in the following way. From the values 
el, C2, Cs of the c dimension at neighbouring temperatures tl, t2, ta, two extreme 
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values for �e at the middle temperature t2 were obtained. The mean of these, 
ut 

1 ' de . 
divided by e2, was taken as the best value of IXII = - . A at the temperature t2• 

e u.t 
Owing to the large values of �t involved, this derivation of IXII cannot be very 
accurate and, in particular, it is impossible to judge its course at either end of the 
temperature range. 

It would appear from figure 2, however, that the temperature variation of IXlI 
is of a complex form and is only approximately represented by a linear expression 
in t. A more exact representation is derived on theoretical grounds in Part II. 
The average value for IXII over the temperature range is 28·3 x 10-6• 

The measurements of the a dimension at the various temperatures showed 
that a shrinkage followed by an expansion occurred. In order to check this, 
the films were measured independently by each of us, and the best extrapolated a 
values are given in table 2. 

Table 2 

Temperature a dimensIOns in kx. 
(Oc.) 

14·6 

150 
300 

450 
600 

700 

800 

Measurement A 

2·45626 

2·45575 

2'45570 

2·45577 

2'45574 

2·45607 

2·45613 

Measurement B 

2·45617 

2·45564 

2·45563 

2·45571 

2·45574 

2·45602 

2·45619 

It will be seen that the agreement between the two sets of measurements is 
good. Two further checks were carried out in order to confirm the general nature 
of the effect. 

(a) In measurement A the 8 values for 2020 IX1 at 15° and 300° c. are 80�'419 
and 80°·499 respectively. The difference is therefore 0°·080 which corresponds 
to a line shift of 0·27 mm. This distance lies outside the limits of error in observing 
line positions (± 0· 10 mm. ) . Therefore we conclude that there is a real change 
in angle and a real diminution in the a dimension. 

(b) The measured (j values for the 2020 and 1120 lines were plotted against 
temperature for both sets of measurements, A and B. A general rise and then 
fall in (j was observed, in accordance with the shrinkage and subsequent expansion 
of a. This showed that the extrapolations could not be systematically in error. 

Rough values of the thermal contraction and thermal expansion coefficients 
can be derived from table 2, and are : 

Temperature range 

0° to 1500 c. 

ca. 4000 c. 
6000 to 8000 c. 

1X.l 
-1·5 X 10-6 

o 
+ 0·9 X 10-6 
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The a dimension first contracts and then expands. I t reaches its lowest value 
of approximately 2·4557 kx. at a temperature of about 4000 c. 

The unit cell dimensions at 150 c. are 

a=2·4562±0·0001 kx; c=6·6943 ±0'0007 kx. 
and the carbon-carbon bond length, expressed -in A., is 

C-C = 1·4210 ± 0·000l. 

We found no evidence that the rhombohedral modification of graphite 
(Lipson and Stokes, 1942) has a different thermal expansion from that of the 
hexagonal variety. Our measurements, however, refer specifically to the latter. 

§7. DISCUS SION 
A qualitative explanation of the above results will be given first, in which the 

treatment of Griineisen and Goens (1924) (see also Roberts (1940)) of the thermal 
expansion of hexagonal crystals will be followed. 

Graphite is a perfect example of a layer structure. Each layer consists of a 
very large number of carbon atoms covalently linked to form what may be con
sidered to be a huge polynuclear aromatic macromolecule. Each layer is planar, 
or very nearly so. The carbon atoms within a layer are very strongly linked, 
the C-C distance being about 1·42 A. The bonding between adjacent layers, 
however, is weak, as is indicated by the large interlayer spacing of about 3·35 A. 
It is probable that the interlayer forces are mainly of a van der Waals type, 
although they may not be entirely so. The graphite structure is therefore one 
of great ani�otropy, and this will be reflected in all its directional physical 
properties. 

The elastic deformability parallel to the principal Z axis will be much larger 
than that perpendicular to it owing to the tighter interatomic bonding within 
the layers. This may be written in terms of the elastic moduli as $33 � SI1' 

' 

Under the influence of temperature and of zero-point energy the atoms will 
I vibrate, and the limiting fre

'
quency vmz for vibrations parallel to the axis will be 

much smaller than for those perpendicular to it, vmx' The solid will therefore 
possess two characteristic temperatures defined by these two limiting frequencies. 

where 

'and 

0z= f3vm., 
0x= f3vm:x:' 
f3=� k 

h = Planck's constant, k = Boltzmann's constant 

0x>0z• 
At low temperatures, quantum theory requires nearly all the thermal energy to 
be absorbed in oscillations parallel to the axis because of the low value of E>e 
as compared with 0x. These oscillations will, therefore, have much the greater 
amplitude and the thermal expansion parallel to the axis, OCII, will be appreciable, 
whereas that perpendicular to the axis, OC,l, will be negligible. 

Thus the lattice is effectively being stretched in one direction only and a 
lateral contraction (Poisson contraction), proportional to the modulus $13' will 
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accompany the stretching . At low temperatures, the lateral contraction will be 
greater than the small thermal expansion within the layers, and (Xl. will therefore 
be negative. As the temperature increases, more energy will go into vibrations 
perpendicular to the axis, until a temperature T m is reached when the thermal 
expansion exactly balances the lateral contraction. At this temperature rt.l. = O. 
Above this temperature the thermal expansion within the layers will increasingly 
outweigh the lateral contraction, and (Xl. will be positive and increase with tem
perature. When this is the case an elastic contraction parallel to the axis 
(oc $13) will be contributed, which will have the effect of diminishing the rate of 
increase of (XII and at a high enough temperature may cause (XII to diminish after 
passing through a maximum. The apparent flattening of the curve for graphite 
between 2500 and 4500 c. (figure 2) can be explained in this way. 

Griineisen and Goens (1924) observed with zinc and cadmium similar effects 
to those for graphite but at lower temperatures. Zinc and cadmium are hexa
gonal layer structures but their anisotropy is not so pronounced as that of 
graphite. The data for the metal are compared with those for graphite in the 
following table. 

Tm �x ® 
z 

Cadmlum ca 45° K. 214 160 
Zmc " 800K. 320 200 
Graphlte " 660° K. 2280 760 

The values of e for graphite are those given by Magnus (1923). 
It will be noted that ex for graphite is very much higher than for Zn or Cd 

as is the ratio 0x/0z• It would therefore be expected that T m also would be very 
much higher. Griineisen and Goens themselves suggest, when briefly discussing 
the impl ications of their work in the case of graphite, that this substance would 
have <XL negative up to higher temperatures than does Zn or Cd. 
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EXTENDED DISLOCATIONS IN THE ANISOTROPIC 
ELASTIC CONTINUUM APPROXIMATION* 

G. B. SPENCE 
Research Laboratory, National Oarbon Oompany, 

DiviB'ion of Union Oarbide Oorporation, Parma, Ohio 

(M�U8Cript received September 18, 1961) 

Eshelby, Read and Shockley's theory of dislocations in an anisotropic elastic continuum has been 
applied to dislocations in the basal plane of hexagonal crystals to derive the dependence of stacking 
fault energy 'YP on the width wand orientation with respect to the Burgers vector of extended disloca
tions, on the width and orientation of triple partial ribbons, and on the radius of curvature f" of ex
tended nodes. The effect of "image" forces on the width of extended dislocations near a plane, stress
free surface has been investigated. The dependence of w on depth from the surface has been calculated 
for a 300 extended dislocation and a symmetrical, screw triple partial ribbon in an anisotropic plate. 
A procedure for correcting the widths observed in electron microscopy of thin films is given. For 
graphite the surfaces decrease w by less than 10 % if the plate thickness is greater than 300 A for 
extended dislocations and greater than 1000 A for ribbons, when the dislocations are near the middle 
of the plate. All three methods of determining 'YP for graphite yield results, based on values of w and r 

reported by experimentalists, which are consistent with the value 0.6 ± 0.2 erg/cm2• The reported 
error is only an estimate based on the uncertainty in the values of the elastic constants and differences 
in experimental results. 

I. INTRODUCTION AND NOTATION 

This work arose from the need of formulas 
which are not based on the approximation 
of elastic isotropy to use in the interpreta
tion of electron micrographs of dislocations 
in thin films of graphite. In another paperl 
the stress components of straight disloca
tions in certain directions in infinite crystals 
have been derived by using Eshelby, Read 
and Shockley's2 theory of dislocations in an 
anisotropic elastic continuum. From these 
the dependence of stacking fault energy on 
(i) the width of extended dislocations, 
(ii) the width of triple partial ribbons, and 
(iii) the radius of curvature of a large ex
tended node can be calculated for disloca
tions in an infinite crystal. The effect of 
the stress-free surfaces of an anisotropic 
plate on the widths of 30° extended disloca
tions and of screw triple partial ribbons 

• This research was sponsored in part by the 
Air Research and Development Command and the 
Air Materi8.I Command, United States Air Force. 

1 G. B. Spence, J. Appl. PhY8. 33, 729 (1962). 
2 J. D. Eshelby, W. T. Read, and W. Shockley, 

Acta Met. 1, 251 (1953). 

lying parallel to the plane sides of the plate 
can be determined. These results are applied 
to dislocations in graphite. Numerical 
estimates of the stacking fault energy of 
graphite are made by the three methods 
mentioned above, based on experimental 
information reported by electron micro
scopists. The effect of the stress-free surfaces 
on dislocation widths in graphite is estimated 
and procedures are given for calculating the 
width in an infinite crystal from the observed 
width in thin films. 

Let Cfi be the elastic stiffness constants 
with respect to a set of Cartesian coordinates 
chosen such that the xs-axis is parallel to 
the direction of a straight, infinitely long 
dislocation. The standard elastic stiffness 
constants with respect to the crystallo
graphic axes will be denoted by CO'i. The 
relation between the Cti and the cO'i depends 
on the orientation of the x,-axes with respect 
to the crystallographic axes. A set of elastic 
constants cli for which the only nonzero 
constants are Cn, C12, CIS, C22, C2s, C33, C44, C55 
and C66 will be referred to as Type I constants. 

531 
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The following theory is only applicable to 
those orientations of coordinates for which 
the elastic constants CtJ are Type I. 

Results given later can be conveniently 
expressed in terms of the following notation: 

81 = V(Cn/C22) , 83 = C55/C44 

82 = (CnC22 - C122 - 2Cl�6) /C2�6 
01 = (CnC22 - C122)/27TC22V(281 + 82) 

O2 = (C44C55) iJ27T. 

The 8, are dimensionless constants which 
characterize the anisotropy of the material, 
and the 0, are effective elastic stiffness 
constants. For a dislocation parallel to the 
c-axis of a hexagonal crystal, ctJ = CO'I, 
which makes �h = 33 = 1 and 82 = 2. For 
a dislocation in the basal plane of a hexagonal 
crystal Cn = C033 , C12 = C13 = C013, C22 = C33 
= cOn, C23 = C012, C44 = (cOn - C012)/2, and 
C55 = C66 = CO 44. 

ll. LINE ENERGY 

A. Analytical Results 

The elastic energy per unit length U of 
the stress field of a straight dislocation con
tained within a cylinder of outer radius R 
and inner radius ro has been computed by 
Foreman3 for Type I elastic constants. The 
result can be put in the form 

U = Kb2 In R/ro (1) 

with 

K = UKscrew·+ Kedge + (Kscrew - Kedge) 
cos 21X], 

where IX is the angle between the dislocation 
line and the Burgers vector of magnitude b. 
The.explicit form of Kscrew and Kedge for 
several dislocations in hexagonal crystals 
are given in Table I. The form of 01 in 
terms of the standard elastic constants 
CO'1 will, of course, be different for dislocations 
in nonequivalent directions. 

3 A. J. E. Foreman, Acta Met. 3,322 (1955). 

TABLE I 
Line Energy Factors for Dislocations in Hexagonal 

Orystals 

Dislocation Slip 
direction plane Kscrew Kedge 

General 
Basal Basal 02/2 01/281 

Prismatic 02/2 01/2 
c-axis Prismatic 02/2 01/2 

For Graphite· 
Basal Basal 0.25 0.36 

Prismatic 0.25 0.072 
c-axis Prismatic 0.018 4.3 

• K in units of 1011 d/cm2• 

B. Numerical Results 

In order to compute the numerical values 
of K for graphite, it is necessary to know 
the complete set of elastic constants. These 
have been estimated from the data of Riley4 
and of Bowman and KrumhansI5. 'From 
Riley's results, recomputed with the more 
recent compressibility of Kabalkina and 
Vereshchagin6, we get values of cOn + C012, 
C013, and C033; Bowman and Krumhansl give 
values of cOn + C012, C012, and CO 44. The two 
values of cOn + C012 are 148.2 and 141 x 1011 
d/cm2, respectively. As an average we take 

cOn = 116.0 x IOn djcm2 

C012 = 29.0 
C013 = 10.9 
C033 = 4.66 
C044 = 0. 23 

The probable error in these values is 
difficult to estimate, but ± 25%) seems reason
able. The numerical values of Kedge and 
Kscrew for graphite are given in Table I. 

4 D. P. Riley, Proc. Phys. Soc. (London) 57,486 
(1945). 

5 J. C. Bowman and J. A. Krumhansl, J. Phy •. 
Ohem. Solids 6, 367 (1958). 

6 S. S. Kabalkina and L. F. Vereshchagin, SO'IJid 
Phys.-Doklady 5, 373 (1960); Doklady Akad. 
Nauk SSSR 131, 300 (1960). 
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For convenience of reference we shaH Applications of the line energy formulas to 
use the following notation due to Fujita estimation of stacking fault energy are made 
and IzuF. An edge dislocation in the in Section III. 
direction of the a-axis is designated as Type 1, 
a screw dislocation along the a-axis as Type 2, 
a dislocation with a basal slip plane as Type 3, 
and an edge dislocation in the basal plane 
with Burgers vector perpendicular to the 
basal plane (prismatic slip plane) as Type 4. 
The relative abundance of each type is 
determined by the core energy, the elastic 
field energy, the Peierls stress to move the 
dislocation. in the crystal, and the nature 
of the sources. 

Type 3 dislocations should have the lowest 
core energy and Peierls stress because no 
C-C bondt in the layer planes are broken 
for this type. This is confirmed by the fact 
that Type 3 dislocations are by far the most 
common type observed by electron micro
scopy, even though their elastic field energy 
U is roughly twice as great as that of Type 2 
dislocations. Typ.e 2 dislocations can be 
produced by a spiral growth mechanism 
and have been observed by Tsuzuku8• 
Type 4 dislocations, possibly in conjunction 
with the easily produced Type 3, also are 
produced by growth mechanisms either at 
the edge of extra layer half planes, as observed 
by Fujita and IzuF, or at condensed vacancy 
disks, as observed by Amelinckx and Delavig
nette9• It is not known at present whether 
Types 2 and 4 dislocations can be moved in 
the crystal by external stresses. Since for a 
Type 1 dislocation the Peierls stress and both 
the core and elastic field energy are high 
and the probability of formation by growth 
is small, this type of dislocation should be 
very rare; and, in fact, it has not been 
definitely identified experimentally. 

7 F. E. Fujita and K. lsui, J. Phys. Soc. Japan 16, 
214 (1961). 

8 T. Tsuzuku, J. Phys. Soc. Japan 12, 778 (1957); 
Proc. Third Oarbon Oon!., Pergamon Press, New 
York (1959), p. 433. 

e S. Amelinckx and P. Delavignette, Phys. 
Rev. Letters 5, 50 (1960). 

m. STACKING FAULT ENERGY 

A. Analytical Results 
The force per unit length f' on a dislocation 

D' with Burgers vector b' due to its inter
action with an external stress field 't' is given 
by the known formula f' = (b' e't') X Vi, in 
which v' is a unit vector in the direction of D' . 
If the external stress field is due to a disloca-
tion D along the xa-axis, th�n 't' is given by 
the formulas of reference 1 for Type I 
elastic constants. 

Consider a straight, extended dislocation 
of width w in the basal plane of a hexagonal 
crystal, as shown schematically in Fig. 1. 

o 

0' 

FIG. 1. Schematic dfawing of the Burgers 
vectors of an extended dislocation. 

Let . YF be the average stacking fault 
energy per unit area, assumed to be a 
constant. From the condition of equilibrium 
YF = f', we obtain 

YFW = Ibp2 

[02 + 01/81 + 2(02 - 01/81) cos 2�], (2) 
in which bp is the magnitude of the Burgers 
vector of a partial dislocation and � is the 
angle between the dislocation direction and 
the total Burgers ve'ctor of the extended 
dislocation. It is sometimes convenient to 
write this in the form 

and 
(3) 

w = (1 + 2 
O2 - 01/81 

cos 2�)W450 , 
O2 + 01/81 

where W45° is the width of a 45° extended 
dislocation and also is the average width 
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of extended dislocations. These formulas 
differ from those for isotropic materials 
only in the values of Oi, O2, and a1. 

Amelinckx and Delavignette10•1l have 
observed both symmetrical and unsym
metrical extended dislocation ribbons in 
graphite consisting of three parallel partial 
dislocations with the same Burgers vector. 
The two parts of an unsymmetrical ribbon 
have different stacking fault energies '1' F 
and y"F. Their analysis of an isotropic 
material can easily be generalized for an 
anisotropic material. We consider only 
those cases for which the elastic constants 
are Type, I when the X2X3 plane is the plane 
of the ribbon. Since the interIayer distance 
is only a few angstroms while the widths 
w' and w" of the two parts of the ribbon are 
several thousand angstroms in graphite, 
the simplifying approximation that all dislo
cations lie in the same plane can be made 
with negligible error. Equating the force of 
repulsion between partial dislocations to the 
effective surface tension of the stacking 
fault yields two independent equations of 
equilibrium. From these it follows that 

and 

where 

y'F = B(2w' + w")/ww' 

Y"F = B(2w" + w')/ww" , 

w = w' + w" 

is the total width of the triple partial ribbon 
and 

B = !bp2 

[02 + 01/81 + (02 - 01/81) cos 2ex]. 

In this ex is the angle between the direction 
of the dislocation ribbon and the Burgers 
vector of the partials. The widths can be 

10 S. Amelinckx and P. Delavignette, J. Appl. 
PhY8. 31, 2126 (1960). 

11 S. Amelinckx and P. Delavignette, in Direct 
Observation of Imperfections in Crystals, J. B. 
Newkirk and J. H. Wemick, eds., I nter8cience, 
New York (1962), p. 295. 

expressed in terms of the stackin3 fault 
energies by 

where 

'w' = 3BJ(2y'F - y"F + r) 

w" = 3BJ(2y"F - y'F + r) 

w = B(y'F + Y"F + r)/Y'Fy"F, 

r = (y'r - y'pY"F + y"r)l/2 • 

For a symmetrical triple partial ribbon, for 
which w = 2w' = 2w" andy' F = '1" F = 'YF, 
these formulas reduce to 

YFW = 3B. (4) 
Comparison of (4) with (2) shows that the 
average width W45°, rib at ex = 45° of a 
symmetrical triple partial ribbon is related 
to the average width W45°, ext of an extended 
dislocation of equal stacking fault energy by 
W45°, rib = 6W45°, ext. Similarly, it follows that 
WOo, rib = 6w30°, ext and W90o, rib = 6W60°, ext. 

The stacking fault energy is related to 
the line tension U of a partial dislocation 
and the radius of curvature r of a large 
extended node by the known formula 

YF = UJr. (5) 
The line tension may be estimated by assum� 
ing it is the same as the line energy per unit 
length of the dislocation, given by formula 
(1) for Type I elastic constants. In (1) 
b = bp and ex is the angle between the Burgers 
vector and the partial dislocation at its 
midpoint. The major difficulty in applying 
(5) is in estimating the factor In Rlro. 
Presumably R is approximately the average 
distance between total dislocations and r#) 
is approximately bp, but there is no unique 
way of determining these quantities. 

-

B. Numerical Re8Ulta . 

In the preceding section three formulas 
based on anisotropic elasticity theory have 
been presented for estimating the stacking 
fault energy from observations made OD 
electron micrographs. At the present time 
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there are not enough experimental observa
tions on well-annealed crystals of low disloca
tion density to obtain good experimental 
averages. Furthermore, since the thicknesses 
of the crystal plates are not known, we must 
neglect the effect of the stress-free surfaces 
on the widths and radius of curvature and 
assume that the observed lengths are the 
same as those in an infinite crystal. Even so, 
there is substantial agreement between 
the values of 'YF obtained from the three 
methods. 

Williamson12 and Amelinckx and D'elavig
nette10 have reported that the average width 
of extended dislocations in graphite is about 
1000 A, which by (3) yields a value of 'YF 
of about 0.62 erg/cm2• From observations 
on single, gently curving extended disloca.
tions Siems, Delavignette and Amelinckx13 
report that within their experimental error W 

vanes as cos 2« with W90o/WOo = 2.6 and 
W45 ° = 850 A, for which the present theory 
'-gives 'YF = 0.73 erg/cm2• The present theory 
predicts that W90o/WOo = 2.1. 

Delavignette and Amelinckx14 have ob
served symmetrical triple partial ribbons 
with average total widths of WOO = 5300 A 
and W600 = 7000 A, which by (4) both yield a 
value of 'YF of 0.58 erg/cm2• The exact 
agreement is fortuitous, as the uncertainty 
in 'YF is roughly ± 20%. 

On electron micrographs taken by William
son and by Amelinckx and Delavignette 
the radius of curvature of extended nodes 
has varied from 0.9 to 1.7 fl.. Where it has 
been measured, the partials have been in 
screw orientation at their midpoint; the 
average distance between dislocations is 
roughly 1 fl.. Taking «= 0°, R = 1 fl., and 
'0 = bp = 1.42 A, we find from (1) and (5) 
that 'YF is from 0.25 to 0.50 erg/cm2• These 
computed values of 'YF should be less than 

111 G. K. Williamson, Proc. Roy. Soc. (London) 
A257, 457 (1960). 

18 R. Siems, P. Delavignette, and S. Amelincla, 
Z. Physik 165, 502 (1961). 

14 P. Delavignette and S. Amelincla, J. Nuclear 
Materials 5, 17 (1962). 

the true value because the repulsion between 
the three partials in an extended node has 
been neglected in the theory. 

It appears that all three methods of 
determining the stacking fault energy in 
graphite yield results which are consistent 
with the value 

'YF = 0.6 ± 0.2 erg/cm2 • 

IV. EFFECT OF STRESS-FREE SURFACES 

A. A 30° Extended Dislocation in an Aniso
tropic Plate 

From Fig. 1 we see that for a 30° extended 
dislocation the Burgers vector of one of the 
two partial dislocations is in the pure screw 
orient�tion. For Type I elastic constants 
the edge and screw components of dislocations 
do not interact with one another. Con
sequently, the force of repulsion between the 
parti�ls of a 30° extended dislocation lying 
parallel to the stress-free surfaces of a flat 
anisotropic plate can be computed from the 
stress components of a screw partial dislo
cation in an anisotropic plate. These are 
given in reference 1 for Type I elastic con
stants. 

Let d be the thickness of the plate, a be 
the distance from one of the two stress-free 
surfaces to the extended dislocation, and 
w be its width, as indicated in Fig. 2. Equat
ing the stacktng fault energy to the force of 

FIG. 2. Schematic drawing of an extended 
dislocation in a plate. 

repulsion between partials, we obtain 'YF 
as a function of w, a and d. It is convenient 



536 F.rnTH CARBON CONFERENCE 

to express the results in terms of the dimen
sionless quantities 

W = wjwoo, A = a/woo, and D = d j woo, 

(6) 

where Woo is the width of the 30° extended 
dislocation in an infinite crystal. From (2) 
we see that 

(7) 

On equating the two expressions for 'YF, 
one obtains a transcendental equation which 
cannot be solved to give the explicit depen
dence of w on woo, a and d. Consequently, 
it is convenient, particularly for applications, 
to introduce a dimensionless parameter 
n defined by 

o = 1T8a1 wjd, (8) 
which by (6) is equivalent to n = 1T8a1 WjD. 
This relation and the transcendental equa
tion can then be put in the parametric 
form 

W = 01(0, ajd) (9) 

D = 1T8at WjO , (10) 

where 

sinh 0 
j(O, ajd) = 

2 

1 ] (11) 
cosh 0 - cos 21T ajd 

is a dimensionless function. For a = dj2 
Eqs. (9) and (11) reduce to 

W = =Ojsinh 0 . (12) 

Equations (9) to (11) yield the dependence 
of W on n and the dependence of W on D 
at a constant aid ratio. Since aid = AID, 
the dependence of W on A at constant D 
can also be obtained. 

To apply these results to .the analysis of 
30° extended dislocations observed by elec
tron microscopy, it is necessary to measure 
w, d, and a. Then one can compute, in turn, 

n, j, W, and Woo = Wlw; and the stacking 
fault energy can be determined from (7). 
At the present time it seems to'be impossible 
to measure the distance a of the disloca
tion from the surface. However, for a given 
plate thickness d the dislocations in the center 
are widest; so ·it should be safe to conclude 
that a = dl2 for the widest of a large number 
of experimentally determined dislocation 
widths in films of the same thickness. Then 
W can be computed from (12) and the 
stacking fault energy obtained as before. 

Measurements of wand d for the same 
film of graphite do. not appear to have been 
made, although this should be possible. 
Estimates of d for films used by different 
experimentalists have ranged from, say, 
200 to 2000 A. To get an estimate of the 
effe.ct· of the stress-fre� surfaces, let us 
assume that a = 0.5d for the observed 
dislocations. For the elastic constants of 
graphite given above, n = 0.23 wid. 'The 
W vs. n curves for several different aid 
ratios are shown in �ig. 3 for the range of n 
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FIG. 3. Width of a 30° extended dislocation 
in a graphite plate versus the parameter n. 

of most interest for a 30° extended disloca
tion in a graphite plate. For a = 0.5 d 
and, -say, W = 0.90, the parameter n is 
0.80; for which d = 290 A when w = 1000 A. 
This indicates that the stress-free surfaces 
decrease the width by less than 10% if 
d > 300 A. If d > 1000 A and w = loooA, 
then the width in the center of the film is 
decreased by less than 1 (Yo. On the other 



EXTENDED DISLOOATIONS IN ANISOTROPIO ELASTIO OONTINUUM APPROXIMATION 537 

hand, if d < 300 A, then there is a significant of symmetrical, screw triple partial ribbons 
decrease in the dislocation width·. observed by electron microscopy by the 

Figure 4 shows the variation of W with procedure discussed for 30° extended disloca
A for several film thicknesses of interest tions. 

I. 2.---------------, The W versus n curves for several values 
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FIG. 4. Width of a 30° extended dislocation in 
a graphite plate as a function of depth from 

surface and thickness of plate .• 

for graphite,. For all D > 0.5 the curves 
have a rather flat maximum. Consequently, 
the Width of almost all extended dislocations 
in graphite will be within a few per cent 
of Woo in films of thickness' d > 0.5 Woo. 

B. Screw Triple Partial Ribbon in an Aniao
tropic Plate 

For Type I elastic constants, the symmetri
cal, screw triple partial ribbon can be treated 
in a manner analogous to that for t�le 30° 
extended dislocation. We again introduce 
relative distances, W, A, and D by (6); 
except that now Woo is the total width of a 
symmetrical, screw triple partial ribbon in 
an infinite anisotropic crystal and is related 
to the stacking fault energy by 

"IF = 302bp2/u,oo • (13) 
Equation (9) is replaced by 

W = iO[f(O, a/d) + /(0/2, a/d)] 

equations (8), (10) and (11) are still applicable . 
These results can be applied to the widths 

*Orientation studies in a semi-infinite isotropic 
solid [ref. 1] indicate that when the width of 
a 30° extended dislocation is decreased by only a few 
per cent, then the widths of extended dislocations 
of all orientations will be reduced by only a few 
per cent; but when the width of a 30° extended 
dislocation is reduced by more than 10%, then the 
reduction in width of extended dislocations depends 
strongly on the orientation. 

of aid are shown in Fig. 5 for the range of n 
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FIG. 5. Width of a symmetrical, screw triple 
partial ribbon in a graphite plate versus the 

parameter n. 

of most interest for a symmetrical, screw 
triple partial ribbon in a plate of graphite. 
In order to illustrate the method we shall 
abitrarily assume that the 5300 A wide' 
ribbon observed by Amelinckx and Delavig..; 
nette was in the center of the film. Then for' 
a 1000 A film thickness, one obtains n = 1.22 
and W = 0.89. The width in an infinite 
crystal would be 6000 A, which by (13) 
gives a s�acking fault energy of "IF = 0.51 
erg/cm2• For a 2000 A thick film, n = 0.61 
'and W = 0.97. The width in an infinite 
crystal would be 5500A, which gives "IF = 0.55 
erg/cm2• These are to be compared with the 
value of "IF = 0.58 erg/cm2 for an uncorrected 
width of 5300 A. From these results it 
appears to be desirable to apply a correction 
to the widths of triple partial ribbons ob-

. served in films less than about 2000 A in 
thickness. 

Figure 6 shows the variation of W with 
A for several film thicknesses of interest 
for graphite. For a film thickness of 1000 A, 
D is about 0.2. The curves of W versus A 
are not so fiat topped as the curves of Fig. 4 
for extended dislocations. Consequently, 
it is necessary to observe a larger number of 
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FIG. 6. Width of a symmetrical, screw triple 
partial ribbon in a graphite plate as a function 
of depth from surface and thickness of plate. 

triple partial ribbons to be sure that the 
widest of these lies at or close to the center 
of the film. 

V. DISCUSSION 

Formulas based on the anisotropic elastic 
continuum theory of dislocations have been 
derived for estimating the stacking fault 
energy of hexagonal crystals from the width 
of extended dislocations, from the width of 
triple partial ribbons, and from the radius 
of curvature of large extended nodes. The 
effect of the stress-free surfaces of the thin 
films used in electron microscopy on the 
widths of 30° extended dislocations and 
symmetrical, screw triple partial ribbons 
has been calculated and procedures are indi
cated for making a correction to the observed 
width. For graphite this correctien is greater 

than a few per cent for 30° extended disloca
tions in films thinner than 500 A and for 
symmetrical, screw triple part�al ribbons 
in films thinner than 2000 A. 

The calculation of the stacking fault energy 
by different methods, the variation in width 
of dislocations and ribbons with orien�ation, 
and the effect of the surfaces of thin films 
are phenomena which can be accurately 
checked by experimental observations with 
the electr<;>n microscope. This provides an 
unusual opportunity to either verify the 
correctness of the anisotropic elastic con
tinuum theory of dislocations as here applied 
or else to show that other factors must also 
be considered. Fbr example, even in annealed 
crystals the equilibrium positions of partials 
may be influenced by the local stresses of 
point imperfections, the long-range thermal 
and applied stresses, and the fact that the 
crystals may warp or be small enough in 
lateral extent that the crystal edges perpen
dicular to the basal plane must be considered. 
In view of the widespread use of thin film 
microscopy to infer the behavior of disloca
tions in bulk material, it is important to 
determine all the factors which strongly 
influence the dislocations. 

It is a pleasure to thank Charles S. Smith for 
helpful discussions, L. B. Smith for aid with 
numerical computations, and S. Amelincla for 
supplying several electron miclographs prior to 
their publication. 


	PEARL, Inc. Cover Pg.
	Polymer-Graphite Composite Loudspeaker Diaphragm - AES Paper, Nov, 1979
	Acknowledgement & Cited Refs
	Materials physical properties
	Added drawing of Pioneer laminarizing calender
	References - Full Text
	[2] - The Structure of Graphite - Bernal; Proc. Royal Soc. Jul, 1924
	[3] - Uber die Kristallstruktur des Graphits - I. Communication from the Kaiser Wilhelm Institute for Pulp ChemistryReceived March 31, 1924.
	[4] - The Thermal Expansion of Graphite from 15°C to 800°C - Nelson & Ripley; Proc. Phys. Soc., Vol. 57, Pg. 477 (1945)
	[5] - Extended Dislocation in the Anisotropic Elastic Continuum Approximation - G.B. Spence; Proc. 5th Conf. Carbon, Vol. 2, Pg. 531 (1961)





