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The basic lattice structure of crystals, although
originally deduced as far back as 1665 by Robert Hooke,
was first confirmed in 1913 by W.L. Bragg using the power-
ful technique of X-ray analysis, With the ready elucida-
tion, in favourable cases, of the posltions of molecules
in a crystal lattice, attention was then focussed on how
such a structure could be produced from vapour, solutlion
or nmelt and 1t is only in the past forty years that signi-
ficant advances have been made In this fleld of crystal
growth,

The classical theory of crystal growth or the theory
of the growth of ideally perfect crystals was first intro-
duced by J.W, Gibbs 1In 1878 and was developed by various
workers, Volmer, Kossel, Stranskil, Becker, and Doring,
Frenkel, and Burton and Cabrera, between 1920 and 1948,
This theory asserts that low index faces on a erystal in
equilibrium with 1ts vapour or solution are fundamentally
flat and that growth on such a surface takes place by the
formation of a two dimensional island monolayer which sub-
sequently expands to cover the whole face, Such an island
monolayer has a higher vapour pressure than the crystal as
a whole and hence, there must be a critical supersaturation
below which the island monolayer will be expected to evapor-

ate and above which 1t will grow, In a study of the growth
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rate of lodine crystals, however, Volmer and Schultze
(1931) found that crystals continued to grow at a super-
saturation at which it was later shown by Burton, Cabrera
and Frank (1949), the formation of two dimensional 1sland
monolayers was theoretically impossible, In order to ex-
plain this result the dislocatlion theory of crystal growth
was developed by Burton and Cabrera and mainly by F.C,
Frank (1949).

When measurements of the mechanical properties of
crystals are compared with the theoretically predicted
values, the former are always low, usually by a factor of
more than one hundred. This discrepancy is attributed to
the presence of imperfections or dislocations in the crystal,
Frank, in his theory of crystal growth, postulated that
growth could take place round one particular type of disloca-
tion, namely, a screw dislocation and, in this way, there
was no need‘for the renucleatlon of fresh layers since
during growth a crystal automatically reproduced a spiral
ramp from one layer to the next.

Confirmation of this theory has been obbtained from
two sources, the optical microscope and the electron micro-
scope, Although the earliest evlidence of the polygonal,
spiral steps on crystal faces characterising dislocation

growth was obtained by Griffin (1950) in an examinatlon of
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natural beryl crystals under an ordinary optical microscope,
the first clear photographs of spiral growth pyramids were
obtalned by Dawson and Vand (1951) studying the long chain
paraffin n-hexatriacontane (056H74) in the electron micro-
scope, Since that time many crystals, both organic and in-
organlc, have been shown to exhlbit the spiral growth pyra-
mids predicted by Frank's theory. The elsctron microscope
has been used by Dawson (1952), Anderson and Dewson (1953)
and Dawson and Watson (1956) to study the crystal growth of
a serles of long-chaln aliphatic compounds including paraf-
fins, alcohols, acids and esters, The phase contrast
microscope has produced evidence of dislocation growth in

an even more dlversified range of compounds, Notable con-
tributions in this field have been made by Verma with Sllicon
carbide (1951) and (1952), Stearic acid (1953) and Palmitic
acid (1955), Forty with Cadmium Iodide (1952) and Amelinckx
studying long-chain aliphatic alcohols and aclds, (1955)

and (1956),

The results obtained by the above workers have amply
confirmed Frank's original hypothesis, Yet, although the
results from the two methods are fundamentally in agreement,
there are several interesting discrepancies in detail.

A screw dislocation 1s characterised by its Burgers

vector which may be a unit, multiple or, in some cases,
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sub-unit of the molecule in the crystal. According to
Frank (1951), this Burgers vector determines the helght of
the growth steps on the crystal face, This generallsation
was apparently confirmed by the results of the workers using
optical technlques who invariably reported maltimolecular
steps and, only in a few cases, monomolecular steps, The
electron microscope results, however, pointed to a differ-
ent conclusion, Dawson and Vand (1951) and Dawson (1952)
found that in paraffins with an even number of carbon

atoms, 056H174 and C100H202’ which have unimolecular units

in solution and a unlmolecular c-axial translation, the step
height was also unimolecular, Moreover, paraffins with an
odd number of carbon atoms which have a unimolecular unit

in solution but & bimolecular c-axial translation, gave

only unimolecular growth steps. In the fatty acid, stearic
acid, which has a bimolecular unit in solution and also a
bimolecular c-axial translation, Dawson and Anderson (1953)
reported only bimolecular growth steps. From these results
it would appear, as was concluded by Anderson and Dawson,
that the step height 1s determined not by the Burgers vector
but by the size of the unlit in solution, In contrast to
this Verma and Reynolds (1953) using the light microscope,
reported multimolecular steps on stearic acid crystals and

later Verma (1955) reported multimolecular steps on the
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related palmitic acid crystals.

A possible explanation of thils fallure to observe
rmiltimolecular steps in the electron microscope lies in the
size of the crystals examined, The best electron micro-
graphs are obtained from crystals which are very small and
very thin, while for good optical micrographs almost the
reverse holds, For example, Anderson and Dawson's crystals
of stearic acid were 9 p In diameter while Verma's were
300 p in diameter, Such an explanation, however, does not
provide an answer to the problem of the relation of the step
height to the Burgers vector and the unit in solution, Com-
parison of the resolution given by optical and electron
microscopes shows that the electron microscope nas vastly
superior lateral resolution while the optical microscope,
used in conjunction with interferometric techniques, has
superlor vertical resolution. It would, therefore, be
possible for the multimolecular steps observed in the optical
microscope to be a closely bunched series of mono- or bi-
molecular steps, the step helght then belng dependent on the
size of the unit in solution, Accordingly, it was decided
to try and examine large crystals indirectly in the electron

microscope in the hope of observing large steps.
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Stearic Acld

a) Crystal Structure

The compound chosen for this investigation was
Stearic acid, clvHSSCOOH’ a long-cnain, fatty acid which
forms monoclinic prismatic crystals, In these crystals the
zig-zag hydrocarbon chalns are parallel to the c-axis and
inclined at an angle /3 to the ab plane, Several poly-
morphic forms are lknown, the two most stable being designat-
ed the B and C forms with long layer spacings 45.752 and
SQ.VSK respectively (Francis, Collins and Piper, 1937).

The two forms are readily distinguished by the differing
interfacial angles between the (110) planes which are the
closest packed planes and form the edges of the crystal
rhombs, the B form having acute angle 74° and the C form,
56° .

Due to the difficulty 1in preparing pure, large
crystals; only one complete X-ray analysis has been carried
out, that by Muller (1927) on the B form who reported para-
meters & = 5.5468, b = 7.381&, ¢ - 48,848, /3 = 65°38' and
hence ¢sin /3 = 43.768. The lattice parameters of the C
form have been determined by Schoon (1938) who found a = 9.46,
b= 4.96, ¢ = 49.15, ¢sin /3 = 39.854 and /3 = 54,2°, Other

forms with long layer spacings, ¢ siq/S , have been reported,
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.84 41.52 (Thibaud and Dupre la Tour, 1930), 46.62
(Piper, Malkin and Austin, 1926) and 45.953 (Dupre la Tour,
1936).

The fundamental difference between the B and C fomms,
and indeed between all the modifications reported in the
literature, 1s the slope of the chains to the ab plane,

The mumber of modifications reported and the slight discre-
pancles in the results of different workers examining the
same modification suggests that the packing conditions for
the molecules in the lattice are not rigidly defined but can
be relaxed within certain limilts,

The c-axial parameter of 48.842 is approximately
twice the length of a stearic acid molecule, this being due
to hydrogen bond formation between the carboxyl groups in the

molecules, the repeat unit thus corresponding to two molecules,

v Oé \?
i
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Schoon (1938) has shown that a monoclinic modifica-
tion can be derived from the basic orthorhombic lattice of
dimensions a = 4,958, b = 7.428, simply by displacing the
hydrocarbon chains along the c-axls, the perpendicular dist-
ance between the chains remaining the same. Displacement
is possible either along the ac or be planes of the original
rectangular lattice and for minimum distortion the dilsplace-
ment must be an integral miltiple of 2.52.

°
2-52A

[0 &
Figure 2 shows a dlsplacement of 2,52 along the bc plane,
The resulting monoclinic modification has lattice parameters

a= 5,6, b= 17,42, In a similar mamer glide along ac

glves a modification with a = 4.95, b = 9,02, or, using the

il

normal naming convention, a = 9.02, b = 4,95, The basic
correctness of this hypothesis has been demonstrated by
Shearer and Vand's (1956) measurements on the monoclinic
form of n-hexatriacontane for which they obtained a = 5,57,
b = 7.42, From the lattice parameters of stearic acid it

can therefore be readily deduced that the B and C forms
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arise by tilt of the chains in the fundamental orthorhombic
lattice with respect to the a and b axes respectively.
Stearic acid crystallises in the monoclinic rather
than in the orthorhombic form since the tilted chaln arrange-
ment of the monoclinic form gives greater volume for the
accommodation of the relatively large hydrogen-bonded car-

boxyl groups,

b) Crystal Growth

The growth of crystals of stearic acid has received
intensive study by two schools of workers, Anderson and
Dawson (1953) using the electron microscope and Verma and
Reynolds (1953) with the optical microscope. Both report-
ed growth by the spiral growth mechanism, but whereas Verma
and Reynolds measured steps up to four times the bimolecular
length and observed many much larger, Anderson and Dawson
produced evidence that dislocastions initially of multiple
strength, dissociated into bimolecular steps as growth pro-
ceeded. The wide discrepancies in the sizes and thick-
nesses of the crystals examined, however, made comparison
of the results difficult, as completely different conditions
would exist during the growth of Verma's large crystals and

during the growth of Anderson's, of necessity, minute crystals.

Polytypism

Polytyplsm can best be described as a speclial case of
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polymorphism in which only one lattice parameter is altered
in the different polytypes. When a crystal grows by a
spiral growth mechanism, the pltch of the screw and hence,
the pattern in which the molecules repeat in the lattice, is
determined by the Burgers vector of the original dislocation.
Provided that the Burgers vector coincides with, or is an
integral multiple of the lattice repeat unit, then the
structure produced by the screw dislocation will be the same
as the structure of the undislocated lattice, When this
condition does not hold and the Burgers vector of the disloca-
tion is not an integral in terms of the lattice repeat unit,
then the pitch of the spiral growth form will likewise not be
an integral multiple of the lattlice repeat unit, and a
structure differing from the perfect lattice wlll be produced.
Such a structure 1s known as a polytype. For the growth of
such structures the presence is necessary, in solution or
vapour, of units which are not integral multiples of the re-
peat unit in the lattice,

In stearic acld, the dimeric unit in solutlon 1s
identical to the c-axial repeat unit, hence, polytypism would
not be expected unless in circumstances where slngle molecules

are present in solution,
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Related Monocarboxyl Acids

The growth of palmitic acid, CH3(6H2)14COOH, a
compound almost ldentical in structure to stearic acid, has
been studied in detail by Verma (1953). As with stearic
aclid, he reported multimolecular steps, but in this case he
also reported evidence of polytypism which he suggested was
due to growth on a screw dislocation with Burgers vector an
0dd integral multiple of the molecular length, Such growth
necessitates the presence of a reasonable concentration of
unassociated molecules in solution.

Evidence for imperfect dlslocations in stearic acid
had been reported previously by Anderson and Dawson (1953),
but their interpretation was that double not single molecules
condensed on the dislocatlon, the resulting lattice misfit
producing a hold-up in the growth patterm on one side of the
dislocation. This interpretation was confirmed by the work
of Amelinckx (1956) on eikosanic, behenic and lignoceric
acids where similar misfits in growth patterns were observed.

Amelinckx dild, howsver, report evidence of an unique
form of polytypism and suggested it was due to stacking
faults in the layers. From an analysis of growth patterns
he concluded that a polytype could be produced in a mono-
carboxylic acid by a rotation of a layer through 180° as in

Fig.,3. Growth around a large dislocation containing such a
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structure would result In a polytype, in the very general
sense, without necessitating the presence of any unassociat-
ed molecules in solution, as the lattice repeat unit would
be a multiple of the dimeric unit in solution,.

A further observation of Amelinckx's was that, al-
though the steps helghts were usually bimolecular in accord-
ance with Anderson and Dawson's results, iIn polytypic crystals
the step heights were multimolecular, This was observed
not only on monocarboxyllc acid crystals'but also on n-paraf-
fins and n-alcohols. Now, i1f polytypism in long chain com-
pounds l1s due to lattice rotations, then 1t 1is to be expected
that step bunching will occur as 1t is possible that a step
making an acute angle with the ab plane may be followed by
several steps making an obtuse angle, these having faster
growth rates, Thls observation does not, therefore, contra-

dict Anderson and Dawson's conclusion that the step height
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1s dependent on the unit in solution, but rather tends to

support 1t,

Repllca Methods

a) General Considerations

Although the use of electrons instead of light as
imeging medla results in a hundred fold increase in resolv-
Ing power, serious limitatlions are imposed on the nature of
the specimen which may be examined, In modern electron
microscopes the accelerating voltage is 60 or 80 K.V, and
the high energy beam produced by such voltages results in
energy transfer to the specimen during examination, This
transferred energy may be sufficient to either melt the
speclimen or, in some cases, to break chemical bonds and thus
cause decomposition, A related effect is the serious limita-
tion imposed on specimen thiclkmess, Thick specimens cause
excessive scattering of the electron beam, wilith the result
that very few electrons diffracted by the specimen reach the
final imaging plane of the vliewing screen and hence, surface
definition and resolution are extremely poor,

Examination of surface detail in thick specimens 1s,
however, possible by the use of replica techniques although
the resolution obtainable 1s not comparable with that obtain-
able by direct observation of a similar, ideally thin speci-

men,
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b) Types of Replica

Replicas, being impressions of the surface of a
specimen, can primarily be divided into two classes, positive
and negative, In a direct replica of a surface, the sur-
face topography of the replica is the reverse of that of
the specimen; such a replica is a negative replica, A
positive replica, i.,e., one in which surface topography of
specimen and replica are identical, can be made bymeking a
direct replica of a negative replica, In both these techni-
ques the surface detail of the specimen 1s revealed by
shadow-casting (Williams and Wyckoff, 1946) after the replica
has been made, i,e,, they are post-shadowed replicas.

A much more accurate technique for revealing surface
detail was Introduced by Mahl in 1940, This was the pseudo-
replica or the pre-shadowed replica, Here the specimen is
shadow-cast in the usual manner and the resulting metal film
transferred to a supporting film, Provided this supporting
film is of low atomic number, then the strucbure observed is
that which would have been observed if the original specimen
had been of negligible thickness and had been shadow-cast
and viewed In direct transmisslon, Although thils technique
is by far the best in that the precision of the replica 1is
in no way governed by the structure of the replicating medium,

it has several disadvantages. FPirstly, the metal film is
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very difficult to remove from the substrate, usually glass;
secondly, the metal film granulates in the electron beam,
and thirdly, any substance to be replicated must be easily

extractable,

¢c) Replicating Media

The first materials used for producing replicas
were plastics (Mahl, 1940) and, in particular, formvar
(Schaefer and Harker, 1942), Substitutes were soon found,
however, since'organic polymer molecules, being usually large,
cannot replicate fine detail, Furthermore, distortion is
easlly introduced both in stripping such a film from glass
and In the electron beam during examination, More accurate
replicas can be obtained by using evaporated silicon oxides
and metal oxides, but these are fragile both on handling and
during electron bombardment,

The most sultable substance found so far for pre-
paring replicas is carbon. The method of preparation was
first described by Konig (1951) and later Bradley (1954)
developed a modified technique which was much more successful,
Carbon 1s an 1deal material since 1t has a low atomic number,
Very thin almost structureless films can be made by evapora-
tion and, provided spectroscopically pure graphlte 1s used,

such films are fairly robust.
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The most accurate replicas are therefore made by
using the pseudo replica technlique and supporting the metal
film with ean evaporated carbon film,
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Crystal Preparation

Regular crystals of a sultable size, i.e., easily
visible under an optical microscope, magnification 150x,
were prepared by allowing one drop of a cooled 1% solution
of stearic acid in benzene to evaporate slowly, h If the
solution was not sufficlently cool, lrregular crystals were
formed., In all preparations both the B and € forms were
obtained and no method was found for controlling the ratio

of forms produced,

Repllica Preparation

The major difficulty in the pseudo replica technique
is in stripping the supporting film from the substrate,
usually glass, on which the material to be replicated had
been deposited prior to shadow-casting. A simple method of
avolding this difficulty 1s to grow the crystals on electron
microscope mounts which have been covered with a thin film
of collodion. This preparation is shadow-cast with nickel-
palladium and carbon is then evaporated onto the surface,
The collodlion substrate is dissolved away during the ex-
traction of the crystals leaving a pseudo-replica already
mounted for examlnation. This method has the added advant-
age of selectivity in that crystals can be followed through

all stages of preparation to final viewing in the microscope.
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The backing film used in this investigation was of
carbon mainly because of its reputation for durability.
It was prepared by the method described by Bradley (1954)
In which a current of 25 amps at 12 volts is passed through
the tips of two carbon rods lightly pressed together, this
being carried out at as high a vacuum as possible,. The
carbon was 1in the form of spectroscoplcally pure Acheson

graphite which gave rapld evaporation and a tough film,

Extraction.

The extraction stage proved the most difficult in
that more specimens were lost in thils stage than in any
other, Both collodion film and stearic acid crystals had
to be extracted, Amyl acetate was the first solvent tried
primarily because of its effect on collodion films and the
extraction was carried out in the vapour phase by suspending
grids on a silver gauze in the vapour of bolling amyl acetate,
A beautiful clean extraction was always obtained presumably
because tne bolling polnt of amyl acetate is far above tne
melting point of stearic acid and, hence, the crystals must
melt during the extraction, Unfortunately, most specimens
thus extracted were covered In a deposit of some electron
dense substance, a typical example being shown in Plate 1,
The origin of this deposit was traced to free acetic acild

present in the amyl acetate giving rise to copper acetate
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PLATE 1.

Shadowed carbon replica of crystal of C-modification
of stearic acld, illustrating deposition of copper

and silver acetate over specimen, (x8,000)
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and silver acetate in combinatlon with the copper of the
specimen mounts and the silver of the gauze in the extraction
apparatus,

This free acid can most easily be removed by washing
wlth distlilled water, the last traces of acid being removed
aftgr five washings. Subsequent drying with ?205 glves
pure amyl acetate, Thls does not remain acid free, however,
if exposed to the atmosphere and as even slight traces of
acid cause these dense deposits to form on the specimens, and
as 1t 1s exceedingly difficult to remove the last traces of |
moisture from an organic solvent, the use of boliling amyl
acetate as an extraction agent was discontinued, It was found
that cold, dry amyl acetate remained acid free over a long
period and extractlons carried out by floating specimens on
the surface of this solvent gave replicas showing only very
slight traces of contamination.

Several other organic solvents, e.,g., benzene, ether
and acetone, were tried as extraction agents both in the
vapour and liquid phases, In most cases, the extraction
was inefficient and did not compare favourably with cold amyl
acetate as the collodion film appeared fairly resistant to
" such solvents, The ma jorlity of extractions were therefore

carried out using cold, dried, acid-free amyl acetate,



Electron Mlcroscopy

All replicas were examined in a Philips E.M. 100
electron microscope at low magnifications, not above
2,500x. When higher resolution was required, for example,
for accurate step-height measurements, the replicas were
examined in a Siemens Elmiskop 1 at a magnification of
10,000x,
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Growth Patterns

Although over one hundred replicas were made, only
a small number were found to have aresas exhibiting multi-
molecular steps when examined in the microscope. The
majority showed complex growth centres of the type shown in
Plate 1, but these centres did not necessarily produce
miltimolecular steps. As large crystals, wlth steps visible
in the optical microscope, were of ten observed before replica-
tion began, the loss of such crystals must be due to a fault
in the technique. The weakest link in the preparative chain
was probably the carbon evaporation stage, Here, slight
misalignment of the specimen from l1ts position normal to the
carbon source could cause a sizeable gap in a film at the
edge of a very large step. Although this gap would be part-
ly filled by deflectlion of carbon from apparatus end bell-jar,
this area at the edge of a large step could still remain a
weak point in the film, the larger the step the weaker the
area, It is therefore not surprising that, after prolonged
extraction, the replicas of such areas had broken up., A
method of overcoming this would be to rotate the specimen
in the vacuum chamber while evaporation was proceeding.

Two of the many examples of growth patterns arising
from complex dislocation centres are shown in Plates 2 and 3,

in Plate 2 the crystal being of C-modification and in Plate 3,
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PLATE 2,

Replica of erystal of €-modification, showing
typical complex growth centre, (x14,500)
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PIATE 3.

B-modification ecrystal. The growth pattern arising
from the complex growth centre shows irregular
bunching of the steps across the face of the erystal,
‘These steps are serrated on one side of the bisector
of the acute angle of the rhomb and smooth on the
other. (x21,000)






B-modification. In both cases there is an irregular
spacing of the steps across the face of the crystal, This
effect was common to all crystals with such growth centres
and the only case observed of a fairly uniform pattern is
shown in Plate 4. Here, there is an apparently four-fold
dislocation centre with a fifth dislocation appearing to one
side. An interesting feature of Plate 3 is the appearance
of the steps which, on one side of the bisector of the acute
angle of the rhomb, have a serrated appearance and, on the
other, a smooth one,. A more striking example is shown in
Plate 5, This effect was reported by Verma and was attri-
buted by him to the tilt of the molecule with respect to the
basal plane, Figure 4 shows the crystallographic orlenta-
tions of the B and € modifications,

Fig. 4.
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PIATE 4,
This replica of a crystal of the B-modification was

fhe only example observed of a uniform growth

pattern arising from a complex growth centre, (x12,300)
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PLATE 5,

This micrograph clearly shows the different

natuare of the step edges on either side of the

bisector of the acute angle of the rhomb,
(x17,300)
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In the B-modification where the chains are tilted
with respect to the a-axls, on one side of the b-sxis,

i.e., the bisector of the acute angle of the rhomb, the

chains will make an obtuse angle with the basal plane and
on the other slide an acute angle, Step edges, even along
(110) would therefore be expected to show different growth

characteristics due to the difference in the solid angle

avallable for the approach of condensing moleéules. This
is what 1is observed in Plates 3 and 5, In the case of the
C-form, steps on elther side of the obtuse angle of the rhomb
should show thls effect, An exsmple 1s shown in Plate 6,

This differentiation in step etch enables an inter-
esting deduction to be made from the growth pattern on the
crystal in Plate 7, Here, the steps on the crystal, again
of B-modificstion, are bunched in pairs, Consider these
paired steps on either side of the bisector of the acute
angle of the rhomb, In each case one of the steps of the
palr is serrated and one is smooth and on crossing the bi-
sector, the serrated step becomes smooth and the originally
smooth step so serrated that 1t 1s almost invisible. There
must therefore be a reversal of chain tilt as shown in

Fig. (5).
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PLATE 6.

In this replica, the crystal being of the C-modifica-
tion, the nature of the step edges differs across the

bisector of the obtuse angle. (x8,000)
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PLATE 7.

In this replica of a crystal of the B-modification
the differential step etch 1s again 6bvious.
Here, however, one of the bunched palrs of steps 1s

smooth while the other is serrated. (x12,700)
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Multimolecular Steps

‘Although most of the replicas of crystals showing
probable multimolecular steps were lost in preparation, a
few were observed, Plate 8 shows an example of a B-modl-
fication crystal with two separate dislocation centres, one
being of two dislocations of opposite sense, the other being
the more usual single complex centre. This combination of
growth centres glves rise to what appears to be several
failrly large steps but, as the enlargement in Plate 9 shows,
these multimolecular steps are clearly dlssociated into
smaller steps. A much larger crystal is shown in Plate 10
and hers agaln there appear to be multimolecular steps, but
here also, enlargement (Plate 11) shows them to be dissociated.
A large crystal of the C-modification 1s shown in Plate 12.
An artefact has here deposited on the steps and while this
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PIATE 8,

Large crystal of B-modification showing apparently
- miltimolecular steps arising from two distinet growth

centres. (x3,200)

PLATE 9,

Enlargement of Plate 8, This clearly shows that even
the step closest to growthicentre is dissoclated.
(x10,400)
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PLATE 10,

Large crystal of the B-modification with again apparently
multimolecular steps evident, (x1,600)

PLATE 11.

Enlargement of small area of Plate 10, The multi-
moleeular steps are all clearly dissociated. (x8,200)
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PLATE 12,

The growth pattern on thls crystal of the C-modificetion
is dominated by an apparently multimolecular single
spiral step. (x1,600)

PLATE 13,

This enlargemsnt of Plate 12 shows that the multimolecular

step 1s again clearly dlssociated. (x5,700)
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outlines the growth patterns perfectly, in most cases it
obscures the shadow-cast layer, What can be clearly seen,
however, 1s that the step PQ which in Plate 12 appears multi-

molecular, 1s in Plate 13 a series of much smaller steps.

Step Helght Measurements

As the main object of this investigation was to
examine large crystals, the magnifications employed in the
electron microscope were consequently as small as possible,
The micrographs obtained were therefore useless for accurate
measurements on growth steps. When such a measurement was
requlred, the replicas were examined in the Siemens micro-
scope at a magnification of 10,000x.

It was found that all clearly dissoclated steps gave
step heights which fell in the range 43 ¥ 52. For the B
and C forms, the csin/3 values are 45.76A and 39.85%

respectively. The measured steps are therefore bimolecular.

Outgrowths
a) Geometry and Lattice Orlientation

Although the observed number of replicas with entire-
1y undissociated multimolecular steps In their growth
patterns was small, large numbers of replicas were found to
have one, or at most two, truly multimolecular, undissociated

steps in a pattern which otherwlse showed dissociation. An
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example 1s shown in Plate 14, Here, a striking feature at
the centre of the crystal is the very large incomplete step.
Careful examination of the shadow, Fig.6, reveals another
peculiarity of this feature -~ it must rise out of the crystal
surface - although the shadowing also shows that at the point
A in Plate 14 1t is in contact with the surface plane. Cal-

culations on the area of shadow illustrated in Fig.6 show
that this area is rising at an angle of 13° out of the ab
plane, Confirmation that these features are indeed rising
out of the surface is shown iIn Plate 15 where one has been
undershadowed, the step in this case belng closed, and the
angle of tilt being 110. In these two cases, and in all
cases observed, the edges of the outgrowths were parallel to
those of the underlying lattice and the Interfacial angles

were identical to those of the underlying lattice,
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PLATE 14,

This micrograph shows a crystal of the B-modificatlon
with an outgrowth arising at the centre and producing
a very large step. The shadowing reveals that at the
point A, the outgrowth is in contact with the surface,
In the right hand corner, there has been a hold-up in

the growth of the steps. (x11,200)
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PLATE 15,

In thils micrograph, the growth feature at the centre of
the crystal has been undershadowed and must therefore

be rising out of the crystal surface. (x13,000)
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Plates 14 and 15 show different possible orienta-
tions of these outgrowths. In Plate 15 there has been
growth on one side only of the b-axis, in Plate 14, on both
sides, so that, in this case, the b-axis 1s the bisector of
the acute angle of outgrowth, A similar example is shown
in Plate 16, thils being the largest angle of tilt observed,
140, although here again the shadowing reveals that the out-
growth 1s in contact with the surface, These three examples
of outgrowths are all at the centre of crystals and govern,
to a certain extent, the growth pattern produced, Plate 17

shows that this 1s not always so, here the outgrowth appear-

ing to have had 1little influence on the growth pattern pro-
duced by the underlying lattice, The replica In Plate 18

1s included for two reasons; firstly, the outgrowth is grow-
ing in towards the centre of the underlying crystal; second-
ly, the outgrowth is rising out on either side of the a-axis
in contrast to Plates 14 and 16, It 1s also noteworthy that
the outgrowth hére is in shadow - the angle of tilt mus?t
therefore be slightly greater than the shadowing angle of 150.
Most of the outgrowths were observed on crystals of the B-
modification, but Plate 19 shows an example of an outgrowth
on a crystal of the (C-modification, This 1s the only example
observed of two outgrowths arising closely adjacent to each

other and growing in opposite directions.



40~

PLATE 16,

This micrograph shows-an outgrowth on a crystal of the
B-modification, Growth has taken place on both sides

of the b-axils. There has been condensation of molecules
round the areas where the outgrowth Jolns the lattice and
there 1s distinct discontinuity between the growth

patterns on outgrowth and crystal, (x13,000)
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PLATE 17,

The outgrowth on thils crystal has arisen on only one

slde of the b-axls and has, in this case, had a

negligible effect on the growth pattern. (x17,200)
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b) Influence on Growth Pattem

The most 1lluminating feature of the growth pattemrn
surrounding the outgrowth in Plate 13 is the discontinuity
in the symmetry in the right hand corner, This Indicates
that early in growth there was an obstacle to growth in
this direction, the obstacle here being the outgrowth,

The bunching of the steps in this pattern in groups of eight
also indicates that there 1s a dislocation centre of this
strength present. To produce such a pattern, the disloca-
tlon centre must be on the far side of the outgrowth from
the dissymmetry in the pattern and, furthermore, to glve
rise finally to closed loops, there must have been two dis-
locations of opposite sense active.

Illustrated in Plate 16 1s another notable feature
of several of these outgrowths; there is no continulty
between the growth pattern on outgrowth and on uwnderlying
crystal, Similar effects can be seen on Plates 14 and 15,

Another interesting feature of Plate 16 is the con-
densation of molecules which has occurred round the areas
where the outgrowth jolns the lattice, Such effects are
not observed on Plates 14 and 15, presumably because here
large growth centres are active whose steps engulf those
produced by the condensatlon sites and incorporate them in
the crystal. Complete elimination of all traces of this

condensation has also taken place in Plates 17 and 18. A
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PLATE 18,

The outgrowth in this micrograph is unique in that it
is growing in towards the centre of the crystal and has
also grown on either side of the a-axls, A hold-up in
the growth step pattern is evident in the right-hand
corner, (x15,400)
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PIATE 19.

This mierograph shows one of the few examples observed
of outgrowths on crystals of the T-modiflcation,
(x13,500)
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possible explanation 1s that these outgrowths arose very
early in growth and the condensation layers have thus
been engulfed,

Plate 17 1is remarkable in that there has been almost
no delay produced in the growth patterm by the outgrowth,
However, the shadowing shows that the central monolayer is
completely clrcular indicating growth by surface nucleation
not by spiral mechaniam. Growth iIn regions beyond the
outgrowth is not therefore entirely dependent on the arrivai
of steps from a spiral and hence there is little hold-up in
the growth pattern. The obvious hold-up in Plate 18 and
the flat surface of the topmost monolayer would tend to
indicate that, in thils case, growth was by two dislocations
of opposite sense which, by collapse on to the substrate,
cancelled out by the punch through effect described by
Anderson and Dawson (1953).
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1, Growth Centres

Although many of the replicas of the largest
crystals were lost In preparation and the crystal replicas
observed were not comparable to Verma's in slze, the fail-
ure once again to observe truly multimoleeular steps in the
electron microscope would seem to indicate that in stearic
acid, at least, multimolecular steps are not formed at an
early stage in crystal growth and that, when formed by a
secondary process at a later stage, begin to dissoclate
immediately into bimolecular steps, Excepting the replicas
of outgrowths, even the largest spliral growth terrace ob-
served (Plate 13) shows strong dissociation from the tip of
the spiral to the edge of the crystal rhomb, All cases of
growth arising from dislocations of smaller Burgers vector
have produced steps which, although often grouped in bunches
of two or three across the crystal face, are always clearly
dlssoclated.

The majority of the growth patterns show step dis-
soclation even at the growth centre, and where the steps are
assoclated at the centre (Plate 3) these dissoclate very
quickly as growth moves outwards, The obvious conclusion
is that the dislocation is itself dissocliated, 1,e., when

formed, 1ts exposed surface is not a single crystal plane,
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Now, in large crystals, Frank has postulated that disloca-
tions are formed by a buckling and subsequent slip in the
lattlice due to stresses in solution and non-uniform dis-
tribution of impuritiles. If such gross slip occurs in one
plane then a single, multimolecular step will be produced on
the face of the crystal, However, if the slip is spread
over a series of planes, then a series of much smaller steps
will be produced as shown in Fig.7. The growth pattemrm
formed from this dislocation would be a series of regularly
spaced concentric spirals, as, for example, Plate 4, Fig,8
shows the other possibility where there is an uneven spread
of the slip over the lattice planes, Again a series of
concentric spirals would be produced but, in this case, the
steps would be irregularly bunched across the crystal face,
as, for example, in Plate 3, Support for this view 1s
given by the fact that almost all the growth patterns observ-
ed arose from a series of dislocations of the same sense,
Similar growth patterns observed on carborundum by Verma
(1951) were explained by Frank (1951) as being due to a
similar mechanism to the one suggested above.

The staggered dislocation 1is necessary to explain the
observed growth patterns, but the question now arises as to
whether it is necessary only in the case of stearic acid or

whether 1t can arise in the growth of any crystal,
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The crystal structure of stearic acid is governed,
as has been dlscussed, by the size and position of the
hydrogen bonded carboxyl groups. If gross slip occurred
in the (hko) direction, as indicated by the arrow, it would
be necessary for many of these groups to pass each other,
However, 1f each group acted as a stop for the one above, then
slip would have to be continued in an adjacent plane as

1l1Justrated in Fig,9.
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As this mechanism is assuming there 1s resistance to dimers
passing each other, then, in the slip planes, these dimers
mist be aligned in twin positions to the unslipped lattice.
This will have little effect on growth, however, as, after
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the first dimer has condensed at position A, the lattice

produced by further condensation will be identical to the
unslipped lattice, Successlive sllps need not be in ad-

jacent planes nor need there be any regular pattern in a

gross slip. Staggered dlslocations of the type shown in
Figs.7 and 8 willl thus be produced,

The mechanlsm suggested above therefore limits this
type of growth to stearic acid and any other compound where
there 1s resistance to slip. Since even only slight resist-
ance 1s necessary because the slip would be expected to take
the path of least resistance, this mechanlsm may be applicable

to a large number of compounds.

Polyvtypism

Only one example of a crystal exhibiting a polytypic
formation was observed, that shown in Plate 7. The growth
step pattern here indlicates an alteration in chain tilt in
successive layers., Amelinckx's theory of the formation of
polytypes in long chain compounds is therefore substantiated
by this evidence, Amelinckx used optical techniques ex-
clusively and was unable to observe fine differences in etch
in growth steps, relying exclusively on growth rate measure-
ments on growth patterns. This new evidence, therefore,

confirms and supplements the earlier svidence,
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2. Outgrowths

The outgrowths in Plates 13 to 19 are unique in that
no similar features have been observed on any growth pattem
on any crystal, Thelr three most outstanding properties
are firstly, the fact that they grow out of the crystal;
secondly, their thickness; and thirdly, their random
orientation. Any proposed mechanism of growth mist ade-

quately explain these three characteristics,

a) Growth Mechanisms

(I). Iwinning
As the edges of these outgrowths are exactly parallel

to those of the underlying lattice and as the interfacial
angles of both are ldentlcal, 1t would appear that the out-
growth is a twin of the original lattice. A twinning
position which could give rise to outgrowths in a monoclinic

- lattice is shown in Fig,10,

F'q, 10.
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This mechanlsm can be rejected for two reasons. The
angle of tilt, 52° would be much greater than any observed
and the outgrowths would show preferred orientation, e.g.,
in the B-modification, the orlentation would be as shown in
Flg.lla with the a-axis the bisector of the acute angle of
the ocutgrowing lattice.

Gigy
Groy

(b)

. Fig 11.

Only one example of thls type was observed, in the remainder,
the b-axls being the blsector. In addition, another type
of outgrowth was observed, Fig,1llb, indicating that the
lattice change must take place along a dlagonal and not an

axls.

(II). Change in Modificatlon
| The way in which a monoclinic form may be derlved

from the basic orthorhombic lattice has already been discussed
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and with a simple extension of Schoon's idea, it is possible
to derlive one monoclinic form from another or a triclinic
form from a monoclinic form,

In a monoclinic lattice, the chains are tilted to-
wards the a-axis, so that in the bc plane they are vertical,
Application of Schoon's ildea of displacement of chains to
the b-axis will therefore produce a triclinic formation.
Flg.1l2 illustrates how this can occur in the B-modification
of stearic acld, the chaln displacement being 1.262.

31‘11-5

qu. 2.

To maintain the symmetry of the adjacent chalns, each dimer
has to be rotated with respect to 1ts neighbour. The angle

of tilt of the outgrowth lattice is 92°, a displacement of
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1,26A belng the only one to gilve an angle of tilt near the

observed values.

b) Growth from a Diagonal

One reason for rejecting the twinning mechanism was
that it Involved growth from (010) or (L00) rather than
(110), the plane most commonly observed. This objection
also applles to the above argument and should therefore be
re jected, Before dolng so, let us first consider what

happens when growth takes place from a diagonal.

qu 3

The figures (1) and (2) represent molecules in the first and
second rows which have added on out of position, It 1s
readily seen that such growth necessitates a change in
stacking along the g-axls as well as along the b-axis, The
way in which a dlsplacement of 1.26& could occur along the

a-axls is illustrated in Fig.l4.
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c¢) Angle of Tilt

As all measurements of angles of tilt on micrographs
were made along dlagonals, the theoretlcal calculations must
also be made across the d iagonal of the unit cell, In the
B-modification of stearic acid, for a chain displacement of
1.262 along both axes, the calculated angle of tilt along
the (110) direction is 14° agreeing well with the observed

angles of from 11° to 15°,

d) Lattice Parameters of Outgrowths

Two objections can be lmmediately raised to the

above meéhanism. Firstly, the lattice parameters of the
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outgrowths will differ from those of the underlying lattice
and consequently the Interfacilal angles and the direction

of the (110) planes should likewise differ. HNow, in the
electron mleroscope, the specimen 1s held perpendicular to
the electron beam, The final image or diffraction pattern,
therefore, givés no information on structure perpendicular
to the surface of the specimen. What is viewed on the final
screen is a projection of the speclimen structure, in this
case, a projection of the outgrowths, Hence, provided these
outgrowths are derived from the underlying lattice simply by
vertical displacement of the chains, then their projections
wlll naturally have edges parallel to, and interfacial
angles the same as, those of the original lattice.

The second objection is that when a dimer adds on to
the obtuse angled side of a lattice of tilted chailns, then
the steric strain between adjacent carboxyl groups must
increase. To answer this it is necessary to carefully con-
sider why stearic acid only crystallises in monoclinic forms.

If stearic acid existed as an orthorhombic modification
it would have parameters a = 4,95, b = 7.42 as shown in

Fig,15,
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Now the position of closest approach is not between
A and B but between A and C and is equal to 4.46&. Con-
sequently, this must be too close for stable lattice packing.
By tilting the chains, the distance AC 1s increased, e.g.,
in the B and C modifications AC =‘4.64E and 5.343 respective-
1y, Although, therefore, it would appear that, by postulat-
ing addition at the obtuse angle, steric strain would occur,
the corresponding tilt along the other axls will maintain AC
at approximately its wvalue in the original lattice,

It must be emphasised that, as the exact orientation
of the tilted chains cannot be determined, it 1s not known
how often, 1f at all, such addition occurs.

(III). Growth of Outgrowths

a) Extent

One remarkasble feature of these outgrowths was the
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distance they had grown out from the original lattice.

- For thls to occur, condensation of molecules must have taken
place on to the open edge of a lattice and not on to a hollow
in a close-packed layer, and this is only possible very
early in growth when the supersaturation is very high.

Forty (1952) has produced evidence that dislocations arise
late in growth, and hence these outgrowths should have an
observable effect on the growth step pattern from the dis-
locations, Such an effect 1s indeed observed, all micro-
graphs showing a delay in the step pattern indicating that
the outgrowths arose before the dislocations,

BEarly growth on a crystal sheet, before the formation
of dislocations, takes place by surface nucleation, In such
a case, several nuclel are formed on the crystal surface and
it is quite possible that misalignment of the molecules could
occur approximately along a dlagonal facing in towards the
centre of the crystal or along opposite facing diagonals of
two adjacent nuclei, This would account for the formation
of the outgrowths in Plates 18 and 19,

On several micrographs, a discontinulty was observed.
between the growth step pattern on outgrowth and crystal,
This is to be expected, however, if there has been an altera-
tion in the lattlce packing, as along the (110) direction,
the packing in outgrowth and underlying lattice will be



-59~

slightly different giving rise to different growth rates

along these directions.

b) Thickness

The one remaining problem, that of the thickness of
these outgrowths, is readily explained, In extent, these
outgrowths are, in most cases, relatively small compared to
the size of the underlying crystal, an early limit to their
size being put by the rapid fall in supersaturation during
growth, Consequently, flrstly, any helightening of the
original crystal plate, although of ten not observed on our
replicas, the crystal sdges being ocutside the fleld of view
in the microscope, will be evident on the outgrowth, Second-
ly, In a case where an active growth centre has arisen close-
ly adjacent to the outgrowth, the total number of steps from
the growth centre to the edge of the underlying crystal
plate will be bunched into one large step at the edge of the
outgrowth, The latter case 1s best 1llustrated by Plate 13,
the former by Plate 16,

Another posslble means whereby these outgrowths can
thicken is afforded by the presence of the narrow angle
between the outgrowth lattice and the underlying crystal
lattice, This will act as a condensation site and there
would seem an equal llkelihood of molecules condensing on the

oubgrowth lattice as on the crystal lattice, Eventually,
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when growth is proceeding by the spiral growth mechanism
and the outgrowth has therefore ceased to increase In extent,
the angle will become completely filled with condensed
molecules both from direct condensation and from steps
generated by a growth centre, This may not happen in every
case, being dependent on the extent of the outgrowth, and

thus several cases are observed where these outgrowths have

been undershadowed.

¢) Continued Growth

It 1s interesting to speculate on what would happen
if growth continued beyond the point reached in this case,
Presumably molecules would first condense at the edge of the
miltimolecular step which would therefore advance across the
crystal face turning back on itself at the points where it
joined the underlying lattice. Contimied growth would
generate a closed loop with an open multimolecular step on
1ts surface. This is exactly what occurs when growth takes
place from two dislocations of opposite sense and, indeed,
growth features similar to those in Plates 13 to 18, but on
a much smaller scale, can be seen at the centre of many of
the growth patterns exhlbited in the literature. This out-
growth, therefore, provides a spiral ramp from one layer in
the lattice to, not the next layer, but to a surface thirty

or more layers higher up. In so doing, 1t provides an
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alternative to the Frank mechanism for the production of
maltimolecular dislocations and hence of multimolecular
steps in the growth of crystals.

All outgrowths observed were at or near the centre
of the underlylng crystal and hence continued growth would
generate a serlies of closed multimolecular steps. Only if
an outgrowth temminated at the edge of the underlying
lattice, as in Fig,16, would a multimolecular spiral step be

generated by continued growth,

!

\

an .

As these outgrowths can only increase in extent by
condensation on to open lattice edges at high supersatura-
tion, similar condensation must be occurring at the edges of
the underlying crystal at the same tlme. Honce, while the
outgrowth is rising from the surface, the underlying crystal
is increasing in size laterally and tlus crystals similar to
Fig.16 will only be very occasionally produced. However,

confirmation that such crystals are produced mas been obtained
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from the optlical mlcroscope, several examples having been
noted in crystal preparations on glass slides.

The observation of these outgrowths on crystals grown
on a glass substrate indicates that the outgrowths observed
by replica methods were not caused by unique growth condi-
tions introduced by growing the crystals on a collodion

substrate on specimen mounts.

d) Cause of Outgrowth Formation

No growth features resembling these outgrowths have
been reported on any compound examined under optical or
electron miéroscopes. It would appear, therefore, that the
lattice of stearic acid is especlally suited to thils type of
modification. The distance of closest approach of two
adjecent chains in the hypothetical orthorhombic form 1s
4,468, In the B-modificatlon it is 4.648, and the C-modi-
fication, 4.952. As the orthorhomblec form is so markedly
unstable as to be nonexlstent, the B-modification with an
increase of only 0.182 in the chaln separation must just
achleve a stable lattice packing of the carboxyl groups.
Consequently, this form would be expected to show misalign-
ment of adjacent chains much more frequently than the G-form,
a fact confirmed by these observations, only very few examples
of outgrowths arising from a C-modificatlon crystal being

found. Moreover, in the early stages of crystal growth,
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when the supersaturation is high and molecules are arriving
at lattice sites in large number, it is very probable that
some will take up positions involving the least possible
steric strain and hence give rise to outgrowths.

The displacement of 1,268 in the packing of the
hydrocarbon-type chains, postulated as the mechanism whereby
these outgrowths can rise out of a crystal, requires that
each dimer in the new lattice 1s rotated wilth respect to its
neigﬁbour. Crystallographically there 1s no reason why
this should not occur, and as the dimer molecules will be
rotating in solution and as their condensation position will
be determined more by the carboxyl groups than by the chain
symmetry, there is also no objection from growth considera-

tions.

Production of Dislocations by Impuritles

A mechanism which 1s In some ways similar to the
above has been proposed by Cabrera and Vermilyea (1958) for
the production of dislocations in impure crystals, They
suggest that bunching of steps could occur behind a region
of greater than average impurlty content and that subsequent
overriding of the impurity by the entire bunching will glve
rise to a dislocation in the ecrystal. This has been

1llustrated dlagrammatically in Flg.17.
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In the case of stearic acid the 'lmpurity' is much thicker,

more extensive and self-produced,

Application to Other Compounds

Again the question arises, 1s this mechanlism
peculiar to stearic acid, It would seem, with the outgrowth
being due to the symmetry of the hydrocarbon chains and the
packing of the carboxyl groups, that it must be so, but
nevertheless the twinning mechanlsm originally considered
should be applicable to all monoclinie crystals, As more
than half the crystal structures elucidated by X-ray analysis
have monoclinic space groups, such a mechanism would have

wide applicabillity.
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Graphlite
Strmcture

a) Single Crystal

Graphite was one of the first substances examined
by the technique of X-ray analysis, but due to the diffi-
culty in obtaining good crystals, its structure was not
fully elucidated until the investigations of Bernal, and
Hassel and Mark in 1924, The graphlte structure and basal
| projection are shown in Figs,(1l) and (2), the unit cell,
outlined in red, having dimenslons a = 2.462, c = 6.7093
(Trzebiatowski, 1937). The regular, planar, hexagonal
networks of carbon atoms, wlth C-C distance 1.423, are not
aligned perfectly In the c-axial direction but are displac-
ed alternately so that an atom in one net is situated elther
over an atom in the net below or over the centre point of
a hexagonal ring in the net below, as 1llustrated in the
basal projection, An ABAB type of layer stacking is there-
fore produced. With a distance of 5.553 between layer
nets any bonding can only be by very weak van der Waals
forces and hence these layers can easily slip over each
other accounting for the well-known lubricating properties
of graphlte,

To account for several anomalous lines in X-ray

diffraction spectra of graphite, Lipson and Stokes (1942)
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put forward an alternative structure which they suggested
was present to the extent of 14% in ordinary graphite.

The essentlal difference between the two forms is that
Lipson and Stokes' structure has an ABGABC type of packing,
the third hexagonal layer net being symmetrically related
to the other two,.

BernaL. Lirson
Fq. 3.

This is clearly 1llustrated iIn the basal projections in
Fig,(3). The G-C distance and the interlayer distance are
ﬁnalﬁered, the ¢ dimension of the unit cell Incressing to
10.0642. As it is possible to describe the structure In
terms of & basic rhombohedral lattice, it 1s usually describ-

ed as the rhombohedrasl fom,

Natural Graphite

Single crystals of graphlte are very rare, graphite
in its natural form being a polycrystalline material. The
dimensions of these crystalllites vary from sample to sample,
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a well crystallised sample having layers of dlameter 74u
end thickness many times this value,

Synthetlic Graphlte

During the past fifteen years intense interest has
developed iIn the study of synthetic graphite. This 1s due
to the use of thousands of tons of this material in nuclear
reactors, All power producing reactors in use and under
construction at the present time are graphite moderated.
Almost all known physical properties of synthetic graphite
have been evaluated under normal conditions and after ir-
rediation and similar studlies have been made on 1ts reactions
with the varlous gases used as coolants, In 211 this in-
tense activity structural studles have also recelved attention,

The preparation of synthetic graphite 1s fundamental-
ly the t ransformation of disordered carbon, in the form of
coke, into its ordered, allotropic modification, graphite.
This is done by baking coke together with a 'binder' such
as pitch, at temperatures of up to SOOOOC. The transforma-
tion and the relationship between the various grades of
graphite have been studied by X-ray methods by Franklin
(1951).

Carbons can be divided into two classes, graphitic
and non—graphitic; Non-graphitic carbons have been defined

by Franklin to be those whose diffractlon patterns show only



(00L) reflexions and two dimensional (hk) bands, These

la tter spectra indicate that the carbon contains small
layer planes of graphlite-like structure which are packed in
parallel groups but are not otherwise mutually oriented,
l.e., their structure may be defined as a 'random layer
structure'! (Biscoe and Warren, 1942), In these carbons.the
interlayér distance is constant at 3.44&,

With increasing graphitization, the (hk) bands deform
and (hke) reflexions appear, indicating a three dimensional
ordering in the lattice, This 1is paralleled bj a gradual
decrease in the interlayer spacing from 5.442, a fact first
noted by Rooksby (1942) and first accurately measured by
Bacon (19850). Franklin (1951) has shown that this inter-
layer spacing In graphitic carbons is a mean value, the
groups of oriented and disorliented layers in the carbon re-
taining their own inteflayer spacings of 5.55& and 5.442
respectively, Some perturbation of the disorientation spac-
ing may be caused by the presence of the closely packed
oriented groups resulting in the first disoriented layers on
elther side of each oriented group having an intermedlate
spacing. Bacon (1951) has suggested that in low graphltiza-
tion samples there may also be & reductlon in the spacing of
the second layer adjacent to an orlented group. The packing

of these different layers in shown in Fig.(4). It has been
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further postulated by Franklin that a doubly reduced spacing
may be present between two oriented groups as shown in
Fig.(5). The distribution of disorliented layers in a stack
of parallel layers has been shown by Franklin and Bacon to
be random,

As the decrease in interlayer spacing parallels the
increase In graphitization, the difference between the
oriented spacing of 5.552 and the observed spacing should be
a measure of the proportion of disoriented material present.
An equation, whereby the proportion of disoriented layers,
P, present in any carbon can be evaluated, has been derived
by Franklin and Bacon, For reactor graphite, p has a
value of 0,16 (Bacon, 1957).

A study‘of synthetic graphite used in reactors has
been made by Bacon and reported in a number of papers, In
general, his powder photographs show several distinctive
features. Firstly, the (hkiO) reflexions are sharp, indi-
cating a large extension of the crystallites in directilons
parallel to the layer planes, Bacon reports an average
crystallite dlameter of GOOX for reactor graphite, Second-
ly, the (0002) reflexions are less sharp, the height of a
group of parallel layers being therefore less than 1lts wildth -
300 to 4008 in reactor graphite. Thirdly, general (hkil)

O
reflexions are very diffuse, This 1s because In these 400A
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stacks, there are random rotations between small groups of
perfectly aligned layers as in Franklin's graphitic carbons.
These misorlentations occur,on average, once every six
layers in reactor graphite and, as a result, Increase the
observed value of the interlayer spacing, giving the p value

mentioned previously,

Pore Structure

a) Pore Volume

In synthetic graphite, the crystallites are not
packed together in any regular pattern but are randomly
oriented, and this distribution implies the presence of pores
in the strmecture. Synthetic graphite has therefore an
appreclable pore volume, This pore volume has been classi-
fied into two distinct categories by Dresel and Roberts
(1953), TUsing organic liquid and helium gas displacement
techniques, these workers found that 20% of the total pore
volume calculated from X-ray data was Inaccessible, They
accordingly differentiated between what they called open
pore volume and closed pore volume, Moreover, reducing the
particle size of the synthetic graphlte to 70 mlcrons opened
up an appreciable fraction of the closed space and they there-
fore concluded that the inaccessible pores must be widely
distributed throughout the material, Accessibility was

o
also improved by oxidation of the graphite at 430-500 C,
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A similar result has recently been reported by Walker and
Rusinko (1958); in their case, a closed pore volume of 20%
in a total of 5.6% decreased to 9.5% on oxidation at 900°C,
b) Pore Size

Ma.c ropores

It is only recently that quantitative data has become
avalleable on the pore sizes in synthetic graphilte. The
results obtasined by Loch, Austin, Harrison and Duckworth
(1957), Walker and Rusinko (1958) and Walker, Rusinko,
Rakszawskl and Liggett (1958) show that synthetic graphites
have an appreciable macropore volume at pore diameters
between 10,000 and 100,0002. These are assumed by these
workers to be pores between the'original coke particles,
Loch et al. found that only two of their graphites had
appreciable volumes of open pores between 140 and 52 in

diameter,

Hicropores

It has been observed by several workers that although
powdering synthetic graphite decreases the ¢ losed pore
volume, there is always a certain volume completely lnaccess-
ible to even helium gas, These micropores have been defined
by Loch et al., to be equivalent to "inaccessible voids",

In an earlier paper, Loch and Austin (1956) reported that
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the smaller the crystallite size, the higher was the closed
pore volume. Subsequently, Loch et al. found that the
micropore volume also increased with decreasing crystallite
slze, suggesting that the pores forming the closed pore
volume and the micropores are the result of small separations
between adjolning crystallites. From their data on micro-
pore volume and crystallite size, Loch et al, were able to
arrive at a value for the average space between crystallites,
this varying from 3-153, agreeing with the fact that these
micropores are closed to liqulds and relatlvely inaccessible

to helium gas,

Defect Structure

As X-ray analysis 1s essentially a statistical
technique, it can provide no information on structural de-~
fects within each sub-crystallite, However, spiral hexagonal
growth step patterns on natural graphite have been reported
by Horn (1952), showing that screw dislocatlions exist in the
graphite lattice, Fur thermore, a method of revealing dis-
locations in natural graphite has been developed by Tsuzuku
(1958) who, by etching large graphite flakes with silicon
vapour at 250000, produced holes at reactive sites in the
flake, Diffraction evidence showed these holes to be in
the layer net planes., A dislocatidn density of 108/cm? was

estimated by Tsuzuku for his material as against 104/cm2 by
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Hom, No evidence has been reported of dislocations in
synthetlc graphite, but the investigations of these workers,
especially those of Tsuzuku, illustrate the importance of
dislocations in the chemical reactivity of the material.

Reactivity

Although a large volume of data has been collected on
the reactions of synthetic graphite with air, oxygen and
carbon dioxide, under nommal conditions, after periods of
irradiation, at different gas flow rates, at various tem-
peratures and pressures, etc,.,, little attempt appears to

have been made as yet to relate structure and reactivity.

Lattice Edges

Due to the microcrystalline structure of synthetic
graphite and the presence of pores between the crystallites,

a small but by no means negligible proportion of the surface
atoms will be situated at the edges of the individual lattice
planes, Such atoms are less strongly bonded than the
majorlty and hence would be expected to be more reactive,

Now, carbon black has a structure in some ways similar
to synthetic graphite, but much more disordered, and 1t has
been shown by Smith, Thornhill and Bray (1941) and Emmett
and Cines (1947) that carbon becomes porous on oxidation.

This development of porosity they attributed to a preferential
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attack of oxygen atoms on high energy sites on the carbon
surface, these sites being associated with the edge atoms
of the quasi-graphitic parallel layer groups composing the‘
fundamental particles of the carbon black. A detailed
investigation of the reaction between steam and carbon di-
oxlde with charcoal led Long and Sykes (1948) to a similar
conclusion, these workers further suggesting that two types

of reactive site were present as illustrated in Fig, (6).

Fig. 6.

Type 1, with one orbital avalilable for interaction with other
molecules, i1s most likely to be found at the edge of the
aromatic ring systems, while sites of the second type,
capable of foming two extra bonds, are more likely in in-
complete benzene rings, although a few might be present at
lattice edges, Long and Sykes suggested that the former

sites were specific to steam and the latter to carbon di-

oxide,



Basal Planes

In 1955, Amberg, Spencer and Beebe reported that
graphitization of carbon black removed high energy sites
from the surface, their conclusions being based on ad-
sorption measurements, This was confirmed by Smith and
Polley (1956) who showed that the surface of the graphitized
carbon black was almost completely composed 