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ABSTRALCT

A simple method for producing composite filums of carbon
and m.tal has been developed, and used for graphitisation
studics in thin films. BSevcral carbon/metal systems have
becen investigated, carbon/irecn in detail., Films with iron
concentration .6 %0 22.2 wt. per cent were heated in vacuum
and argon at temperatures ranging fron 400-~2000°C, and the
resulting changes in microstructure stuvdied, using clectron
microscopy and diffraction. On heating, a carbide of iron
proceiptated, which has been identified as cementite (FeBC);
the growth of thuse particles has been studied as a function

of time, temporaturce and iron concentration,

The growth kinetics have been analyscd to give the
diffusion coecfficient of iron in evaporated carbon between

120m2/sec. and

500 and 800°C. D_ was found to be 4.9 x 107
the activation cenergy U was calculated as 16.1 k.cal

per molce.

At temperatures above 1000°C in vacuo the carbide
particles disappearcd, lcaving a film composed of partially
graphitic carbon, which was randomly oriented; +thie should
be compared to the preferred orientation produced in pure
carbon filnmns on graphitisation. La and LC neasured from
the breadths of prismatic and basal plane reflcections were

found to increase with iron concentration.



Pre-nucleetion cimperinents in which ccenentite particles
were developed in the films prior to a graphitisation treat-
ment at 1200°C indicated that the final values of La and LC
werce related to the size of the cementite precipitates.

Detailed studies indicate that graphitic carbon is
formed at the cenentitc/carbon interface as a result of
the cementite decomposition. N

Ni, V, Pt and Cu were also studied. Ni and V both
gave enhanced graphitisation by cessentially the same mecha-
nism described above. Pt precipitated predominantly as the
metal, but some cvidence was found for the existence of
a carbide. Results for Cu were inconclusive duc to its in-

sufficient concentra®tion in the films produced.
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CHAPTER I

1, Introduction.

Graphite is one of the most widely used high
temperature materials because of its unique combination
of anisotropy snd high the mal stability, It is used in
a number of apiplications, especially in nuclear reactor
énd aerospace technology. Due to its extraordinary
combination of properties it is of considerable interest
to the meterials scientist,

Graphite is generally produced commercially from
carbonaceous starcing materials by carbonisation and
graphitisstion., The structure end propertiss of
commercial graphite are largely dependent on the methods
of febricaztion, and there are numerous papers on the
subject of graphitisation of carbon by heat treatment at
the very high temperatures necessary ( 3000°C). The
conversion of amorphous carbon to graphite, which is the
thermodynamically stable form of carbon at room temperature
and pressure, necessitates the supply of large amounts of
energy, the cost of which is considerable,. It is
therefore economically desirable to find a more favourable
kinetic route from amorphous carbon to graphite involving
lower temperatures, and the commonest technique for
achieving this is the introduction of a so-called graphi-

tisetion catalyst. Considerable researches have already
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been carried out since E. G. Acheson's time on the

catalytic action of, for example, certain metals on the
graphitisation of carbon, with a view to reducing the
temperature of graphitisation. Most of the previous
studies on this subject have been carried out using x-ray
diffraction, The present work was undertaken to explore
the catalytic action of a number of metals on the graphi-
tisation of amorphous carbon, in the form of evaporated thin
films.

These films were prepared by co-evaporation of
carbon and metsl; they were then heated in vacuum in the
temperature range 400 - 2000°C and the resulting micro-
structural changes were investigated by electron microscopy

and electron diffraction.

1.1, Structure of graphite.
Diamond and graphite are two crystalline forms of

1 demonstrated clearly that in

carbon. Bragg and Bragg
diamond each carbon atom is covalently bonded to four
other carbon atoms arranged tetrahedrally, the & - 6 bond
distance being 1.513“ . In graphite the crystal is
ccaposed of sheets of carbon atoms; the atoms forming
each sheet are co-planar and lie at the corners of a
hexagonal 'honeycomb' structure, the distance between any

0
two neighbouring carbon atoms being 1.42A. The distance

o]
between these layers is 3.354A and they are held together
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by comparatively weas van der Waal's type forces, so that
the sheets can slide over one another, giving graphite its
flaky character and lubricating properties. In the crystal
the sheets are slightly staggered so that only alternate
carbon atoms in any sheet are directly opposite carbon
atoms in the neighbouring sheets. The most highly ordered
form of graphi®e which occurs in natural single crystal is
termed hexagonal graphite (Fig.1). A precise determination
of the structure of a single crystal of graphite was made by
Bernal2 who observed that the lattice proposed by Hy1l3 was
correct, The rhombohedral unit cell he reported was
6,828 high and 2.%5% on the side. A second modification
of graphite has been found to exist and is referred to as
rhombohedral graphite by Lipson and Stokesq. The only
diflerence between the two lattices is in the relative
arrangement of successive layers., The repeat unit in the
hexagonal lattice consists of two layers and this arrange-
ment is sa2id to form an ABAB sequence, (Fig., 2A), whereas
the rhombohedral unit cell contains three layers arranged
in an ABCABC sequence, (Fig. 2B) with the c-axis repeat
distance of'l0.0SR. Rhombohedral graphite is found in
small quantities in natural graphites and is detected by
additional lines in the diffraction photographs. The
percentage of rhombohedral graphite can be increased

considerably by cold working,. Corversely, on heating to
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very high temperature the rhombohedral lattice reverts to

hexagonal. Recent works has revesled that rhombohedral
graphite does not exist as a separate structure but is
formed by the pesssage of dislocations in the hexagonal
form which cause the stacking sequence to change from ABAB

to ABCALC,

l.2. Defzcts in graphite

The graphite structure described sbove refers only to
perfect crystals. In practice all crystals suffer from
various kinds of defect, plane, line and point, The
planar deviations from perfection involve (1) stacking
disorder (2) rotation between the successive sheets, The
following are the simple stacking faults in graphite.6
(a) ababacaca or ababcbebe, This type of fault contains
cne triplet of layers in the rhombohedral arrangement,

(b) ebabcacac or =2bacbcbeb. This is produced when one
crystal part is shifted with respect to another part and
contains two triplets of layers in the rhombohedral form.
(c) ababcabab or =bacbabab. This is generated when a
single sheet ¢ is inserted in the norm=l sequence of abab,
(d) ababcabab, This xind of fault has two over-lapping
triplets of rhombohedral arrangement,

Extensive studies concerning the structures of the
different stacking faults and dislocations have been made
by Amelinckxand his co—workers6’7’89 and will not be

discussed here, Fuzita and Izu19 pointed out four
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gifferent kinds of dislocations in the graphite lattice;
both basal and non-~basal dislocztions may occur. Basal
dislocations are characterised by a Burger's vector
parallel to the basal planes and non~basal dislocations
can be characterised by a Burger's vector c¢ [0001l] .
Hashimoto ~nd UYeda;O were the first to point out that
dislocations in crystals can be detected through their
effact on moirétpatterns, and Dawson and Follettlt
studied the dislocations in synthetic graphite using these
moiré patterns. The basal plane dislocations can be
identified rcadily usirg electron microscopy whereas non-
basal dislocations are difficult to detect, Thomas12
used optical microscopy for the study of the non-basal
dislocation and the pioneersl3‘l5 in this field subsequently
developed various theories and techniques for their
observacion and interpretation. For a review of the
various Kinds of dislocation associated with graphite the
reader is referred to references 6,
1.3. Forms of Graphite and preparation.

1.3.1 Single crystal.

Carbon exists in a wide variety of structural forms,

ranging from glassy non-crystalline carbon to almost
perfect single crystals of diamond and graphite. Graphite
is found as a mineral in Ceylén, Madagascar, Siberia,

Ticonderoga (New York) and elsewhere, Single crystals are



18 -

usually found embedded in calcite or pyroxene which can be
dissolved away to leave the graphite. Traces of metallid
impurities must be removed by treatment with hydrochloric .
acid followed by hydrofluoric aclid, resulting in graphite
of low ash content.16 'Kish! graphite which occurs in the
manufacture of cast iron can be obtained by dissolving away
the iron and the ash content is about 2% after purification}
Large parfect single crystals of graphite occur very
rareiy in nature, and attempts to produce single crystals
have bezcome an important line of research in carhon
science to-day. Tsuzukul8 produced very small crystals by
hz2ating carvon black to 250000 in a small graphite
crucible. Blackman and Ubbelohde19 found that by heating
pyrographite under pressure they obtained specimeas which
gave the x-ray diffraction patterns of a singles crystal,

20

Foster and his co-workers were able to produce single

crystals of graphite by decomposing aluminium carbide at

21 et.al produced large and relatively

QSOOOC. Austerman
perfect single crystals of graphite by precipitstion from
carbon-saturated molten iron and nickel, Most recently
Presland and Walker22 reported a method of producing single
crystal graphite by pyrolysing acetylene over platinum and
nickel foil at a temperature of about 1000°C.

3.0 3.2, Polycrystalline graphite,

A large number of industrial carbons possess only
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small regions of highly graphitic material distributed in

a less crystalline matrix. Thus these carbons contain a
whole range of structures varying from graphitic order to
near complete disorder. Industrially anthracite or coke
particles are bonded with pitch and extruded into bars
followed by heat-treatment at temperatures up to 3000°C in
the absence of air. This results in so-called poly-
crystalline graphite, consisting of small crystallites which
have very little preferred orientation one to another.

l.3.2 Pyrolytic graphite

This can be obtained by the deposition of the thermal
decomposition products of hydrocarbons (e.g. methane,
propane, benzene, acetylene etc.) on to a hot substrate 23,
There 1s a preferred orientation of the crystallites and
the most probable c-axis direction is at right angles to
the deposition surface, but no ordering of the crystallites
in the a-axis direction normally takes place. Graphite
prepared by this method at a temperature of 215000 has a
directional spread of crystallite c-axes of about 10-15°
and the alignment of the c-axes can be improved by heating
the material at 3100° in a resistance furnace2t, To
produce graphite with the smallest c-axis spread,
pyrolytic carbon is annealed at about 3000°C under an
externally applied stress of around 400 atmospheres2?

normal to the plane of deposition. The mechanism of
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pyrolytic deposition is not well understood, The kinetics
of deposition of the pyrolytic carbons have been studied by
Diefendorr2®, Oxley®’ et.al and Hirt snd Palmer?8,  Recent
studies have revealed that the structures of these carbong

vary widely depending on the deposition conditions.

Carhons deposited in fluidised beds have become off
considerable technological importance nowadays. The
important carbon structures that are deposited in fluidised
beds have been divided by Bokros ei:.al.29"31 into three
sroups according to their microstructures, namely (a)laminar
(b) isotrepic and (¢) granular, The Jaminar carbons

have & high degree of preferred orientation of the layer

planes parallel to the deposition plane, the isotropic carbons

have random structures and the granular carbons are dense
with very little orientation and are more crystalline than
the others deposited at the same temperatures.

Another form of artificial graphite is the whisker,
whose properties have been described by Bacon32. Whiskers
are formed in a carbon arc at 36000C when operated under
92 at ms of argon and may have diameters of up to five
microns, Meyer 33 reported formation of good whiskers when

pyrolytic graphite was deposited from acetyliene at 1.33 mm

of Hg. pressure at 2000°C.
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1l.3.4% Carbon black

On passing a hydrocarbon gas or vapour through an
enclosure heated to a high temperature a sooty deposit
is formed. Sooty carbons also result from the incomplete
combustion of hydrocarbous. The carbon deposits from both
these processes are cailed carbon blacks, It posed a
major problem as to whether carbon black consisted of
finely divided graphite crystals or another form of carbon
with a Jower degrce of order until Warren3h!35 put forward
his widely accepted model of their structure. Carbon black
has been described3h as "a simple and definite example of
an intermediate form of matter which is different from both
crystalline and amovphous states", The term 'turbostratic!?
has been suggested for this kind of solid. The carbon
blacks are composed of graphite-like layers arranged
roughly parallel and equidistant in stacks of several layers,
but with each layer having a completely random orientation
gbout the layer normal. The layer separation in carbon
blaclks 1s larger than in graphite. The sizes of the
layers and heights of the stacks characterise the structure
of a particular black, The crystallite size of most of
the blacks is in the range of 11—153 along the c-axis
and 15-20% in the basal plane.
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1.3.5., Evaporated carbons

Bradley36 developed 2 method for evaporating carbon
on to a substrate in a vacuum. Generally such deposits
are very poorly crystalline37’38’39 and heat treatment at
2800 = 3OOOOC is required to convert the material to graphite.
140

Recently Presland and White reported the structure of
evaporated carbon films heat treated in the range of

1000 - 2200°C and their results will be discussed in more
detail in a later chapter. Be.c“f:erl"l developed a method
ror producing carbon films at a very slow rate using
electron homvardment method, He observed marked
differences between the structures of the resulting films
produced by the usual Bradley method and by the electron
bombardment method, and found that properties and structure
of zvaporated carbon films are dependent on the material used
for the carbon rods, on the pressure during evaporation, on

the nature of the substrate and on the rate of evaporation.

(cf. Presland and White).
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CHAPTER TII

2. Coarbonisation and graphitisation

2.1. Carbonisation

Carbonisntion is tF:2 process by which carbons are
produced from various carbonaceous materials by heating
them under different concitions, The transformations,
which are very complex, take place in several stages during
heat treatment. The first step, in which the thermal
decomposition of the organic molecules and the condensation
of the aromatic rings proceed simultaneously, resulting
«n the formation of crystallites, can be called the
process of carbonisation, which continues up to 1800°C.

The mechanism of carbonisation was pictured by

Lo

Hoffman as follows:~ during the initial stages of
heating highly condensed aromatic molecules are formed and
they arrange themselves in a graphite-like layered
structufe. As the temperature rises graphite nucleli are
formed surrounded by chemically bound complex hydrocarbon
rings and chains. As coking proceeds they decompose,
some of the carbon atoms being lost in the form of
volatile compounds and the remainder attaching themselves

to the edges of the hexagon planes, thus causing the

lateral growth of the graphite crystallites.
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Blayden et.alh3 made a quantitative study of
crystallite growth in the temperature range HOO—13OOOC
during carbonisation of cellulose and Northumberland coal.
They observed that the a-dimension of the crystallites
showed a continuous growth with carbonisation temperaturs
whilst the c-dimension rewained practically constant.

The interatomic distance of the carbon atoms in the layer
planes was 1.37% as against 1.415% in the case of macro-
crystalline graphite, indicating a more powerful bonding
of the carbon atoms in microcrystalline grephite, They
extended their investigationm+ to include one American and
two Welsh anthracites, lignin, and an Irish peat, and used
carbonisation temperatures up to 2200°C, Here in the
case of anthracites they observed a decrease in c-dimension
as the carbonisation temperature was increansed from 400 -
900°C which was interpreted as due to disruption of the
crystallites, wheress the peat coke crystallites showed

a very rapid growth in the c-direction between 700 and
1000°C which was believed to be a catalytic effect.

Crrbons prepared by the carbonisation of polymers
possess physical characteristics imposed upon them by
virtue of their structure znd also by the conditions of
carbonisationhs’hé. The extent to which these carbons
graphitise on further heut trestment at temperatures above

2000°C depends very largely on the properties of the carbon
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prepared at 700 - 300°C. Xipling '’ investigsted the
relationship between melting during the carbonisation
process =and the ability of the resultant carbons to
grephitise at higher temperatures, He made the polnt that
if & graphitising carbor. is to be formed, fusion of the
polymer mrst take place so that polycyclic aromatic
structures formed at lower temperatures readily orientate
to form graphitea.

Carbons produced by the low temperature charring of
organic compounds exhibit wide veriations in their
graphitisabil ity depending upon the structure of the organic
‘compound s, Kinney and his co-workersh9’50 reported that
charring of anthracene produced carbon of high graphitis-
ability, whereas phenathrene, an isomer of anthrescene,
ylelded a carbon of poor graphitisability. Xinney concluded
that phenathrene, which has a molecule with =n angular |
shape, cannot condense into sheets of aromatic structure
axcept by the orientation of the molecules in a manner which
does not correlate with the preferred chemical behaviour
of the molecule, Since the chemical behaviour probably
governs.a sufficient number of the condensation reactions
to strongly influence the structure of the char formed, a
non-graphitising carbon results. Anthracene which is in

relative abmdance in coal tar is of considerable importance

to graphite manufacturers whose raw materials consist
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primarily of petroleum coke and coal tar pitch,
Considerable interest however, has been aroused
racently in the mechanism of the carbonisation of orgenic
solids. In = recent note, Thomas et alsl suggested that
carbonisation is effected by structural irregularities
such as lislocations and even point defects. Well defined
lrrge sucrose single crystals produced from concentrated
aqueous solutions »nd given a heat treatment in vacuum at
temperatures from 120°C to 140°¢ revealed well defined
decomposition 'volcanoes' on the £ 100 > faces., The
density of these volcanoces was appruximately lO5cm"2,
and they were arranged in crystzllographic directions
along the surface, Hence it wes concluded that disloca-
tions play an important part in the carbonisaticn process.

Graphitisation is the process of production of
artificial graphite from carbon, with or without additives.
There are several parameters which can be varied in order to
alter the resultent structure. The most effective of
these 1s the temperature of heat treatment. Both temper-
atura and duration of heating play a part in increasing the
crystallite size and decreasing the disorder. This gradual
development, which finally leads to large regions having

three~dimensional order, is referrcd to as graphitisation.



27

2.2.1 Graphitising and non-graphitising carbons.

Not all carbons can ba graphitised. There are some
carbons which retain a high degres of non-crystallinity
even at high temperatures. Franklin h8was able to classify
a number of carbons, obtained by pyrolysing organic
starting materials, into graphitising and non-graphitising
carbons. Examples of the former are pitch and petroleum
cokes and the pyrolysed residue from the polymer polyvinyl
chloride, These on heating to 2000°C can produce ordered
crystallites several hundred of angstyoms across and there
1s relatively little disordsred carbon in the matrix.

On the other hand materials such as charcoal and the
carbons from polyvinylidene chloride and polyfurfuryl
alcohol do not form large crystallites even at 3000°C.
Franklin showed that these two types of carbon can be
distinguished even at 1000°C by mensuring their
crystailite size.

2.2.2. Ordering parsmeters.

The five well-known parameters to describe the
aegree of ordering in carbons are Loy Lgy dy p and t,
For a given carbon, L, and L, are the average overall
dimensions of the crystallites measured parallel and
perpendicular to their layer planess, and these dimensions
are deduced from the widths of the appropriste diffraction

lines.
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The parsmeter 'd! which is the interlayer spacing in
carbons varies from a value of 3.#%3 for turbostratic
carbons to a value of 3.352 for graphite, Franklin52
assumed that the observed value of interlayer spacing for
any carbon was made up of differing proportions of these
two discrete values 3.35% and 3.448., She suggested that the
observed inverlayer spacing was related to a disorder

parameter p by the following equation,

d= 344 = 4086 (1 = D) evnrnennrnnnenaneaa(l)
The parameter p is the proportion of mutually disoriented
leyer peirsy when p =0, d = 3.35%2 and there is no
disorder, while when p =1, d = 3.%%3 and there is complete
disorder. The disorder parameter is often used to
characterise carbons and is usually calculated by using

Bacon‘ssj modifcation of Franklin's equation,

d = 344 = ,086 (L - p) = 04D (Lep) wuven..(2)

2.2.3. Analysis of Housks and Warren.

Houska and KI\I-a.J:'renS)+ defined a parameter Pqys the
probability that a pair of neighbouring layer pleanes has the
graphite orientation. Before the onset of graphitisation
the layer planes of a parallel layer group have randonm
orientation about the layer normzal with a spacing ag. In
the early stages of graphitisation some of the pairs of
neighbouring layer planes assume the graphite relation, the

o
spacing being ay = 3.354%, Nearest neighbour pairs of
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layers take the ordered graphite relation independently
producing both A-B-i and A-B-C sequences. This ordering
produces modulations in the two-dimensional (hk) reflections
from which p; can be obtained. In terms of ay = 3.35#2

and a'y = a3(l + 2,), where z; is the distortion in ay
produced by the presence c. distorted layer planes, these

authors showed the average interlayer spacing to be equal to

dogp = Prag ¥ (L= Pp) aly veeeeiieeinininn(3)

Using one set of experimentally determined values of d002
and P; they found a’3 to be 3.448 which is in good
agreement with the value of Franklin for the spacing of
disordered neighbouring layer planes. Putting a3 = 3.35&3
and a'y = 3.4h3, the above equation can be reduced to,

dogo = 3.440 - ,086 P R & )

The value of P; can either be derived from the
modulations of (hk) reflections or from the average inter-
layer spacing using equation (4).

2.2.4% The definition of Maire and Méring.

Maire and Méfingss’sé simply defined the degree of
graphitisetion as the coefficient 'g' measuring the fraction
of carbon layers modified by the graphitisation process
and having a spncing of 3.35#2. This coefficient can
be deduced using the relation

doo2 = a3g + (1 - g) a‘3
3,440 - L0868 saveencennesnans(5)

or,

i

doo2
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From an x-ray study of the polyvinyl chloride char
they concluded thet in o partially graphitised sample the
layers of both kinds, nemely graphitised lesyers ~nd non-
grephitised layers, are stacked at random and nearest
neighbour layers order independently, Thus they replaced
the idea of the graphitis tion of the elementary layers. In
addition they suggested a relation between the probability
P, defined by Houska and Warren and the coefficient 'g!
which was,

P = Y € -3

If P. is the probability that (n + 1) adjacent
layers are ordered the hypothesis of two typz3s of layers
leads to the generalisation of the above equation in the
form,

P =g n+l

n
P, denotes the probability that a given packet of

0....00-..-000-..01(7)

(n +1) layers is completely ordered. Experimentally it

was found that P = g2n

s which is equivalent to,

P, = (P)"
Maire and Mé}ing suggested that it was not the state of
+he layer in the packet but the state of its surface which
controls its ability to order with respect to its neighbour,
but that there is no relation between the states of the

two faces of the same layer,
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2.2.5 Definition of T=okshashi et al.

Takahashi et al’’ showed that, regardless of the type
of cerbon used, the product of (1 - Py) and L,, the |
crystallite dimension along the a-axis, is a constant for

L, values greater than 1103.

a
Hence, (1 - Pl) X La = 110
110
or P1=l""-'"""" ccoccoooaovonoooa(B)
La

Also it has been claimed that d002 can be expressed
as a single linear function of the reciprocal of the La
dimension,

dopp = 3+35H + 2 ()

Kz}
This shows that the interlayer spacing can serve as a good
messure of crystallite growth in the grephitisation process.
Other authors also attempted to relate crystallinity
end stecking order, notably Maire and Mé}ing,58 and their
plot of L, vs, Pl exhibited similarity to that of Takahashi
et al. Their plot of L, vs Pi however, indicated that the
stacking height saturntes and has a limiting value of
anproximately 2208 even when the stacking order exceeds 5%,
More recently Ruland 59 has attempted to establish
a more general relation for disorder in graphitic carbons,
and to show how the parameters based on this relation can

déscribe the transition from non-graphitic carbons to

graphite, The following relationship was deduced,
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- 2
dgoo = 3.35% + k25 ayb

where  , , { 1S the relative lateral displacement of the
23]
adjacent layers a,b.

2.3 uechanisms of graphitisation

The process by whic1 graphitisation occurs is
complex and is not well understood. Until recently there
has been considerable lack of information on this subject.
Although several theories of graphitisation have been
aroposed a real understanding of the graphitisation
process in terms of empirical relationships between the
average interlayer spacing and other parametars hras not yet
been reached.

2.3.1 Franklin's model.

Frenklin investigeted the structure of carbons of
differeat origin treated at different temperatures between
1000 and 3000°C, and showed that the graphitising and non-
graphitising carbons formed two distinct and well-defined
classes. The graphitising carbons included a pitch coke,
» petroleun coke, cokes prepared from coking coals and chars
chtalned by pyrolysis of polyvinyl chloride. These
carbons were heated to temperatures of up to 1720° only,

a temperature sufficient to produce?layer diameter of about
703 and parallel layer groups containing about 30 layers.
4Lt higher temperatures than this, further increases in

layer diameter and the height of parallel layer groups led
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to graphitisntion. The non-graphitising carbons were
polyvinylidene chloride (saran), sugar charcoal and
Northumberland coal. Franklin observed the difference
between the two classes of carbon even in the early stagesg
of the carbonisation process. The graphitising carbons,:
at 1.000°C, had approximately four layers per parallel group
(M) and for non-graphitising carbons produced under the
same conditions the value of M was between 2 and 2.5. At
higher temperatures, the layer diameter increased rapidly
with a rapid increase in M in the case of graphitising
carbons, while in the non-graphitising carbons there
nppeared to be little change in layer diameter with
practically no chaage in M,

FranklinL+8

has proposed that all carbons ~can be
described as graphitising or non-graphitising carbons accord-
ing to their behaviour towards graphitisatiomn. For soft
carbons below l300°C growth occurs by incorporation of a
disorganised phase, above 1300°C at the expense of other
crystailites, In both cases it is hard to see why the
growth stops when 2 definite size is reached. In =
detniled discussion of the problem she came to the
conclusion that growth occurs by displecement of whole layer
planes. Thus as the size of the planes increases higher

temperatures are required to provide sufficient energy to

displace them and thus to continue the process of crystallite
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growth, She discarded the idea of growth by the movement
of isolated atoms or small groups of atoms from one crysta-
llite to another since this would involve the breaking of
strong c-c¢ bonds, which would require a higher energy of
activation than is consis. ent with the observation of
growth at temparatures as low as 1000°C.

The graphitisation process for hard carbons seems to
be more complicated than for soft onses. Franklin found
that although the bulk of a hard carbon resists graphiti-
sation up to quite high temperatures, small amounts (=~ 2%)
cf other phases are present waich graphitise as easily as
soft carbons. This she ascribed to the existence of
sufficiently large thermal stresses in hard carbons as to
leald to local crystallisation under high pressure.

2.3.2, Mizushima's model

Mizushima60 proposed that the movement of whole layer
planes as large as a few hundred angstoms is not possible
and the increase of the layer diamster must thus be caused
meinly by the atomic movement of the boundaries between the
reighbouring layers. It is also improbable that a layer
plane of such a large diameter could rotate around its c~axisz
to establish orientation with the neighbouring layers. He
believed that three dimensional ordering took place by the
movement of boundaries made up of wrrays of dislocations.
From an energy consideration he showed that the driving

force for the two-dimengional growth of the layer planes is
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a function of the layer diameters, The change in the
peripheral energy of a layser plane which is associated with
either the escape of, or the attachment of, an atom at the
edge was given by,

%E} = *+ 85 X cal/® 2 . Where P is the layer

diameter,

When an aton escapes frcm a layer of disameter ﬂl and becomes
attached to znother layer of diameter ﬂz, the energy change

in the whole systen,

AE = 85 (—= -k
£ 2

o.o-a.ouccoooo(lO)

If ﬁ2‘> ﬂl , there will be an energy released from
the system which will act as the driving force. This two
dimensicnal crystallite growth taikkes place irrespective of
the relative orientation in the parallel 1ayef group. Three
dimensional growth takes place when the layer diameter
becomes larger than a certain critical value, when the
energy release for two dimensional growth becomes equal to
that required for ordering.

2.3.3. Dislocation model.

Turnbull and Willizmson®l studied graphitisation
of eveporeasted carbon films heat treated at high temperatures,
and proposed that crystsl growth in graphite occurs by the

climb of edge dislocations which comprise tilt boundaries,
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Screw dislocations in twist boundaries provide the driving
force for the clicb thus eliminating both boundaries by a
single process. The authors believed that this dislocation
mechanism was independent of the original material once
graphitisation had begun.
2.4, Kineticg of graphitisation.

In orde~ to understand in detail the mechanism of
graphitisation, informat-zon on the kinetics of the process

62 on

is essential, Kinetic studies by Fair and Collins
a conventional composite pitch coke carbon indicated that

the rate of graphitisation decreased rapidly with increasing
heat treatment time and the degree of graphitisation appeared
To approech a limiting value at any given heat treatment
temperature. However, in general a zero rate of change

was never attained. From the experimental data it was
demons:srated that the variation in layer plane orientation
with time and temperature could be expressed quite satis-
factorily with rate expressions based on an activation
energy which increases rapidly as the three dimensional
cPystal order approaches completion, They observed a
naximum rate of change of the layer plaﬁe orientation and
the layer diameter at around 2350°C for most graphitisable
carbons and carbon blacks. Since fhe average layer plane
diameter and interlayer spacings of different carbons at
this temperature are different they concluded that the

structural modifications taking place do not depend upon
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any critical plane diameter, Rather they must be intrinsic
modifications of the structure associated with definite
activation energies with the same values in different types

of carbon,

2.4,1 Mizushima's analysis.
63

Mizushima investigated the rate of graphitisatiop
of carbon by making measurements of the electrical and |
thermal conductivity and the crystallite dimensions. He
found that the electrical and thermal conductivity changes
ook place linearly with the logarithm of the heat treatment

time and obe;ed an expression of the form,

€ = ¢, + ¢ log (5 + t)/to veeess (1)
where § is electrical conductivity at time t, Gy is the
initial value which depends on the history of the specimen,
¢ and %, are constants (t >> t,) and can be determined from
the £ Vs log t plots.

From (11),
ig‘: c(t+to)—l .¢..-¢.c.-..-.(12)
dt
Putting (11) in (12) one can write,
.q_(.;‘ = _Ci_ exp [ - M]O"-O(l.g)
dt to c

Since & was found to change linearly with L,, € -g_ can

be replaced by p (L, - Lao)’ where p is a constant. Hence
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aL, ¢ c
—_ F(—) &P [ - (Ly - Lao) 7 2 Joooe.. ()
at to P

The rate of increase of L, with time at a given temperature

T was expressed by the relation,

aL
Sa - p@y ex» [ - 2y ...@5)
at RT

where £(Lg) is an unknown function and E(La) is the
activation energy for crystallite growth. Mizushima
calculated the activation energy by comparing the final
rate of change of conductivity at a temperature Tl with the
initial}rate at the next higher temperature T2 for the same
specimen heated successively at Tq1 and T2. He postulated

the follcwing equeltion similar to the one already mentioned,

& =g(erex [~ ELE)y Ll 06
at RT

From which follows,

at Ty final ° a T, final =
1 1 BE(&
QXP[ "‘(-— - ) ( ) J 'C...Ol..l(l?)
Ty T, R

because g (£) is common to both. The same procedure was
applied to the thermal conductivity. He calculated the
activation energy between 900°C to 2500°C and it was found

that it rose from 75 to 210 Kcal per mole in the temperature
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range studied. From the measurement of the interlayer
spacing and of the crystallite size dimensions he also
observed that the activation energies clustered around two
values, one of about 100 Kcal, and the other around 200 Kcal
per mole. |

On the basis of thtse results Mizushima concluded
that the graphitisation of carbons proceeds by two distiqct
groups of processes. The first one, associated with an.
activation energy centred around 100 Xcal, includes such
atomic processes as disappearance of dislocations formed
during carbonisation, the removal of interlayer clusters and
vacancies of different sizes. These processes decrease
the interlayer spacing, straighten up the layer planes and
bring order in each plane. The second process, with an
activation energy around 200 Kcal, begins above 2200°C and
is associated with crystallite growth, mainly in the a-
direction, by the movement of boundaries between adjacent
layer planes.

2.4,2, Fischbach's analysis.

A recent investigation by Fischbach 64,65 of the
kinetics of graphitisation of pyrolytic carbons has shown
that in these materials graphitisation occurs in two stages,
which could be described by a sequence of two simple first
order rate processes. He observed that quantities like
diamagnetic susceptibility, anisotropy ratio ):f)C

11’
preferred orientation and layer plane diameter La, all
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increase slowly during the first stage and rapidly during the
second stége. He calculated the activation energy
corresponding to the first stage of grephitisation as 260
Kcal per mole, but he wag unable to calculate the energy of
activation for the second tage for want of sufficient data.
Later investigaﬁion of a petroleum coke carbon géve a value
of the activation energy 250 Kcal per mole which was in
excellent agreeunent with the one obtained for pyrolytic
carbons. This suggested that the graphitisation process
is the same ip the two types of carbon and that the activation
energy is constant. The different kinetic behaviour in
Jifferent carbons was attributed to the detailed micro-
structure of the materials.
2.4.3. Presland and White's analysis.

Recently Presland and White 00,67 and %0 grugied the

graphitisation of evaporated carbon films using electron
micrdscopy and electron diffraction, Th2 as-deposited film,
which was quite amorphous, was heat treated in vacue in the
temperature range 1000 - 240090, followed by characterisation
by electron microscopy snd diffractiony the material was
found to be graphitising. They showed that even at low

heat treatment temperatures there existed two stages in the
process of graphitisation and deduced the activation energy
corresponding to the first process as approximately 2 ev

(46 Kcal/mole). They showed that there was a parabolic



41

relationship between La and the heat treatment time repre-

sented by,
= 2
La Lao (K]t) 05.00-.0-...-0(18)

where L, - L,  is the increase in crystallite dimension

ao
during heat treatment time at a particular temperature,

1 L
The values of Klz and LaO were obtained from the La vs t2

plots. Kj was assumed to be of the form,

U
Kl =I’\-O'6Xp ( - 'ET]-' -ouo.oainoo(l9)

where Ui is the activation snergy of the process,

The plot of _og. Ky against % was a2 straight line, the
gradient of which gave Uie From the extremely small

value of the activation enargy ( 2ev) it was suggested that
this stage involves growth of crystallites by means of the
atcachmert of atoms from the adjacent disorganised material
where the atoms are free to link up with the ordered regions
without the necessity of breaking & bonds.

Since their activation energy values during the early
stage of grephitisation fell close to that of Mizushima's
value of 40 Kcal per mole for the bre=king of the single '
covalent bond in graphite they suggested an alternative in
which the growth of larger crystallites takes place by
accretion of atoms liberated from smaller neighbouring

crystallites by the breaking of single covalent bonds.



CHAPTER III

3. Catalytic graphitisation.

As has been pointed out earlier, catalysis of
graphitisation of carbon .s of much fundamental and practical
interest at tie present time. Considerable research has
been carried out since Acheson‘s68 time but a proper
understanding of the mechanism of graphitisation catalysis
has not yet been achieved. At the end of the nineteenth
centwiry Acheson referred in z series of patents to the
catalytic action of certzin retals on the graphitisation of
carbon, He neated carbonaceous materials in the presence
of these metals (in s91id or vapour form) in an electric
furnace to a very high temperatura, He proposed that the
metal first coixbines with carbon forming the carbide vhich
further decomposes into graphite and the metal. At high
temperatures the volatilizable materisle are vaporised and
permeate the charge, facilitating graphitisation. No
mencion was made, however, of the range of temperatures to
which the charge in ths furnace was heated.

Akamatu and Sat069 showed that the carbon produced
by catalytic decomposition of carbon monoxide by iron at the
comparatively low temperature of 500°C is not amorphous
carbon bhut graphite. In the early stages of formation the

depoeit was established to be cementite, which then underwent
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further decomposition to graphite, They suggested that
the reaction takes place according to the scheme,
3Fe +2C0 - - Fe3C + CO2
Fe3C —3 3Fe + C

The catalytic acti a of iron was hindered by the
existence of cxygen. The catalytic decomposition of
carbon monoxide never takes place if iron is oxidised before
cementite is formed.

Yamada’/0O studied the catalytic graphitisation of
thermal black using silicon, iron, cobalt, nickel etc.
as catalyst. He observed that the different metals
pehaved differently in the graphitisation process and in
this comnection h: was able to classify the metals into two
gro'ips, one consisting of metals like silicor which formed
graphi-e crystals by formation and decomposition of carbide
and the other consisting of metals like iron which acted
upon the carbon, dissolved it and segregated it as
graphite. The formation of silicon carbide began just
above the eutectic point, at 1500°C; it was stable up to
2000°C and at about 2200°C it decomposaed forming graphite
crystals. With iron, however, graphite formetion was
barely recognizable at 12000C (which is higher than the
eutectic point of iron and carbon (1150°C))and iron was
considered to act by segregation, in the form of graphite,

of carbon which had heen dissolved in iron. He observed
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similar effects with nickel and cobalt. The most

extensive study has been made by Ishikawa et al 71,72 yho
investigated the catalytic action of as many as thirty-one
kinds of metallic elements choséen frdm each group of the
periodic table to estaonli ‘h Significant relations between
the catalytic action on grephitisation and the physical énd
chamical properties of each of the various metallic elemeats.
They found that many metals gave little or no effect but
that iron, titanium and vanadium had a marked effect.

They proposed that the carbon obtained from the carbide is
not in the form of graphite but is a highly graphitising
carbon. They further obtained evidence that the graphiti=-
sability is influenced by the ash composition and proposed

a more elaborate scheme for catalysed graphitisation taking
this point into consideration.

Gillot and Lux73 studied the catalysis of graphiti-
sation of a furfuryl-alcohol-ceke by titanium and vanadium,
Mixtures of powders of furfurylesalcohol-coke (which is non-
graphitising) énd titanium or vanadium carbide were pressed
into pellets and heat treated for 20 hours at temperatures
ranging from lSOOOC to 2800°%C. During heat treatments small
carbide particles entered the grains of coke and migrated
in them leaving behind a trail of relatively well crystall-
ised graphite. With titanium the migration ¢f the carbide

began at 2200°C and with vanadium at 1800°C, A treatment
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at higher temper=-tures did not modify the crystalline
perameters of the phases that were formed at lower temp-
erature by the catalysis. This process was concluded to
be a catalysis of graphitisation through dissolution of the
carbon in a carbide and subsequent precipitation,

3.1. Graphitisation catalysis by vacuum deposition on to

heated metal foils.

Irving and walker7h reported on the interaction of
evaporated carbon with metal substrates heated during
deposition. They evaporated carbon in vacuo at a pressure
of 5 x 10~2 corr on to foil substrates of Pt, Mo, W, Ti,
Ta and Hf which were heated at 1000°C for 30 minutes
prior to evaporation. After evaporation the folls were
allowed to cool to room temperature before being exposed to
air. Tr.e films were removed from their stbstrates using
the appropriate solvents, From this study they reported
that at 1000°C evaporated carbon reacts rapidly with Ta,

Ti and W foils forming a mixed carbide/carbon film, Over
platinum snd molybdenum no carbide ﬁas detected. The
carbon films showed differences in crystallinity over the
vifferent metal substrates. The resultant film on
tungsten consisted of partially graphitised carbon as

well as WC (identified by the selected area diffraction
patterns) which showed mcderately charp lines resulting from
carbon and zrcs arising from WC, Yith titanium they

observed spectacular carbide formation, some of the
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crystals observed being Y4 M in length, The film formed

on tantalum was unlike that on any of the other metals.

Some areas of the film gave spotty diffraction patterns

of single crystal graphite while some areas gave diffraction
patterns identical to TaC. They suggested that enhanced
graphitisation takes place by one of two mechanisms. In
one the metal acts as a solvent for carbon, and the
solibility increases with increasing temperature, In

the presence of a temperature gradient carbon atoms
continually enter the metal at the higher temperature and
leave the me*al at lower temperature, The atoms le=ving
the metal have high mobility and a good probability of
participating in the growth of highly crystalline graphite.
In the second mechanism the interaction of carbon with the
metals forms the carbide. At some temperzture the carbide
decomposes to the metal and carbon which is highly crystal-
line, With W, Ti, ond Ta massive deposits of carbides
were formed at 1000°C in about one minute which shows the
high rewnctivity of vapour species of carbon with the metals,
They interpreted the absence of carbides with Pt and Mo |
as that their presence could not be detected because of the
fact that the warm HNO3 used to dissolve the substrates
might attack the carbides. However, the occurrence of
platinum carbide is not expected from a thermodynamic

point of view,
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3.2. Graphitisation catalysis by pyrolysis of hydro-

carbons over metals.

Karu and Beer/? obtained crystelline graphite films
by pyrolysis of methane over heated nickel foil in the
temperature range 900 - 1100°C, The nickel, which was
pre-annealed in vacuo, acted as a catalyst for the
decomposition of methane and also as a substrate for the
grovth of graphite, presumably on the etched surface
formed during the pre-heating.

22 produced single crystal

Presland and Walker
graphite by ryrolysis of acetylene over foils of platinum
and nickel heated to 1000°C., From a study by optical and
electron microscopy they showed that nucleation of graphite
took place preferentially at substrate grain boundaries and
kirk sites. In the case of nickel surface steps also
influenced growth and the graphite film prepared by
complete coverage of the substrate appeared to be under
compressive stress, They reported three requirements for
single crystal formation i.e, low rate of nucleation, low
rate of grcwth and high mobility. In their experiments
tne mobility was kept constant by keeping the substrate
temperature at a fixed value, the carbon deposition rate
slowly increased with time, and some time after the begin-
ning of pyrolysis the combination of deposition rate and
mobility was such as to favour formation of crystalline

graphite, The heterogeneous nucleation at favoured sites
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of the substrate was believed to be due to (a) the local
change in topcgraphy at the intersection of a grain boundary
with the surface, (b) the diffusion of carbon atoms or

point defects through a favourable route such as a grain
boundary or (c) the effert of localised impurity concentra-
tions re.sulting from segregation to the boundary.

The growth of granhite on platinum and nickel took
place by the lzteral extension of the nuclei and in nickel
this growth was strongly influenced by the step and terrace
structure of the substrate. |

The authors put forward three possible mechanisms
of grephitisation during pyrolysis of acetylene; they
were described as 'chemical!, 'thin film!' and 'metallurgical’,
(a) Chemical model:~ The formation of graphite occurs
through free wadical polymerisation followad by cyclization
to polybenzenoid radicals. Platinum and nickel are
efficient dehydrcgenation catalysts and this is an
important foctor for the formation of highly crystalline
graphita, The production of crystalline graphite is only
possible wich highly mobile species with a long life time.
(b) Thin film model:~ This suggests that the growth of
graphite crystals is like the growth of thin metal films
by vacuuw evaporation. After dehydrogenation of acetylene
the moblle carbon atoms give rise to nucleation and growth

of islands resulting in the formation of graphite crystals.
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(¢) Metallurgical model:-~ Both nickel and platinum dissolve
n considerable amount of carbon (Ni dissolves 1.1 at.% ati
1000°C and Pt dissolves 4 at.% at 1734°C) which is precipie
tated as graphite during cooling.

Recently Roberteson 76 produced graphite by pyrolysing
methane cver transition metal foils such as iron, cobalt
and nickel at relatively low temperatures, The electron
micrographs and the electron diffraction patterns of the
deposited material revealed high crystallinity. The
occurrence of moiré patterns in the micrographs and the
hexagonal spot patterns obtained by electron diffraction
hoth point to the presence of single crystal graphite,
However, no possible mechanism was suggested.

2.3. Graphite from carbon saturated metal melts.

Recently Austerman et al2l nave obtained graphite
single crystals by precipitation from carbon-saturated melts
of iron and nickel, The commonest and most rapidly growing
crystals found in their study were graphite platelets of
about 30 mm across and 1 mm thick, Less common were thick
tabular crystals with maximum dimensions of a few millimeters.
Under certain circumstances columnar crystals of 2 mm
length or less were also rormed,

The mechanism of growth of platelets put forward
by these authors is as follows. The basal plane bonds

between the carbon atoms are strong, which is conducive to
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permanent attachment of carbon ntoms to the crystal edges,
whereas the bonds between the planes are of weak van der
Wanl's type. Whenever a new layer is nucleated, rapid
‘lateral growth of the layer to the edge of the crystal
would be expected, proijucing broad crystals with small
thickeni.ig. The mecnanism suggested for columnar
crystals was somewhat different. During initial crystalli-
zation a series of small platelet crystals are formed whose
basal planes are roughly parallel to the plane of the |
surface of the melt. The melt surface is depressed
locally by the intruding crystal, because of the high
interfacial energy between melt and graphite, thus giving
intimate contact ULetween the tip of the crystal and the
melt. During cooling the melt contracts and the melt
surface recedes; eventually contact between the melt
and ths crystal tip is broken. Thus it was as 1if these
columnar crystals had been pulled from the melt.

Noda et al’? also produced single crystal graphite
films =s big as 30 mm, across and .06 mm. thick from a
carbon saturated iron melt., These films possessed a
lustrous surface with many cracks along-(.lofoﬁ)and many
hexagonal growth steps on the surface which was in direct
contact with the iron melt during the formation of the
film, From the observed growth patterns it was suggested

that the growth of the crystal films from the melt was
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caused by a two dimensional nucleation mechanism.
3.4, Fluidised bed method

It has been shown by Schwartz and Bokros78 that
graphitisetion of carbons deposited in fluidised beds
can be catalysed by titanium, A controlled amount of
titanium was introduced into the fluidising furnace by
passing a metered portion of the helium diluent through
a gas-liquid contactor fiiled with TiClu. The concentra-
tion of TiCl), carried into the furnace was calculated from
the weight loss of the TiClh and thetotal gas flow rate.
Catalysis occurred when carbon co-deposited with Ti at
1200°C was annealed at 2200°C for four hours; the carbon
deposited at > 2000°C was graphitised during deposition,
when the deposition rate was low, and higher deposition
rates required annealing at 2200°C for four hours to
produce graphite, The mechanism was assumed to involve a
thermodynamic equilibrium between carbon, titanium carbide
and titanium, in which a conversion from carbon to graphite
tock place, the driving force being supplied by the free
energy of the transformation from carbon to the stable

graphite phase.

3.5. Kinetic study of catalytic graphitisation.

Recently Yokokawa ettal 79 have made a kinetic study
of catalytic graphitisation of hard carbon using cupric
oxide as catalyst. The degree of graphitisation (X%) was

calculated using the expression,
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2 x G x 100
100 - Cu %

X%

It

From a preliminary experiment using graphitised pitch,

in which the rormalised G was obtained, the relative
I carbon
- LiF

measured amow t of carbon present; Cu% was the concentration

ditfraction intensity was plotted against the
of copper in the heat trasated carbon. They plotted

log (100-x) agalinst residence time at each temperature

for three different carbonised resins, IRC - 50 (amberlite),
DVBP (divinyl benszene polymer) and FFR (furfural-furan
resin), and observed that in every case graphitisation
proceeded according to a first order rate equatiomn. In
order to calculatc the activation energy for these carbons
the logarithm of the specific rate constant K' was plotted
against the reciprocal of heat treatment temperature. The
specific rate constant XK' = K, [Cu ], where K was a catalytic
coefficient with dimension of min”lg“l, The copper
concentration in carbon was assumed to be constant during
graphitisation since the loss of carbon or copper is
negligible between 1475°C and 1525°C,  The energy of
activation of the process was 100, 110 and 150 Xcal per

mole for 1IRC - 50, DVBP and for FFR carbons respectively.

In the case of hard carbons the resistance to graphitisation
was explained on the basis that the condensed aromatic

clusters are linked to each other in a random way by
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thermally stable carbon-carbon bonds, and their mechanisnm
for the catalytic action of copper was that copper cleaves
the cross-~linking carbon—carbon bonds. The differences
in the activation energies were suggested as being due %o
structural differences between the carbons,

3.6, Effect of gas phase on graphitisation.

Noda and his co—workersBO’Sl have recently
invsstigated the effect of the ambient gas phase on the
graphitisation of carbon. A petroleum coke and a carbon
vlack were heat treated at various temperatures in air,
nitrogen, ar,on and carbon dioxide. The experiments
revealed that oxygen in the ambient gas phase accelerates
the graphitisation of carbon and carbon dioxide has a
similar bubt lesser effect, while no noticeable effect was
detected in the case of nitrogen and argon. They suggested
that the chemical reaction of gasss such as oxygen and
carbon dioxide with carbon might remove the non-graphitising
carbon phase by preferential oxidation.82 Alternatively,
these atmospheres might accelerate the movement of the crys-~
tallite boundaries along the carbon hexagon planes by
1emoving obstacles for crystallite coalescencs, More
recently Pearce and Heintr83 suggested that the mechanism
whereby an oxygen hearing atmosphere enhances graphitisation
is due to the dynamic cheamical equilibrium between the
solid and the gas phase. During oxidation of graphitised

and partially graphitised material the most disorganlsed
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carbon atoms =2re preferentially reacted. In this case
the oxidation process represented by the forward reaction
of 2C + O, 7= 2CO0 might act as an unblocking mechanisn
and remove barriers which oppose the reorientation of
other atoms, thus reduci: g the activation energy for the
graphitisatict process.

3.7. Effect of stress on graphitisation.

Anothex significant factor in reducing the energy
barriar to the graphitisation process concerns the effect
of applied stresses. Bragg et aqu have shown that the
reorientation of carbon atoms into an ordered lattice is
favourec¢ by applied external stresses, which appear to
provide the energy required for individual reorientation,
Nola and Kato85 have published drematic evidence of the
marked effect of pressure on the graphitisation of some
commercial = and laboratory cokes, However, in this
connection the possible effects of other catalysts in

inducing areas of local stress should not be ruled out,
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CHAPTER IV.

L, Theory of Precinitation

4.1, Laws of Niffusion

The thermally activated transport of atoms through
matter is known ns diffusion. Fick proposed that
diffusive flow of an atonic species is pronortional to the
concentration gradient in the same way as heat flow is
proportional to the temperature gradient, For unindirect-
ional flow in the x - direction, Fick's first law may be
expressad as,

J - "‘D _‘?—g’ ..a..o..............(zo_\

where ¢ is the concentration of the species at the point x
in gram atoms or number of atoms per unit volume, Jy is
the flux, i.e. the number of gram atoms or atoms flowing
through unit area in unit time in the x-direction (Jy

has units of length~2 time=l), The negative sign indicates
t..at diffusion occurs from high to low concentration,

This law can be applied exverimentally only if a steady

state exists in which the concentration at every point is
2C
ot

stationary flow equation can be derived from (20) above by

constant i.e. = 0 for all values of x. The non-
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considering the rate of increase of the number of atoms
(%?%) ina unit volume of specimen. This is equal to the
difference between the flux coming in and going out of the
volume under consideration. If the specimen is of unit
cruss—-sectional area then unit volume may be defined by
two plarns ssparated by a distance of unity. Then the

flux across one plane is JX and across the other is

; = J
(J¢ +T§—i) the difference being - X
S X Falib's
Hence, -2C% = -9Jdx = & (Dx 21) .., (o1)
Dt DX DX o X
which is PFick'!s second law of diffusion. When D is

indepentant cf concentration thas above equation becomes,

The diffusion coefficient D generally conforms
closely to an Arrhenius type relation given by,

- J
D = DOGH 'ooto.o......-.....o....(23)

where D. is the so-called frequeicy factor and U the
sgcetivation energy. This energy of activation is the
isothermal work done in moving an atom from an equilibrium
position to the top of the adjacent potential energy barrier,
A local dilation of the lattice has to be induced by

thermal fluctuations to create voids in the solveht

lattice sufficient to permit the passage of the solute atoms,
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The work done is largely dependent on the relative size
of the solute and solvent atoms and the elastic constants
of the solvent. For further information about the subject
reference (86) may be consulted.

4.2, Precipitetion.

The study of prec..pitation has attracted considerable
experimental interest and many authors have developed
theories to deal with the situations encountered. Works
of Hardy and Heal®”, Turnbu11®® and also of Christian8?
are excellent reviews of both theoretical and experimental
- work on pre:ipitation.

It is useful to distinguish betwéen two broad types
of diffusional reactions in multicomponent systems. In
the first, known as discontinuous precipitation, the
structural and compositional changes occur in regions
adjac=ant to the advancing interface. The parent phase
remains unchanged until swept over by the interface and
the transition is complete in regions over which the
interface has passed. After a steady state has been
obtaincd the rate of growth is constant until two regions
of product impinge, when the rate decreases abruptly to
Z8TO0. Eutectoid formation is an example of this class,
In the second type, called continuous precipitation, atoums
are transported to the growlng nuclei by diffusion over
relatively large distances in the parent phase. The mean

composition of the parent phase changes continuously towards
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its equilibrium velue, The structural change if any is
localised ot the interface, The rete of growth depends
upon the relative rates of the interface reaction and
diffusion and will only be constant if the former is very
much siower than the latter. . Precipitation from many
supersatnrated solid solutions involves continuous
precipitation.

4.5. Theory of growth of precipitates from solid solution,

The theory of Zener and Wert®9 91 for the growth

of a collection of small spherical particles from a uniform
solution deserves particular mention at this point. They
studied the formation of precipitates from solid solutions
of carbon and nitrogen in s4-iron by means of the internal
friction peak associated with the stresé—induced inter-
stitial diffusion of the solute atoms. If the rate of
growth is governed by volume diffusion in the supersaturated

~ ~phase, the linear dimension of a precipitate crystal
is given by Zener's equation

S = <?i%(Dt)2 S -3 |

where D 1s the atomic diffusion coefficient, 0(% is the
growth coefficient and is a function of the pertinent
concentrations. The suffix » refers to the number of
dimensions. Experimental tests of the assumption that
the growth velocity depends on the coefficient of lattice

diffusion have been undertaken for some reactions; here
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we quote the work of Wert?2 for the precipitation of carbide
end nitride phases from solution in & -iron. Approximate
verification of this assumption is possible by examining
the rate of growth of individuzl particles by means of an
electron or optical microscope, since to an order of
magnitude the above equation may be written as,

5 ~ (Dt)Z
for most reactions. Turnbull?3 estimated D from this
relation using published results on the precipitation of
silicon, CuA12 and AgA12 from binary alloys of aluminium
with silicon, copper and silver respectively. The
results agreed with the experimentally determined lattice
diffusion coefficients to within rather large limitc of
accuracy.

. VUert!'s studies of precipitation of carbides and
nitrides from dilute £ -iron solutions were made by
measurement of the internal friction peak, whose height
is proportional to the amount of solute remaining in the
solution after 2 certain period of time, The results were
analysed hy using en equation of the same form as that
developed by Johnson and Mehl9l+ to characterise crystal
growth when particles of a second phase grow in a matrix
without mutual interference, The rate of transformation

may be written as,

gxﬁ:c_z = F(E)  eeeerereeese..(25)
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where W(t) is the fraction of transformed material and
f(t) is some function of time, Because of mutual
interference this rate will be lessened and the decrease
will be proportional to the fraction already transformed,

Hence the above equation nay be written =as,

QUCEY = [ 1 - W) ] FE) eveevenes..(26)
at

solving this equation gives,

W(t) =1 -expl[ ~ fz f(t)at 1

The explicit form of this equation used was,

llgiﬁl = 1=-exp [ - (%,)n] ceesnnses(27)
o

where g c(t) is the amount of transformed material at

time t, ¢ is the initial concentration of the solute atom,

0
~+ .5 a time constant dependent on s and temperature and
n is some number independent of T and Cye The =zbove

equation was written in the form,
Co . .
log 1ln (ETE)) = nlogt - NLOE ™~  seesensss(28)

where c(t) is the concentration in solution at a time t
and Co = c(t) +ac(t).

The data obtaired for the precipitation of Fe3C
at various temperatures was plotted according to equation

(28). From the slopes of the lines and their intercepts
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on the ln(_%t)) axis the values of n and ~+ were
c

calculated reaspectively., The values of n varied from .
1.2 to 1,7 with » mean of 1.45 which could correspond to
spherical growth with all nuclei present originally.

Wert stated thét before impingement begins, the lowest
possible value of n is 1 5 so that the overall transformation
law leads to “he conclusion that the nucleation rate
during transformation is zero. Wert considered only the
average value of n but later work95’96 has shown that the
variation of n with temperature and with arbon content
is a real effect and that n could have values less than
1.5.

Wart obtained a value of 17,5 £ 1,7 Kcal, per mole
for the activation energy for diffusion of carbon in the
case of precipitation of FeBC° In a later survey of the
results of measurements of the diffusion coefficients
using elastic after-effect and internal friction methods
below 123°C and the precipitation method at 150°C and 200°C,
‘Wert97 concluded that the activation energy for volume
diffusinon is 20,1 Xcal. per mcle. The precipitation
results were considered to be fairly consistent with this
activation energy as is required by the growth theories.
In a careful study Doremus98 has observed that the
activation energy for precipitation as measured by the
thermal cycling method is appreciaoly lower than the

activation energy given by the relaxation methods. He
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noticed no variation of activation energy with temperature
of reaction, initial concentration of carbon and mechanical
deformation up to 4% strain, and obtained a value of 17.1
L 0.5 Keal. per mole.

So far it has bzen tacitly assumed that the
precipitate particles were spherical. It was for long
thought that the time dependence of non-spherical
particles would be quite different. For example Zener and
wert 22y 99 suggested that whilst the radius of a cylindrical
precipitate is proportional to t% the length should be
proportional to t and thus the volume to £2, Similarly
it was proposed that the radius of a disc is proportional
to t and the thiclkness to t% giving the volume proportional
to £9/2, HamlooalOl, however, showed that the concentration
conditions at the edges of cylinders and discs do not
remain constant during diffusion controlled growth. By
approximating cylinders =nd discs to prolate and oblate
spheroids respectively he was able to show that provided
the shape remesins constant during growth all dimensions are
proportional to t% and the volume to t3/2' When the rate
of growth varies with direction due to some surface process,
the shape of the particle as defined by the eccentricity of
the spheroid changes. For a disc of constant thickness
growing radiz1lly only, the radius is linearly related to
time and the volume to c2, The length and volume of a

cylinder of constant radius is pronortional to time t.



63

CHAPTER V

5. Thin filnms

5.1, Introduction

The study of the ¢ .ructure of thin solid films has
been of contiiuing interest, especially since the discovery
of the electron diffraction technique in 1927, and “he |
development of high resolution electron microscopy has
providad a means by which the nucleation, growth =nnd
stcructure of thin films can be understood and correlated
with their propertics. The basic requirement for
transmission electron microscopy is that the specimen nmust
be thiu and have a clean surface, so that it is particularly
suited to the examination of thin films, The transparency
of the specimen depends upon the energy of the electrons
and the atomic number of the materiai° Thus, for
uranium the specimen thickness should be(M5OOX, while for
light elements such as aluminium it may be ~- one micron,

5.2, Methods of preparation of thin films

The techriques for producing continuous solid films
< 1 pin thickness may be divided into two main classes:
(a) by mechanical, chemical or electrochemical thinning of

the bulk material
(b) by depositing thin films by vacuun evaporation,

elcectrodeposition etc,
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The former are of no interest in the context of this
thesis, but th2? latter methods will now be discussed
briefly.

5.2.1. Vacuum evaporation

Vacuunm svaporated thin films are nowadeys widely
used in industry and resec.rch, Deposition is commonly
carried out at a pressure of about 10"” torr or less.

The material to be evaporated is heated to a temperature
such that its vapour pressure exceeds that of the residual
£as pressure. Atoms vaporised from the source travel

in straight lines =nd deposit as thin films on any surface
in their path, provided the pressurc within the system is
such that the mean free path of the vaporised atoms is large
compared with the distance between the source and the depos-
ition plane.

Various types of source are possible depending upon
the nature of the evaporant, The following are the most
widely used forms of sourcej; they can be divided into
two groups.

(1) Filament
(ii) Boat

Filaments or basgets, usually made of refractory
materials, can be used to evaporate a wide range of metals.
They may be V-ghaped, straight helices or conical baskets,
and are usually made from tungsten wire. The boats are

constructed from foils of molybdenur or tantalum bent into
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the form of a trough or boat. This type is not suitable
for those metals which readily wet the surface of the boat,
because on melting the metal flows over the heater and
considerably lowers the resistivity, leading to burning
out,

Materials which alloy readily with the heater
material can be evaporated successfully from a crucible
of alumina or beryllia heated by an embedded filament.
Further discussion of the various methods will be found
in HollanleB.

5.2.1.1. Bvaporation of carbon

The evaporation of carbon was a problem until
Bradley36 developed a method for carbon evaporation which
consisted in passing a high current through two pointed
carbon rcds in a vacuum chamber. The two carbon rods
are held in contact by gravity or a spring while the
currenf flows. Heat produced at the junction of the two
rods is sufficient to cause rapid evaporation, This
kind of evaporation is termed resistive evaporation as
opposed to arc evaporation, in which the two rods are
briefly separated so as to strike an arc between them;s
the carbon films so produced are amorphous and have wide
applications especially in electron microscopy. Alternatively
carbon films can be produced at a very slow rate by electron

41

bombardment of a carbon rod, Becker produced carbon

films by this method and claimed that they were more
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crystalline than those produced by arc evaporation.
5.2.2. Preparation of giloz films

Alloy films can be deposited by the vacuum evapora-
tion technique,.although it is always difficult to produce
homogeneous films of predictable composition when the
components have widely diifering vapour pressures. Harris
and Siege1109 described a technique in which the powdered
alloy was fed slowly onto a heated molybdenum boat causing
instantaneous evaporation., Another method is to use
multiple sources for the pure components oi' the alloy.

The sources :re operated simultaneously and by pre-
calibrating them it i1s possible to control the composition
of the deposited film,

Alloy films can also be prepared by successive
avaporation followed by homogenisation at suitable
tewperabtures, Compound films of wetals and non-metals
can be prepared by first making the metal film followed
by heat treatment in a suitable atmosphere. PitchllO
used this mevhod to prepare iron/carbon and iron/nitrogen

films. Nagakusarils112

in his study of the formation and
¢3composition of differant metallic carbides also
prepared thin films of iron and carbon by this method.
5.3. Sputtering

“hen an electrical discharge is passed between

electrodes at a low gas pressure the cathode will eject

surface atoms due to bombardment by the ionised gas
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molecules. These ejected atoms can then be condensed on a
substrate as in vacuum evaporation. This cathode disinte~
gration is believed to be due either to local heating and
thermal evaporation, the heat being supplied by tha energy
of the impinging ions, or to the emission of atoms on ioﬁ
impact in a menner similar to that observed in secondary"
electron emission. The method has an advantage over the
evaporation method in that there is nc chance of container
alloying; it is also a useful technique Tor the deposition
of alloy fil-us,

5.4%. Chemical Vapour deposition

This is a very simple and widely used method for
deposition of thin films. Deposition of a material is
obtained on a surface in the preparation chamber which
contains vapour in equilibrium with its solid or liquid
phease,

Films can be deposited according to the following
three mechanisms.

(a) Disproportionation

If a gas AB which is in aquilibrium at high temper-
ature is allowed to pass into low temperature zone, then
disproporticnation takes place and a deposit of A will be
obtained. The reaction can be put down as,

A+ AB, = 24B



68

Reduction or oxidation

(b)

This can be zsccomplished using a halide of the
metal which has a high vapour pressurs. Moreover it is
easier to remove the byproducts. A typical oxidation

reaction can be written as,

A012 + HZO —3 A0 + 2HC1
and on redvction
A.Cl2 + H2 -4 A + 2HCL

where 4 stands for a metal,

(e)

Decomposgition

This 1s a very simple method to grow thin deposits

<ither by photolysis or by pyvrolysis. The reaction can

be represented as,
B - A + B
% 1s possible to obtain unusual growth features
such as whiskers, and perfect crystals with interesting
mechanical properties.
5.5.

Tarnishing

This method produces compound films of which the

substrats is a component,

2xposed to the appropriate
For example when silver is
a composite film of silver
when metals are exposed *to

are obtained,

The substrate is generally
atmosphere for the deposition,
exposed to hydrogen sulphide
sulphide results. Similarly

oxygen films of metal oxides
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5.6 Electrodeposition

The deposition of tﬁin films by this method is quite
old, and is governed by the two well known laws of electro-
lysis. This involves deposition of one metal on ancother
and since it is difficult to detach the film from the metal
substrate, the method 1s .ot widely used, Several investi-
gators 1.3,11k made thin films of nickel by electrodeposition
on to copper and the films were detached by dissolution of

the copper in suitable complexing solvents,

5.7. Anodising
This is a method by which oxide films can he

produced. The process of growth depends on the diffusion
of metal. ions from the anode to the oxygen source such as
water or fused sodium nitrite, depositing an oxide on the
oucer suxface, This migration is possible at room tempera-
ture only by the application of very high fields of about
107 volts/cm. in order to lower the high thermal activation
barrier, The materials which can be successfully anodised
are the metals aluminium, tantalum, niobium, zirconium and
titanium, and also silicon. For a further account of the
subject reference (1l19) may be consulted,

5.8. Growth and structurs of vacuum deposited films

5.8.1., Condensation phenomenon

R.W;woOd116’117 first investigated the phenomenon
of condensation which oncurs when a stream of metallic

vapour is allowed to impinge on a surface of glass or.other
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material, He observed that when the vapour density was
below a certaih value for a given substrate temperature
condensation did not take place. In other words there

is always a critical substrate temperature for a given
vapour stream density atove which no deposition is formed.
Langmuirll8 confirmed this idea and -showed that there is
a relationship between the critical substrate temperature
and the vapour intensity, the former increasing with the
latter. He showed that the incident vapour atoms move
on the surface on which they impinge for a finite time
before evaporating,

Frankelll9 developed Langmuir's reevaporation theory;
he assumed that the average life time of an atom on a
substrate surface was sufficiently long so that another
aton could collide with it and an atom pair would be formed;
the life time of the resultant dimer would be longer than
that of the single aton, (i.e. the energy required to
reevaporate the pair would be considerably increased),
Benjamin et a1120 calculated the energy of condensation
of the vapo ir for different matericzls.

Levenstein;zl found thet the aggregates condensed
on the substrate for slow evaporation rate were larger in
size than those condensed rapidly. He explained this
behaviour by expanding Frenkel's concept of surface

mobility as follows: (a) the number of atoms in motion

on the substrate is proportional to the number of atoms
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arriving at the surface per unit time (b) atoms move

over the surface until they suffer a collision with other
atoms and thereby lose their mobility. He showed that

the mean mobility time for antimony is 2 x lO"'5 sec.
Meyerl22 showed that the surface mobility also depends

upon the forces between the substrate and deposited atoms,
Campbelll23 observed variations in mobility in the case of
gold by a factor of ten when evaporated on to different
substrates,

The degree to which an atom is bound to a substrate
can be meastred by determining the heat of evaporation from
the substrate, Velues cf tha heat of evaporation of
metals from glass and other metal substrates have been
reported by Cockcroftlzh and Eastermannlzs’.

5.9.2., lucleation and growth

The rate of deposition and the temperature of the
substrate play an important role in the growth of thin
films, It has been shown by Levenstein that higher
deposition rates resulted in a larger number of nucleation
centres leading to the formation of a continuous film. A
.low rate of deposition on the other hand resulted in island
formation, Pashley126 also observed this phenomenon and
concluded that for the system the initial stages of growth
involved the formation of three dimensional nuclei even
when the average thickness of thh aeposit was less than one

127

atomic diameter. Newnan and Pashley also observed the
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sudden sppearance of nuclei when they deposited copper
films on to siagle c¢rystal substrates of silver.

More recently Bassett128 observed directly in the
electron microscope the growth of silver deposited on to
molybdenum disulphide cleavage faces. Nuclel approximately
lOOﬁ diameter were observed followed by their lateral
growth, Pash.ey examined in detail the growth of gold
films on mnlybdenum disulphide at 400°C during the initial
stage of deposition. The adjacent nuclei were observed to
ioln together in a liquid like manner in less than .1
second. The nuciei initially possessed well defined
crystallographic shapes, hut became rounded during coales-
cence, whereupon the composite structures took up crystallo=-
graphic shapes again, It has been concluded that the
meclanism responsible for this ligquid-iike ccalescence is
surface diffusion, For a detailed discussion readers nmay
be referred to Pashley129°.

5.8.3. Epitaxial growth

The nucleation and growth of a film is affected
by the nature of the substrate surface. The one surface
f :ature which is well established as a nucleation site is

130 first obtained a clear

the surface step. Bassett
decoration effect of gold nuclel at monomolecular steps
(height 2.83-2) on rock salt cleavage surfaces. Epitaxy,
which is the phenomenon of the formation of overgrowth

crystals oriented with respect to the substrate, has been
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extensively reviewed by Pashley 129,131 and will be
rnentioned here briefly. Orientation of the deposit film
is mainly determined by the orientation of the crystal face
of the substrate and to a lesser extent by conditions of
deposition. A slow rate of deposition favours the
occurrence of orientation while a fast rate favours the
formation of a continuous coherent film and hence a comprom-~
ise 1s necessary for cohersnt oriented films. In a few
instances changing the temperature of the substrate at

which deposition is carried out may change the orientation
8f the overg-rowth film. There exist many differences in
experimental detall reported by various authors for
production of well-oriented films. An experimental
situation which yielded an oriented film on one occasion
nay producé an only partially oriented film on another,
Surface contamination of the substrate seems a likely cause
of the variation in behaviour and great attention has been
pald to the orientation of films in U.H.V. systems where
contamination of the substrate can be made quite negligible.
The mechanism of growth of such films is not well understood;
t.owever the observations show that the deposits grow
continuously from small nuclei to full coherence when the
thickness has reached a critical value. L theoretical
treatment concerning the nucleation and growth of deposited

fllms appears in reference 132,
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5.8.4, Structure and properties of thin filns

The fact that the structure and properties of a thin
film deviate from those of the bulk material may be due to
three reasons: (a) the small thickness (b) large surface
to volume ratio (e¢) high possible disorder,

The small thickness leads to phenomena such as the
incresse in electrical resistance as film thickness dimin-
ishzs and numerous other mechanical, electrical magnetic
and optical effects which provide considerable interest
+or the materials scientist. The large surface to volume
ratio influe..ces such phenomena as adsorption, diffusion
and c¢hemical reaction at the film surfaces. Films of high
structural disorder such as condensed metals and semi--
conductors can differ in their properties quite considerably
frcm bulk samples. Note that the first two reasons would
apply to thin sections, e.g. cleaved from a bulk crystal,
whereas the third only applies to !'built up! thin films
and is a function of the method and conditions of deposition,
Thus we can list three kinds of growth in evaporated films,
nariely two dimensional, three dimensional and three
dimer #.onal epitaxial growth. The classic example of the
first type of growth is the growth of evaporated carbon
films where the carbon atoms freeze at the point of
impingement preventing the growth of nuclei. The grain
size is extremely small and a quantitative estimate is not

feasible. In the case of metallic films produced by



75

evaporation a large number of discrete three dimensional
nuclei are formed in the earliest stage of growth. For
gold evaporated on rock salt at 300°C Pashley133 reported
about lc}lnuclei per sq. cm. with a distance of about 208
across each nucleus, The nuclei were ordinarily distri-
buted at random but were occasionally ogserved at preferred
sites. The preferential nucleation and growth of gold film
on zleavage steps of rock salt single crystals 1s an example
of the third type of growth mentioned above, Cont inued
Jdeposition leads to an increase in size of the nuclel

until they grow to the point when they toufh each other,
leading to the phenomenon of coalescence, and at this point
rapid change in geometry and orientation ocecur. BEvaporated
thin films are usuwally associated with various kinds of
defects such as point defects, dislocations and stacking
faults, and the perfection can be improved by anhealing
treatments either on the substrate or after separating fronm
the substrate. Pashley found that the amnealing of gold
filns was accompanied by the rearrangement of some of the
dislocations into low angle grain boundaries. Many other
(islocations are eliminated by mutual annihilation. The
number of dislocation linaes extending through unit area

of gold films could be easily reduced from 100 per sq.col.
to less than 5 x lO8 per sq.cm. by this process,
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509. Metastable alloy films

When an alloy film is prepared by the simultanecus
evaporation of the components on to a very cold substrate
the atoms arriving successively on the substrate form a
randon and homogeneous mixturs, This technique can ba
used to produce metastabl 3 alloy films, Kneller13u’l35
produced metastable Co~Cu solid solutions in the concentra-
tion range between 12% and 95% of Cu and also Fe-Cu with
copper concentrations up to 80% by simultaneous vapour
deposition on to cold substrates. In these binary systems
no thermodynamically stable solid solutions exist at any
temperature in this concentration range, and the coevaporat-
ion technique allowed the study of phases not found in thae
bulk alloy.

Recently Maderl36’137 described the results of a
systematic study of the occurrence of metastable phases
in binary alloy systems and their dependence on alloy
composition, thermal stability and other properties.
The resulting structures were either crystalline solid
solutions of concentratlions higher than the solubility
limit or amorphous solutions. The reasons for the
existence of the amorphous structures were the difference
in the atomic radii of the components and the low substrate
temperature. The amorphous structures usually transformed
to crystelline phases at a temperature around .3T,, where

T, is the average melting point of the components of the

m
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alloy. For example films of Cu + 50% Ag were amorphous
when deposited at 80°K and trareformed to single phase
f.c.c, structure at 360°K. finother exanple of an
amorphous structure was the Cu + Mg alloy system which
had the largest size fect-r (ratio of rCu/ng = 1.25) so
far repurted by Mader. Co-evaporated films in the
whole range of compositions including Cu + 33% Mg and
Cu + 66% Mg formed amorphous structures. This was
beczuse the arriving atoms 'froze! at the point of
impingement and were therefore unabie to migrate even as
far as the repeat distance withir the unit cell of the
appropriate cwystalline phase, These examples show that
amorphous structures occur at high alloy concentrations
and exhibit metastability. In order to transbru these
into a crystalline structure, they require substantial
thermal activation,

5.9.1. Iransfarmation from amorphous to erystalline phases

When an amorphous alloy film is heated its structure
changes into a crystalline one at a temperature of
crystallisation Ty, The ratio of the temperature of
crystallisation T, to the average melting point T, of the
components of the alloy centres around a value of .3 as
observed by Mader. For example for Cu-Ag, T/T, = .28,
for Cu-Mg it is .35 ete, Tx/Tm is higher for the amorphous
Cu-Mg alloys presumably because they have a higher size
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ratic,. This increased metastability accounts for the

fact that they can be obtained even by depositiocn at room
temperature, It was observed that the transformation from
amorphous to crystalline structure is a microscopically
honogeneous process. However exceptions to this behaviour
were obs~rved in the Au-Mg and Cu-Mg systems.

138 summarized the results of his study

Recently Mader
of filwms of several binary systeus, shown in Table I,
This shows the temperature of crystallisation, the grain
size and the structure of several binary systems during
the annealing stage.

5.9.2. Crystalline alloy films

- F.c.c, and h.c.p. crystalline metastable phases were
observed as intermediate phases by the crystallisation of
amorphous structures, Maderl37 observed the epitaxial
growth of a metastable alloy by depositing Co- 65% Cu on
to the cleavage face of MoS2 at room temperature, He
observed complete epitaxy of the metastable alloy such
that a (111) plane of the solid solution was parallel to
the basal plane of MoS,; and close packed directions of
noth the structures coincided, finother example of the
crystalline metastable structure is from the Cu~Mg alloy
system, From the densitometer tracing of an electron
diffraction pattern of Cu + 15% Mg deposited at 809K it
was shown that the lines of a single f.c.c, structure

were clearly resolved and the (220) and (311) lines showed
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the same intensity which is to be expected for a randomly
oriented polycrystalline f.c.c, structure,

Mader interpreted his results on evaporated alloy
films with the help of the following model. If spheres
of two different sizes are mixed randomly in any proportion
and deposited on to a tilted tray the following situations
will be ubserved.

(i) Spheres of one size will form close packed
crystalline arrays with large grain size.

(ii) Mixtures in any proportion of two types of sphere
with a small size difference will also form crysta-
lline arrays with smaller grain size,

(iii) When the size difference is large crystalline
arrays are only obtained up to a certain limiting
fraction,

(iv) Mixtures of a proportion beyond that fraction
cannot form crystalline arrays even of smell grain
size; they will form an amorphous structure.

If the spheres are subjected to vibration they will
tend to attain a stable configuration with the help of small
displacements, and in order to produce substantial changes
in the amorphous structure a considerable thermal activation

is necessary.



T/BLE I

80

Alloy

crystallisation (°K)

Tenperature of

o)
Grain size A and
structure after
annealing stage

Lu

Au

Cu
Co
Co

Fe

Cu
Fa

Mg
Mg

to
to
to

to

to

Mg

to

65%
6%
50%

35%
6%

8%

[l
LU

Lg

Lu

Au

Gd

230R M
320 M

370 R M
LIOR M
180 R M

150 R M

200 R M

370 M
480 R

200, 52 (Au Mg)

Inhomogeneous,
hex, AuMg3

50, f.c,c.

50, f.c.c.

30, fQCO c‘ +
traces ¢f h.c.p.
(Co)

10,000, b.c.c,

Larger than
10,000 f,c.c,

100, C15 (Cu,lg)

R observed by resistivity annealing stage.

M observed microscopically,
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CHAPTER VI

6. Electron microscopy and diffraction.

6.1. Introduction.

The electron micro.cope is one of the most important
nevw instrument. of the present time because of the truly:
extraordinary way it has widened our ability to see direcily
into the fine structure of matter., The impossibility of
forming a correct optical image of an object smaller than
about Lalf ths wavelength of the observing light has shown
that in order to see things smaller than about .3u, one must
use some kind of illumination having a very short wavelength.
Fast moving electrons (de Broglie) are associated with short
wavelengths but they cannot be focussed to form an image
in the same way as glass lenses focus light. However,
properly shaped electric and magnetic fields can focus
these moving charges, and the electron microscope takes
advantage of this fact.

6.2. Resciution of an electron microscope.

The main advantage of an electron microscope is its
high resoclution. However, the resolution is limited by
diffraction and the spnerical aberration of the objective

lens. The @iffraction limited resolution d is expressed

by the equation d = ;Z;—- S -2

and the limit set by the spherical absrration is of the
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form,

“ = 3

bs - Csf& .‘-o.ooncoto-o.no--CBO)
-where Cg is a constant and is of dimension length, Since
the magnitudes of these resolution limits are oppositely
affected by variations in o< , the semiangular aperture,

a compromise usually adopted is to treat them as error

functions in order to obtain the cverall resolutlon,
Op = \//d + O ceevesssaeas(31)

From this an optimum value of ¢ can be deduced by
differentiating and equating to zero giving,

o D s E (32
Hopt = vngba 32)

and

5

opt

]

1,14 (cspﬁ)é veesineess(33)

Hence there is =2 critical aperture for a particular
accelerating voltage V which would make the resolution a
maximum, Modern electron microscopes can give a resolu-
tion ~ 42 when they are properly aligned.

6.3 Design of an electron microscope

A transmission type electron microscope has components
that fulfill the same functions as those of an optical
microscope. It has an electron gun that acts as a
source of illumination, lenses which function as condenser,
objective and projector/eye plece, a specimen holder

situated between condenser and objective and a photographic
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plate or film for photographic reproduction, Since electrons
are invisible to the eye, however, a fluorescent screen is
necessary for visual observation, since electrons are |
strongly scattered when passing through matter, it is
necessary for any electron optical system to be under a

high vacurm, In the electron microscope the column is
connected to a vacuum system of diffusion and rotary pumps

to ensure that a pressure of less than 10“5 mm, of Hg is
always maintained during operation.

6.4, Image formation  (Bright field).

To fora an image three lenses (objective, inter-
.mediate and projector) are used, Their geometrical arrange-
ment is shown in fig. 3. The electrons emitted by the source
which is generally a heated tungsten filament are converged
by the cordenser lenses to a focus at the specimen (placed
between the condenser and the objective lens); this then
scatters them in the form of one or more Bragg diffracted
beans at very swmall angles (1 to 2°9) to the incident beam,
which are then focussed by the objective to form th2 first
stage image. The focusing action of electron lenses is
most simply understood in terms of optical analogies. A
beam of light is deviated ond focussed by a glass lens as a
consequence of the change in velocity it suffers when
passing between media of two different refractive indices.

In an electron lens whether electromagnetic or electrostatic,

electrons experience similar changes of velocity and
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direction, An aperture is placed in the focal plane of the
objective lens which prevents scattered electrons from taking
part in the image formation., The image thus formed by the
direct beam alone is called the bright field image, Secord
and third stage images ar~ produced by the intermediate

and projector lenses respectively, and these two lensas

are responsible for most of the magnification of the
microscope. It is, however, not the aim here to give a
detailed account of the principles and design of the electron
microscope, and the interested reader may be referred to

139—142 and review articles

several authoritative texts
Jealing with the special fieid of electron optics and with
the design of the instrument,

6. 5. Image formation (Dark field).

In elsctron microscopy it is also poussible to form
images by focusing the scattered electrons only tc the
exclusion of the direct beam. This can be achieved in
two ways. The objective aperture can be displaced so
that the image is formed not by the inecident electron beam
but by an appropriate diffracted bzam, The dark field
image will then reveal which region of the specimen is
contributing to the diffracted beam and provides useful
information as to the nature of the particular region, This
is the simple dark field technique. The contrast will

usually be reversed by changing from bright to dark fileld
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illumination, Fig. 4% illustrates the arrangements for

(a) bright field and (b) dark field illumination.
Alternatively, the dark field image may be obtained by
tilting the electron gun through 2 to 30 (corresponding

to twice the appropriatz Bragg angle) to exclude the

direct t:zam and to allow a Bragg reflection to pass through
the centered objective aperture, The dark field image is
mainly controlled by a single diffracted beam and hence is
of a much higher contrast than the bright field image,

6.6, Scanning electron microscopy.

The scanning electron microscope also consists of an
electron gun, a system of lenses and a recording system,
Electrons accelerated to the working energy in the electron
gun are allowed to scan over a solid surface, a reasonable
proportion cof these electrons are scattered back from the
surface and may be used to form an image. The advantage
of the method lies in its ability to be used dirzctly on
bulk specimens without the use of intermediate replicas and
als0 its ability to examine specimens at different glancing
angles, This instrument has proved exfremely valuable in
examining widely varying types of material, Although
structures may be examined with resolutions better than
even five angstioms by transmission electron microscopy,
until quite recently the examination of surface topography
was limited to the resclution and depth of focus by a factor

of at least 300 times and the scanning microscopy bridges
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the gap between optical and transmission electron micro-
sccpy. The magnification of the instrument can be changed
readily from X20 to about X 50,000, The micrographs
obtained show a realistic three dimensional image which

can easlly be interpreted and the effect can be enhanced

by takin, stereo-paiws, obtained by rotating the specimen
through a few degrees. For further details concerning the
design and use of the scanning electron microscope the work

143

of Thornton may be consulted,

6.7. Image contrast.

We can detect differences in the structure of a
specimen only when there is variation in intensity between
different areas of the specimen in the lmage plane, We
can say contrast is high when observable intensity variations
are great, Image contrast is a function cf the inter-
action of the beam with the specimen structure and also
of the properties and adjustments of the optical system,

When electrons are incident on the specimen some of
them are transmitted while others are scattered at various
angles. The transmitted electrons are focussed by the
objective lens at its back focal plane and each point in the
back focal plane of tha ovjective lens corresponds to a
particular direction of scattering from the specimen, The
most useful method of interpreting electron images is to
assume that all electrous except tliose in the zero order

beam are allowed to fall outside the objective aperture,
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situated at the back focal plane of the objective lens.
Thus this aperture permits only those electrons travelling
in a particular direction (zero order beam) to contribute
to the image. Contrast in crystalline specimens thus
depends on diffraction: areas diffracting strongly away
from the agperture will appear dark whereas areas trans-
mitting a bsam through the aperture will appeaf bright.

Contrast arises as a result of differential
scattering, therefore the atomic nuwber contrast is due to
the fact that the interaction of elcctrons is dependent on
the atomic number of the species comprising the specimen,
so that the higher the atomic number the greater is the
scattering effect.

If again the object is composed of only one kind of
material, brightness variations in the image are due to
thickness variations in the object; this is the situation
usually observed in the electron microscopy of thin
replicas of the surface contours of a solid. The contrast
so produced is termed thickness contrast,

Contrast may also be increasaed as a result of certain
instrumental factors such as (i) reducing the objective
aperture (ii) increasing the scattering cross sections by
lowering the beam potential.

6.8, Moire” fringes.

When two crystals are superimposed, pariodic intensity
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varintions occur in the image. These periodic images are
called moire patterns., Generally clays and layer minerals
give rise to this phenomenon, Two basic types of moired
patterns are known, If two structures with spacings d1 cnd
d2 are superimposed pavral’el then the moiré'periodicity
D will t: given by,
D = 4da P & 152
dy~dy

The periodicity D may be sufficiently large to resolve in
the electron microscope even though d; and do may be below
the resolution limit, This type of pattern is known as
the parallel moiré’pattern.

If the twe structures have jdentiecal spacings d
but are twisted with respect to each other through a
small angle «A , then the moiré’periodicity D can be

written as,
d

D = — cesrsvesasoes
, o (35
The moire magnification is then defined as,
M = D
d

It becomes possible to ohserve lattice imperfections

in crystals whose spacings are considerably below the

1l

resolution limit of the microscope. Bollman has used
rotational moireg in the laysr structure of graphite to
detect radiation damage. The intensity distribution in the

145

moiré/patterns has been discussed in detail by Hashimoto
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using the dynemical theory of electron diffraction,

6.9. Scattering and diffraction.

6.9,1., Scattering phenomena,

Because of the negative charge associated with an
electron, a beam of electrons passing through matter will
suffer daflections owing to the fields of force exerted
by the electronic fields within the stomn. The effect
of the positively charged nucleus 1s to produce a
scattering of electrons with a change in direction only
i.e. with no loss in velocity. These electrons are then
said to be elastically or coherently scattered. When the
electron beam interacts with the atomic electrons inside the
specimen however, the scattered electrons also Suffer
changes in velocity and they are then said to be in-
eiasticelly scattered.

6.9.2., Blectron diffraction.

The subject of electron diffraction by crystalline
and amorphcnus materials is a vast one and is described in
several taxt books, e.g. Thomson and Cochranelh6,
Pinsker "7 and Hirseh®® et.al., In view of this abundant
literature on the subject only a brief outline will be
given hare,

The fact that electrons can be diffracted by a

periodic arrangement of scattering centres was first

predicted by de Broglie in 1924 and was demonstrated
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experimentally by Davisson snd GermertS in 1927.  The
stream of particles behaves like = wnve motion and so must
have a wavelength associated with it. The theory of wave

mechanics shows that,

‘?'\_:-‘- h 00'000000"°""'.'<36)
my

The K.E. of the electrons is,

%mvg =ev ..‘.'.........00000(37)
where e is the charge and V is the sccelerating voltage,

From (36) ani (37) one can write,

A = \/-:-]_—5_9 o.o-oo...o....---(38)
\'

when A is in angsiroms and V is in volts. The
wavialength needs relativistic correction at higher values
of V dre to the variations in electron mass m with its
velocity wv.

6.9.,3, Atomic scattering,

When » beam of electrons strikes an atom scattering
of the beam takes place in two ways i,e. nuclear scattering
:nd electron scattering, The former is due to the attra-
ction of the beam by the positively charged nucleus and the
other is due to the repulsion of the beam by the cloud of

electrons. The atomic scattering amplitude f(©) can be
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written as,

o2 AN

£(Q) = 3 (—) (Z-FX) eeeoesessal39)
2h sin®@
2 -
where, %%%—— = 2,38 x 10 10 .

The scatt~ring amplitude decreases rapidly as the scattering
angle increases and increases with the atomic number as
shown in fig. 5.

6.9.4, Kinematical theory of electron diffraction.

The kinematical theory of diffraction provides a
simple method for obtaining the intensities of electrons
secattered into Bragg reflections. The following assumptions
are invoived in the kinematical theory e.g. (a) the incident
beam is not exactly in the Bragg condition for reflection so
that the diffracted intensity is smnll compared to the
intensity of the direct beam. (b) a two beam approximation
is used, i.e, it is assumed that only one diffracted beanm
(plus the direct beam) is excited in the crystal, (c¢) the
crystal 1s thin so that there is negligible rescattering or
absorption,

6.9.%.1. Scattering from a crystal,

Consider n number of scattering points at distances

-,

Zp, from the origin. The scattering amplitude for these n

atoms can be written as,

’
~2 Alk.z
@ = Zn fn (Q) <] K-_naoooo..o.;()'i'O)

g
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., - . ., .
where EK' = 4« -~ &£, where € and K are wave vectors
’ i Q
for the scattered and incident waves. Also | K | =--2-§—\Jl§-40
4

In crystals the atoms are regularly arranged, so we can
write for the vector distance r, of the cell n in terms
of the unit cell translations a, b, and c,

I, = na + npb + nig
N}, np and n3 are integerss Now it is convenient to
express _fi." as a vector in reciprocsl space, In terms of
reciprocal lattice co-ordinates g, 0% and c*, K can be
written as,

K= €a® +n b + Qg

vhere & , M and € may take any value.

Substituting for _Ig’ and rn in (40) we can write,

Y g -
@g - 3 £0(0) 6 (1§ +npn - n3g)

For this to be a maximum we must have

m & + 0y M + ngQ as an integer., The ng
are intaegers, so we must have

€ = h, n =k, € =1, where h, k and 1 are
integers and we obtain the Laue cornditlions,

”

Ka =h, Kb = k andke = 1 .eo..(tl)

But a reciprocal lattice vector can be written as,

Bl = ha + kb* + 1c”

which 1s normal to the crystal plane with spacing dhkl and
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o 1
is of length )g =
Shic1d
dhx1
v
Hence, X = g , from which we can get the Bragg relation,
2d Sine =>\ .......o-....(ll'Q)

when d 1s the interplanar spacing, A is the wavelength
and © is the Bragg angle,

This diffraction condition can be r<presented by
a simple equivalent geometrical construction. Consider a
point 0 as origin (Fig.6.) and a vector 00 opposite in
direction to tha®l of the incident beam and of length equal

to = o Now with O/ as centre a sphere of radius Tl\—-

»

is drawn; where this sphere (called the Ewald sphere)
intersects a reciprocal lattice point such as G there will
be a diffracted Beam d{G. The point O( will lie on a plane
which is the perpendicular bisector of the reciprocal lattice
vector g. The electron wavelength at 100Kv is .037R
giving an BEwald sphere of radius 27"13 . This is so large
that the sphere may be approximated by a plane, so that
whe observed electron diffraction pattern may be considered
as a plane section of the reciprocal lattice,

When an electron beam strikes a crystal a reflected

pencil leaves the crystal at an angle 26 to the incident
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beam and appears as a spot on the screen, If the specimen
is composed of a large number of small crystals randomly
oriented then the many reflections occurring will form
hollow cones which intersect the photographic plate or fiim
to give rise to diffracti on rings., If R is the radius of a
diffraction ring thea the interplanar spacing 4 can be
calculated using the relation,

ML
B T = LTI B A Y N R A I A R —"
3 (43)

when L is the distance of the specimen from the plate or

screen as shown in figure 7. In electron microscopes

the vaiue of L cannot be accurately measured and hence

the constant P« L is determined by callibration, The

distances in the diffraction patterns are reciprocal to the

diszances in the scattering object, Bquation (43) is

used tc relate the diffraction pattern to the real crystal.
The amplitude of a Bragg reflection is dependent

on the structure of the unit cell, since it is proportional

to the structure factor which is a function of the arrange-

ment of agtoms within the unit cell.

5¢9.%.2, Diffraction from a Pnrallelipiped crystal.

Strong reflection occurs if Kf = g . But
”
when X = g + s then the amplitude of scattering will be,
@ - hN "'.?;i(g + S) T
g = an e 2 =/ In
= SF ™2™ 8 In since the product

n & gr is an integer,
=-n
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Here s is the deviation parameter, Fg is the structure
factor for reflection g. s is small and the summation can

be approximated by an integral,

_ f‘_g_ S igivy

@g VC d~vr where v is an element
crystal of volume
F A . B . C
= B ! ! ! -QTii(uX+vy+wz)
VC o o o e dxdydz ,

Where V, is the volume of the unit cell, A, B and C are
the edges of the crystal along x, y and z directions

respectively. The above integral can be esvaluated as,

F Sin A Au , Sin A Bu , 8inZ Cw ., . (44)

©

g Ve oy ~ oy ~ow
u, v and w are the components of s along x, y and z
directions. The intensity distribution is given by

O* _
Qg ) g. The central maximum has a half peak width

ﬁ,% so that the width of the peak at half intensity is a
measure of the dimensions of the scattering lattice. For
a plate-like crystal the intensity ic¢ in the form of a
spike normal to the plate and for a spherical crystal the
distribution is spherically symmetrical. In transmission
glectron microscopy the crystal is usually in the form of

a thin plate normal to the beam and the intensity distribut-

ion around each reciprocal lattice point is in the form of
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a spike normal to the crystal plate.

6.10. Dynamical theory of electron diffraction.

The transmission and scattering of electrons

by crystals is a complicated process which is properly dealt
with by the dynamical theory of electron diffraction. The
kinematical theory of electron diffraction breaks down when
the scattered amptitude tﬁg is greater than the incident

amplitude (13

., s and as a result the scattering equation has to

we modified. This can be achieved by the so-called dynamical
theory of elcctron diffraction which takes into account the
interactions between diffracted and undiffracted waves as well
as the effects of multiple scattering. The detailed analysis
and the mathematics involved in the dynamical theory of

ok

electron diffraction can be obtained in Hirscn et.al.l
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CHAPTER VII

7. Diffraction analysis of carbonaceous materials

Warren3LP developed the theory of rendom layer
lattices which paved the .ay for the authentic study of
carbon. A random layer lattice is defined as a stack of
parallel and equidistant identical layers, stacking being
random in translation parallel to the layers and random in
rotation about the normal to the layers. Biscoe and

149

Warren suggested the word 'turbostratict! to describe
the crystallographic nature of the crystallites in
carbon black, consisting of carbon atoms arranged in
honeycomb-like flac layers of random layer lattice
character,

Diffraction patterns of carbonacecus materials
contain two or three broad diffuse peaks having rouzhly the
same positions as the strongest peaks of graphite. Biscoe
and Warren showed that the x-ray patterns of a number of
carbon blacks consist of crystalline reflections (dol) and
two dimensional lattice reflections, hk. Warren deduced
the following expression for the intensity of the hk
reflections

2 5in2(R/»)(8-80).Njay SInZ(YM) (S-So)oan ., (5
5in(Wx) (8-80).a; Sin @) (8-S0), : a,

Ihk. - F
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where Nya; and Nyapy are the dimensions of the layer, F

is the structure factor, S, S0 the unit vectors that define
the direction of the primary and the diffracted beams,

and N\ the wavelength of radiation. Restricting attention
to one particular reflection (hk) the usual approximation

can be made i. s,

Sin? Nx . N2 exp [ =~ _N2 x2 ]
Sinx g 3

Equation (&%) was written as,

The =

F2N12N22 exp. - "77—'\:2 [% (hsoNlal)2 + (5 51\1232)2’2 ].. -()4'6)

J

where £2 s = s-so.
The distribution of intensity in a two dimensional
rellecticn is then given by the following two equations:
KmF2 (1 + Cos226)

4 sin (Sin28 - 51n260)

Pée =

oo N CY2.

and for smail values of a,

3

KmF2 (1 + Cos220)
2(Sind) =

Pée is the powsr per unit liength of the diffraction circle

P [ F(a)...-(Ll-S)

20

—

Laj
&%

of radius R.

where,

i
2
a = 27:\92_ (S1n 8 = 51N 85) ueevae- o (L9)

8 is the half scattering angle and F is the gtructure
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factor K is a constant equal to,

Ioe"" N1No M A2

K c-n-eooo-oooco(so)
M2 4 % RA,
M = number of layers in the sample,.
An = area defined by aj, ap
M = multiplicity of hk reflection
La = diameter of the layer.

F(a) is a function of variable a given by the
expression (49) and tabulated in reference (3%). The
distribution of intensity in a two dimensional reflection
can he obtairned for small values of sin® - sind, using
the equation (48) and equation (47) should be used for
larger values.

Warren's relation leads to a simple relation for
La, sicce as Warren states for peakts which are not too
@iffuse, the variations in intensity over the range of
angles included between the half maxiinum intensity values
can be considered as due solely to variations in F(a),
From a plot of F(a) it was found that the half maximum
intensity breadtin corresponds to a change in 'a! of amount

Aa = 3.26. From equation (49)

TR
3026 =g——£“:_’b Sine es ee 00000, (51)

from which L can be calculated,

L - l—éﬁ ......'o-ocoo.o-(SZ)
B Cos ®
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Warren pointed out that equation (52) is identical with
the Scherrer equation for size determinntion except that
the coefficient 1,84 is about twice the value given in the
Scherrer calculation for cubic crystallites.
Since the maximum of L occured at a = ,55 Warren
was able to write,
.55 = 2m2L (sin 6 - s1n 85) +vevs.(53)

A
where sin 85 is the position of ths maximum, Thus the

peak for the two dimensional diffraction i1s shifted away
from the exact Bragg angle towards higher angles by =n
emount,

Asin 8 = Liéf‘
L

7.1l Frgnklin's analysis,

Franklin wrote Warren's equation as,

2 ~3/2

r=x B =2 FTR@ e (W)
23 n Aa TR

where 8 = g—%%gfg , n 1s the number of atoms per unit

Ao
cell and F(a) = / exp [ - (x2 - 22) 1 ax,
0

where, « = 7§% L (s - sp)

For large values of a,

o

F - FAANRY-

(a) (,+a)
Hence, F(a) = ;%/2(L)% (s ~ So)%

substitutinn of the above in equatioun (54) yields the
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intensity in a form free of L,

I = K-—IE—F-E-- s (s2- s%)—% N €17

Y7An Ag

Franklin pointed out that the approximations involved in
the derivation of equation (52) lead to values of L which
are too large in cases of small layers which give very
broad rings. A better approximation was tried by Franklin
but that also proved unsatisfactory as it depended on
accurate measurament of the position of maximum intensity.
It was concluded that the only satisfactory way of using
Warren's equation in the case of small layers is to compare
experimentally determined half widths with the half widths
sound from pleots of the intensity profile calculated from
equation (54%). By this method Franklin found a value of
16 £+ 1 & for the layer size in a film formed by pyrolysis
of Pulyrinyledene chloride at 1000°C,

Besides yrelding information of crystallite size,
comparison of experimental results with theoretical values
allows estimation concerning the relaftive amounts of
crystalline and non-crystalline material.u8 In equations
(5%} and (55) it wvas obssrved that the intensity of the
(10) band is greater than the theoretical intensity
whereas that of the (11) band is only 65% of the theoretical.
The anomalously high intensity of the (10) band generally

occurring in carbon is believed to bs due to the non-

spherical character of the carbon atoms.
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1
Following Warren several workers notably Wilson,

152

Brindley and Mé}ing and Warren and BodensteinlS3 have

considered the profiles of the diffraction bands from random
layers, Approximating functions of the type S%E;%ﬁ

the layer dimension L w.s expressed in terms of the breadth
at hall maxinum intensity by the relation (52). Warren

and Bodenstein showed that if disc-like layers were
considered instead of the parallelograms considered earlier
by Warren, the Gaussian approximation could be eliminated,
and they arrived at an expression for L, the average layer
dimension,

L= 2TZA (56

P 4Coso

Tue nurerical constant differs by only 4% from that of
equatcion (52), The two treatments refer only to average
leyer dimensions for differently shaped layers.

Because of the fact that the {(004) reflection occurs
at the high angle side of the (10} reflection which affects
the sizes of the crystallites from half peak breadths,
Warren and Bodenstein suggested the following expression
for the determination of the layer dimension,

‘09)"' 7\

T trerereaeeea(57)
" 5 Cos ©

L =

Equation (57) will give large vaiues of L compared to (56)

because the larger layers will contribute to the upper part
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of the paak, and the effect of the (00h4) reflection on
(10) can thus pe minimised.

For larger sized layers ( La) 503) these equations
give a satisfactory representation but for samples in which
the layers are very small it is necessary to develop the
diffraction pattern from the general Debye scattering
equation. The problem has been treated in this way by
Diamondlsh’lss and Warren and Bodenstein35'. Diamond
eveluated the powder pattern for the case of a single layer

vy using the Debye scattering equation,

n Sin 2 X Sryp
2 A Srpgp

ceseeea(58)

-
I

47}

Lz fn f
n n

Tmp 1S the distance between atoms m and n. For a sample
containing single layers the values tabulated by Diamond
give a rigorous representation of the (hk) peaks.

7.2. Aaalysis of Guentert and Cvikevich

The expressions derived by Warren as well as those
of Wilson and Brindley and Mering and also the data
calculated by Diamond are strictly applicable only to those
materials in which the layers are randomly oriented.

6 investigated the effect of

Gaentert and Cvikevich.l5
preferred orientations on the shape of (hk) reflections

in the diffraction patterns of pyrolytic graphite, where
the 1ayers align themselves preferentially parallel to the
deposition piane, They introduced a correction term

which reduces the (hk) peak shapes to those corresponding to
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random layers. The corrected peak may then be analyseq
in the usual way using Warren's theory, Measuring the
intensity of the (002) reflection as a function of the
inclination angle ¢§ thev found the preferred orientation
of the layers in samples of pyrolytic graphite could be
described Ly a factor of the form Co§<§. Assuming

this orientation factor tiiey derived an expression,

. m
I I‘andom = ClIl [ S—{'E——Q—-——] ..oo~°(60)
I preferred sin Spy

orientation

The expression was checked for a sample having m = 8 by
comparing the diffraction profiies from = flat specimen
with its basal plunes parallel to the deposition plane with
the profile given by the same material in the form of a
firely ground powder. It was confirmed thut the peak from
the specimen with preferred orientation of the layers could
be made to fit that from the powder sample by use of the
correction factor indicated by equation (60), It should
be noted that this correction factor only applies to
materials which satisfy an orientation factor of the form
Co§né . The corrected (hk) reflections can then be
subjected to Warren's analysis for random layers in order
to calculate the structural parameters,

A study of evaporated carbon by electron diffraction

is due to Kakinoki et.al.l?? who anslysed the diffraction
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profiles by the methods commonly used for analysis of
diffraction from gases and vapours. These methods are
based on the Debyelr)"+ formula (equation 58) which can be
used in two ways,. A model may be assumed for the structure
of the specimen under exraination and a theoretical curve
calculated and comparsa with the experimental curve,
Alternatively the Fourier inversion of the formula may be
applied to the experimental data to obtain the radial
atomic distribution function, They suggested that two
different bond distances existed in the carbon film,
corresponding to the nearest neighbour distances in
diamond (1.512) and graphite (1.u23> the ratio of the
numbers of bonds of the two types being 1,1, They
concluded that the film consisted of graphits-like and
diamond-iike regions ~102 in size, the proportion of the
diamond-like regions being somewhat larger than the

former.,
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CHAPTER VIII

8. Experimental procedure.

The various kinds of apparatus and experimental
techniques with their applications used in the present
study are described in this chapter.

8.1. Materials.

Carbon rods (grade RW-0) of diameter 6,14 mm made
by Ringsdorff and supplied by Mining and Chemical Products,
London, and iron wires of diameter .029% cm, supplied by
the Johnson 2nd Matthey Co. Ltd. London were used for the
oreparation of the composite iron carbon films, The
purlty of the spectroscopic carbon rods was as follows:

Tmpurities in PPM:

B <« 0, 01 Mg o, 0, 05
Ca ¢ 0, 2 Si 2 0O,
Cu ¢ 0, 08 Ti « 0,
Fe &£ 0, 2 vV < 0,2,

8.2. Evaporation Unit.

FEvaporation was carried out in a Balzers Micro
»A3 Unit (Fig.8.) filled with carbon evaporation accessories.
The present experiments were carried out in a pressure of
about 5 x lO"5 torr. The vacuum chamber was a glass
cylinder of 8 cm, interns~l diameter and 25 cm. long

connected vertically or horizontally to the pumping unit






113

by a side tube, The chamber was evacuated by a Balzers
high vacuum pumping unit, which used a two stage rotary
vane pump for roughing, and for backing an air cooled
diffusion pump.

8.3. Method of co-gvaporation.

The R.W.0. carbon rods were turned down to 2.3 mm,
diameter in the lathe to make spigots of length about 2 cu.
The spigots were then coiled with iron wire as closely
as possible as shown in figure 9, The carbon electrodes
were then fitted in to the quick release flange of the
evaporation unit, which was then connected to one end of
the vacuum chamber and the necessary electric connections.
made. The two electrodes were then brought together
and separated, thus striking an arc. Evaporation was
carried out on to substrates of glass or freshly cleared
mica about .8cm? area, placed at the centre of silicon
discs, 1.8 cms in diameter. The substrates were mounted
vertically below the source at a distance of about 10 cms.
from the latter,

8.3.1. Preparation of substrates.

Electron microscopy demands absolute cleanliness,
and freshly cleaned mica is an ideal substrate from this
point of view. When glass substrates were used the cleaning
process employed was the action of nitric acid and isopropyl
alcohol, followed by swilling with distilled water, After

cleaning, a Grop of detergent (Teepol) was polished into
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the glass surfacej; this acted as a hydrophilic stripping
layer, The use of glass as a substrate was preferred to
mica, due to the difficulty in stripping off the film from
mica, and eventually glass was used in all cases,

8.4. Measurement of f£iim thickness

In thin film tecnnology the film thickness is an
important parameter, and there are several methods for
measuring it. For detailled discussions references 159
and 160 may be consulted,

The thickness of a deposited film can be determined
from a knowledge of the mass and density of the evaporant
wrovided the evaporation is carried out from a point source.
If it 1z assumed that evaporation takes place from a point
source on a surface of a sphere of radius r, a miform
thickness of deposit t can be calculated using the relation,

t = —Ze where r is the distance of the plane receiver

L4 Rp2p
from the source, m and fare the mass and density of the
evaporant. This simple method provad unsuccessful in the
present case because the mass of evaporant used could not be
ascertained accurately.

By measuring the deposition rate with rate meters
precise values of film thickness can be obtained by simply
nultiplying rate and deposition time provided the rate was
constant, A knowledge of the deposition rate is dssirable

as film structure and properties are more or less affected
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by the rate, The simultaneous measurement of thicknass
and rate is possible with the modern rate monitoring devices,

Alternatively the thickness of a film can also be
determined with the help of the specially constructed
nicro-balances capable of measuring very small masses. This
method necessitates a knosledge of the density of the
depesited film which in fact not the same as that of the
bulk matetrial. A suitatle technique is therefore necessary
to determine the density of the film to make'use of this
simple method of measuring film thickness.

3.k.1., Estiration of film thickness during evaporation.

The film thickness was estimated by the change of
colour produced on a gold film by carbon. A thin film of
gold depnsited on :luminium was mounted beside the
substrate and when the gold film appeared deep blue, the
evapor-tion was stopped. The thickness of such a film

has been shown to be about 2%0&. The variation of

colour produced by carbon has been tabulated below:l58
Colour Thickness of carbon films
Orange -.150 R
Indigo red ~ 200 &
Deep blue --240 &
Blue green ~ 350 it

Green~silver ~ 430 i
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8.4.,2, Multiple beam interferometry.

A dilrect and more accurate method was used
for determining the film thickness, After a film has been
deposited its thickness can be measured most accurately by
multiple beam interferometry as described by Tolanskylél.
L typical arrangement ro. multiple beam interferometry is
shown in figu:e 10, The film whose thickness is to be
measured is deposited in such a way as to form steps on the
substrate and the whole of the substrate and film is covered
with a thin layer of evaporated silver or aluminium., The
metal simply replicates the step in the film, and also
has a high reflection coefficient for light. The metal
surface containing a step the height of the film thickness
is arranged against an optical flat so that interference
occurs between themn. The interference fringes are spaced
by half a wavelength of the monochromatic iight used and

the step height can be measured as a fraction of the half

wavelength, If > 1is the wavelength and h is the step

nﬂ)/

height then the thickness will be given by Xx h in

ﬂ units.

8.5. Determination of film Composition.

8.5.1. From direct calculetion.

After deposition attempts were made to estimate the
composition of the films using the fcllowing simple

consideration.
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Let R and r be the radii of the carbon spigot and
iron wire (Fig. 11) respectively and n be the number of
turns of wire per unit length of the spigot.

The length of the iron wire per turn on the spigot

will be,

. 2 2 1
A= VAR DD O+
n

If L is the length of the spigot, then total length of wire
in L will be,

av———er——

nLAx = nL\/‘/)-wi?(R+ r)2+-]-'-2
v ot

.- Volume of wire =% rznl'.‘/ 4 (R + 1)2 + %2

And volume of spigot = K RzL.

Hence, 5
volume of Metal __r \/ 47<2n2(R+r)2+1
volume of carbon 32

It has maximum when 2nr = 1 and an effective minimum when
n=1,

This procedure to determine the composition of the
film proved unsatisfactory, because 1t was not possible to
e;timate the amount of iron evaporated, This was because
some of the iron melted and dropped down as globules instead
of being evaporated, dus to the big difference in melting
points of the two materials, Hence the film composition
was determined using an electron probe microanalyser, as

described in the next section.



120

8.5.2. Film composition by Electron Probe micro=snalysis,

The silicon discs were submitted for microanalysis
to estimate the relative amounts of iron and carbon in the
films, The reason for using silicon as a substrate for
depusition of the films f . r microanalysis was that it
could be obtained with very high (semiconductor) purity,
and in particular waw absolutely free from iron, an
important requisite for the present purpose. Glass, mica
and even aluminium showed the presence of iron in the
slectron probe microanalyser.

8.5.2.1., Theory of the Flectron Probhe microanalyser.

The microanalyser uses a scanning electron beam to
generats characteristic x-rays in the specimen. These
are then passed through an x-ray spectrometer and a counter
so that the intensity of the characteristic lines can be
measured, By the use of calibration specimens and after
makKing correction for the background intensity, quantitative
estimates of the specimen composition can be obtained. The
basic construction of the probe is shown in figure 12.
A beam of electrons generated from the gun strikes the
specimens some of the electrons reaching the specimen are
reflected and the remainder penetrate the specimen. The
latter excite the atoms in the specimen which causes emission
of the characteristic x-radiation of each element present.

The wavelength of the characteristic x-radiation is
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dependent on the atomic number of the element. The
wavelength A of the radiation is related to the atomic
weight W of the element according to the relation,
log»ég = K log W.

Where K is a constant and £ is the density of the element?
For a given beuanm intensity, the intensity of the x—radiation
emitted from the specimen is dependent on the'weight per-
centage present of the particular element.

The x-rays emitted from the surface at a certain
angle strike an optical crystal, When the crystal is at
a certain angle to the X-ray beam the characteristic x-rays
of a particular wavelength will be reflected. The intensity
of these reflected rays is measured by photomultiplier tubes
and pulse counters, The surface of the crystal is curved
to focus the beam into the photomultiplier tube and counter,
| When the crystal is moved -to a different angle it must
remain at the same angle to the specimen as the intensity
of the emitted x-rays is dependent on the angle of take-off
from the surface i.e. Ig = Iscos 6, which dictates the
geometric relationshlp between the specimen, crystal and
the analyser. For further discussion on Zlectron Probe
microanalysis the references 162, 163 may be consulted.

8.6. Simultaneous evaporation.

Composite films of carbon and iron have also been

prepared by evaporation from two different sources. The



123

vacuum chamber of the Balzer unit was used in a horizontal
position, the carbon source was fitted at one end, iron

was evaporated from a V shaped tungsten filament at the
other, The substrates were placed in the niddle of the
chamber resting on a block of metal, Both the sources were
operated “imultaneously so that atoms of both species
arrived at the substrates at the same tims. A rough
estimate of the amount of material deposited was obtained by
weighing the carbon electrodes and the filament with the
wire before and after the evaporation. But the material is
not generally radiated with spherical symmetry and hence an
estimate obtained from this measuremant is inaccurate.

The electron microprobe analysis of the films prepared by
this method showed that the films.were inhomogeneous and
hence the co-evaporation method was preferred for all
subsequent film preparation.

8.7. Preparation of carbon mounts.

In a graphitisation study of thin carbon films by
electron microscopy and diffraction metal grids cannot be
used due to contamination of the film at high temperatures.
Grids made of the same material as that of the film were
therefore used. The preperation of the carhon grids is as
follows: The R.W.0. carbon rods of 6,14 mm, diameter were
turned down to 2.3 mm. in the lathe using a .special cutting
tool, Then from the rod of 2.3 mm. diameter, carbon discs

of thickness about .020" were cut using a parting tool in
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the lathe, These discs after polishing with emery paper
were drilled with six or seven holes of about .005" diameter.
Finally they ware ultrasonically cleaned with water and then
with acetone to remove grease,

8.8. Mounting of specimens.

After evaporation each film was scored into many
squares with a tweezer and then the glass slide with the
scored film was lowered into distilled water at a slight angle
so that the film was stripped off and floated freely on the
surface of the water, Fach square was then scooped up on to
carbon mountrec. These were then preserved in a vacuum dessica-
tor for characterisation by electron microscopy and
diffraction after heat treatment, It has teen observed
that when the iron concentration in the film is high the
filr tends to fold when placed into the water and thus

become -rasted.

8.9. Evaporation of Carbcon on to heated iron foil,

' Carbon was also deposited on to heated iron foil of
thickness ,005" placed at a distance of about 1lOcms. from the
evaporatinn source, (3x1)cm. iron foil was clamped in a
f".ange of the eveporation unit and connected to one end

cf the vacuum chamber above the carbon source. Prior to
evaporation the foil was degassed at a higher temperature

by passing a current through it for a considersable time and
then the temperature was kept constant at 600°C. The

temperaturce was measured by a thermoczouple connected across
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the foil. There was a temperature gradient across

the foil, the hottest region being at its centre. After
evaporation iv was observed that there was no carbon deposited
in the central region which was perhaps due to re-evaporation
or direct solution of carbon into iron. The foil was
allowed to cool down to the room temperature bafore it vags
taken out of the vacuum chamber, The foil was cut to ‘
pleces and then dissolved in dilute nitric acid and the
carbon film obtained after dissolution of the metal was
washed with water and mounted on the carbon grids.

0e1l0, Hest treatments.

Three furnaces were used to permit heat treatments to
b2 carried out under vacuum and inert atmosphere. Arrange-
ments werz also made to facilitate heat treatment of the
£ilm under chlorine atmospherae,

8.1C.1. Temperature below 1000°C

ror temperature below 10009 a resistance wound
silica tube furnace as shown in figure 13 was used. The
length of the tube was 40 cm. and its diameter 2.3 cm, and
it could be fitted to a vacuum system via a port in the
vacuum chamber in which a pressure of less than 5 x 1075
torr could be attained. The specimen to be heated was
supported at the centre of the tube on a glass spoon. When
the pressure in the system was about 5 x 10‘5 torr the
temperature of the furnace was raised to the desired value,
maintained by a controller, This was an Ether model 15-98,

which could provide 3 kw, and control over the temperature
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range 0~1200°C using chromel/alumel thermocouples with cold
junction compensation, The controller was capable of |
giving an accuracy of t 5°C at 1000°C which was regarded as
sufficient for the purpose. The chromel/alumel thermo-
couples used by the controller were situated inside the
furnaces in close proximity to the specimen, After heat
treatment the furnace was allowed to cool to room temperature
before it was let down to air to avoid oxidmation of the
specimen.

3.10.2. Heat treatment at temperatures from 1000°C

upwards.

For heat treatment of specimens at temperatures
1000°C onwards a vacuum ft.u'nacel@+ was used which is shown
in figure 14. It consisted essentially of a hollow tube,
the length and diameter of which were about 1 cm, and .53 cm.
respectively cut from a block of pyrolytic graphite so that
the direction of high electrical resistance (the c-axis
direction) lay along the tube axis, The tube, with a
resistance of zbout 3-4 ohms, was hented by passing high
current { ~ 100 amps) from a transformer which provided a
maximum power output of one kilowatt. The specimen to be
heated was placed on a graphite electrode which was fitted
in turn into a groove in a copper plate. The graphite
furnace tube rested vertically on the lower electrode
surrounding the specimer, The top end of the tube was

connected to another graphite electrode which was again
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fitted into the groove of an upper copper plate, The
electrical contacts at various points were thus nade via
graphite electrodes and copper surfaces and maintained by
gravity and ware quite reliable. The heat lost by
radiation was minimised oy putting a cylindrical shell of
thin tantalum foll around the graphite tube in a groove cut
in the lower graphite electrode for the purpose. The whole

furnace was supported in a bell jar vacuum system

The cystem was allowed to pump down until a
pressure of 5 x .LO'"5 torr was reached before commencing
heat treatment, 2nd for temperatures above 1200°C the
system was pumped overnight. Temperature measurenent was
carried out with a disappearing filament micro-Pyrometer
which gave a magnified image (approx. 18x) of the specimen
surface as viewed through a hole in the upper graphite
electrode through a prism mounted about the furnaca. The
specimen and furnace satisfied black body conditions and
consequently no corrections were required to convert
Brightness temperatures, for which the pyrometer was
calibrated, to true temperstures. The accuracy of this
mevhod of measurement was checked by measuring the tempera-
ture of a specimen at 1000°C using the Ether controller and
was found to be in fairly good agreement (+10°C). There

appeared to be temperature differences at different parts
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of the specimen the magnitude of which was sometimes

+ 20°C. This was believed to be due to the poor contact
of the film to the mount. One of the difficulties
encountered was that at temperatures above 1800°C the
graphite tube began to sublime in the vacuum; the carbon
vapour sc formed condensed, thereby thickening the specimen
and making it unusable. This effect appeared pronounced
when the residence time was above four or five minutes,
depending on the temperature at which the furnace was
operating.

8.10.3. Heauv treatment in argon atmosphere.

Specimens were heated in argon atmosphere in a
furnace similar to that of the vacuum furnace but with
some modifications in the lower electrode to provide the
gas flow, the design being shown in figure 15, Argon
from a cylinder, after passing through silica gel, molecular
sieve and finally through heated copper to remove oxygen,
was admitted through the bottom of the furnace and left at
the top, passing through a bubbler to air. The furnace
was enclosed in a copper cylinder. The copper plate at
tne bottom was provided with water cooling for heat
treatment at higher temperature. The argon was usually
flushed for at least an hour before commencing any heat

treatment. The specimei. temperature was measured directly
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with an optical Pyrometer as before. Care was necessary,
as when argon was passed at high pressure the film broke =and
sometimes even the whole mount with the film was blown awéy
from its position. Lfter heat treatment the argon was
allowed to flow continuously until the furnace attained room
tenperature, Here also at higher temperature (-~ QOOOOC)
the same trouble of thickening of the film by evaporation of
carbon from the furnace was observed.

R,10.%. Heat treatment in chlorine atmosphere.

Attemrts were made to heat specimens in a chlorine
atmosphere to remove the iron from the film after pre-
treatment to form the carbide. Ls pefore the specimen was
placed at the centre of the low temperature tube furnace and
chlorine from a cylinder was passed through the tube for
sometime before commencing heat treatment. The escaping
chlorine was allowed to dissolve in sodium hydroxide solution
kept in a twugh, and a bell jar connected to one end of the
furnace was clamped and inverted over the trough containing
the solution as shown in the figure 16, It was found that
the effect of chlorine was to cause the film to decompose
even at temperatures as low as 3OOOC. The method for the
control and measuremens of temperature was the same as before.

8.10.5., Disappearance of the film.

One difficulty encountered during heat treatment was

the disappearance of the film, The films were found to have
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poor adhesion to the mounts which deteriorated during
heat treztment,

8.11, Electron microscopy.

The instrument used was a Siemens Elmiskop I which
is a three stage micro.ccne with objective, intermediate
and projector lenses with double condenser illumination
systen, The maximum resolution obtainable using this
microscope was a.lSX and it provided a very wide range of
magnifications ranging from 1000 x to 160,000 x. Also
diffraction patterns could be obtained without interfering
with the position of the specimen or with the vacuum, The
aicroscope was usually operated at 80 kv for most of the
time,

8.11.1., Alignment of the instrument,

In order to produce electroa micrographs of high
guality it is essential to align the different components
of the microscope as accurately as possible. The full
procedure of alignment is necessary only when the column of
the microscope is disturbed and in practice the alignment of
the illuminating system, namely the ccndenser and the gun,
was required most frequently,

8.11.2. Iocusing and expusure.

Fresnel fringeswre employed to establish best focus.
It is well known that Fresnel fringes are produced by the
interference of the direct beam witch that scattered by the

edge of an object; the first Fresnel fringe appears bright
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when underfocused and dark when overfocused; ‘the best
focus is obtained when it just disappears. These fringes
can be observed at higher magnifications and a low power ;
telescope was used for focusing the image, The

exposure time was asceriva‘ned by the visual estimation

of the screen brightness and usually two to three plates
were exposed for each ares and the best selected,

8.11.3. Photographic materials.

Ilford special lantern contrasty plates were used
and were developed and fixed using P-Q Universal Developer
and Hypam fixer, The plates were usually developed for
A-8 minutes and then fixed for about 5-6 minutes before
washing for about half an hour in running water.

8.11.k4. Magnification.

The Elmiskop I is provided with a projector with four
variable pole piece apertures to facilitate a wide range of
magnifications up to a maximum of x160,000. In order to
produce a particular magnification the required pole piece
aperture was imaged 30 as to fit exactly with a circle
inscribed on the viewing screen by adjusting the strength of
the current through the projector lens:, Internal calibra-
for magnification of the microscope was carried out using
a diffraction grating replica with 32,700 lines per inch
and is shown in figure 17, In the present study the

magnification generally used was 40,000x,
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8.11.5. Anticontamination.

The deposition of amorphous material upon the
specimen during examination in the electron microscope has

165,166

been studied extensively, since Watsonlé? demonstrated
this effect while studying the formation of films by electron
and ion hombardment, These deposits are insidious and a
prevalent source of error in electron microscopy. The
instrument used was fittecv with a decontaminator covled with
liquid nitrogen to reduce the rate of contamination of the
specimen, With this arrangement the surroundings of the

specimen couid be cooled to about - 150°C.

8.12., Lensless diffraction,

The availability of = very wide bore pole piece in
the final magnification stage of the Elmiskop I enabled it
to pe usaed as a simple electron diffraction canera, For
this operation the specimen was mounted in the normal position
and all lenses except the condensers switched off. The
excitation of the second condenser lens was adjusted so as
to obtain the sharpest possible transmission diffraction
pattern, In the present study the crystallite dimensions
were measured using diffraction line breadths obtained from
this lensless diffraction method, One advantage of this
method over the selected area diffraction method is that

A L remains constant throughout., The diffraction
patterns were always taken using the smallest condenser

aperture and minimum filament currenc,
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8.13. Selected area diffraction,

This is o very powverful technique which meskes it
possible to select a small region of interest of the
specimen and to obtain its diffraction pattern with the aid
of the imaging lenses, This enables one to correlate
between the features observed on the micrograph and the
crystallography of the particular area of the specimen.,
The area of interest can te defined by means of an
aperture [ at the normal image plane of the objective. In
the alsence of spherical aberration of the objective it
is equivalen: to an area ﬁ at the specimen where M is the
magnification of ths lens. The objecvive lense operating
at the normal strength forms a diffraction pattern at its
back focal plane from a small area of the specimen. By -
reducing the strength of the intermediate lens it is
possible to coincide its object plane with the back focal
plane of the objective; this can be judged by making the
central spot as small and round as possible. Thus the
transmizsion diffraction pattern of the area can be
observed and imaged on the viewing screen,
¢.1h.  Shadowing.

Sone heat treated specimens were placed in the
Balzers coating unit and a few angstroms thickness of LO%
palladium/gold was deposited at an angle, (30%and 459).
Deposition was carried out by wrapping a plece of 4O%

palladium/gold wire of .010 inch diameter around a
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V—shaped filament of tungsten wire which was then electrically
heated in a vacuum of about 1 x J_O"LP torr to evaporate the
shadowing material. A shadow free of netal was on the
lee—-side of any features projecting above the general level
of the film and the fromi side collected a correspondingly
greater amount of metal. Owing to the high scattering

power of the heavier metals for electrons, the features

were shown with great clarity in the image, The micrograph
of a shadow cast specimen is usually priﬁted or projected

as a negative, the shadows (free of the shadowing material)
then appearing dark and the regions covered with the
shadowing materials light. The image appears as 1f illumin-
ated obliquely i.e. as if the shadowing atoms were a beanm

of illumination. Knowing the angle of deposition the

height of the specimen details can be estimated from the
length of the shadows they cast.

8.15. Hot stage of the microscope.

The Jen~7 electron microscope is provided with a
heating stage. the maximum specimen temperature being 1000°C,
This was used to observe changes in the structure of the
specimens during heating e.g. the nucleation, growth and
decay of the particles of Fe3C. The hot stage consisted
essentially of a specimen heating device, a tilting stage
to facilitate good contrast of the features during the

inevitable slight buckling of the spscimen during heating,
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and the associsated power supply for heating the specimen
electrically. This enabled a fontinuous obsefvation of
the changes in microstructure of the specimen, but

unfortunately sever specimen drift hindered the recording

of events during heating.

8.16. Dark ficld operation.

It is a very powerful technique in electron micro-
scopy of thin films and the simplest mode of dark field
operation is to select the desired diffracted bean by
displacenent of the objective aperture and then operate the
microscope in the normal manner. With adequate controls
on the intermediate lens current this can be a speedy and
efficient operation but the main limitation arises from
the spherical aberration of the objective lens, since the
diffracted beams are automatically inclined to the objective
axls, which affects the resolution of the dark fileld image,
This difficulty can be largely overcome by tilting the
illuminating system until the desired diffracted beam passes
accurately along the objective axis. The JBEM~7 microscope
has provision for tilting the illuminating beam through a
large angle, using an electromagnetic system which shortens
the alignment procedure, thus minimising specimen
contamination,

8.17. Scanning electron microscopy.
A few heat treated specimens with different iron
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concentrations were observed in the scanning electron
microscope to determine the shape and size of the micro-
structural features in three dimensicus. The scanning
microscope was operated at 20 and 50 kv and with different
magnifications up to 55,000 x. The specimens appeared ﬁo
be magnetic and since the focussing of the image was carried
out by electromagnetic methods, the focus was affected by
the magnetism of the specimen giving slightly poor quality
pictures.

8.18., Determination of camera constant 2~ L.

For this purpose a gold film was prepared by vacuum
evaporation and then an electron diffraction pattern
obtained in the electron microscope whose AL value was
to be determined. From the electron diffraction pattern
the diameter of the (200)ring was measured and this was
substisuted in equation (43) to calculate d which is the
spacing of the plane under consideration. For gold d002
is 2.039 8. The value of AL obtained from these data
was 2,378 and this value has been used where necessary.

Since the diffraction rings are nct perfectly circular, the
diameter D will vary from point to point, As a result

ther2 will be a series of values for L corresponding toe the
different D values. The value of AL cited above corresponds
to the highest value of the ring diameter, since it was

assumed that the largest ring would provide the most

aceurate value,
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8.19. Indexing of diffraction patterns.

The diffraction patterns of the heat treated
specimens were indexed by geasuring the ring diameters
followed by calculation o7 the interplanar spacings using
equation (43) corresponding to each value of ring diameters
and comparing the observed interplanar spacings with the
known A,S5.T.H. data. Another way of identifying the
patterns is to take the ring radii of the diffracticn
pattern and plot them on a logarithmic scale and compared
with the known deta plotted on the same scale from the
JeS.T. M. index 172
8.20., Microdensitometry.

The intensities of the diffraction lines were
measured using a Joyce Loebel microuphotometer, shown
diagrammatically in figure 18, The plates with the
diffraction patterns (negatives) were traced in a direction
parallel to the length of the plate and from the tracing
the line breadths of different reflections e.g.(00X),

(L0) and (11) reflections were measured, The instrument
was always operated under the same conditions of setting
viz. constant slit size, bed speed and magnification., The
instrument has several magnification stages up to a

maximum of fifty, 4 magnification of five was generally
chosen to work with and the magnification was tested and

found to be in exact agreement with the given magnification
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of the microphotometer, However, there was no arrangement
for rotating the plate during tracing which would minimise
the variations due to the granular nature of the emulsioh.
Some plates were traced in several directions by rotating the
plate azimuthally in steps of 20°, using a specially |
cunstructed hylder, to investigate the anisotropic charaCter
of the specimen, The methods of measurements of the

line breadths of each reflection are stated below,

8.21. Measurement of La.

The layer diameter La in the graphitised films
was measured using equation (56) discussed in Chapter VII
which necessitates a knowledge of the breadth of the
diffracted line. For a quantitative treatment it is
first necessary to define breadth. L line on a diffraction
photograph shows maximum intensity at the centre and fades
away on either side; a simple definition of breadth is
the angular width between the points at which the intensity
falls to some fraction of its maximum value, Layer dliameter
was therefore calculated using squation (57) given earlier,
Here B is the angular breadth of the reflection at § of the
peak height, This fraction is useful in reducing the
effect of the (004) reflection which occurs on the high
angle side of the (10) line producing an e#tra broadening,
as stated in Chapter VII.

Microphotometer traces of the electron diffraction

patterns were obtain2d by traversing each plate across the
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illuminated slit in o directiun parallel to the length of
the platae, Soue plates were also traced along different
diameters to investigate the angular dependence of
diffraction profile and hence to study anlisotropic layer
growth in the specimens. Examples of the microphotometep
traces ars shown in figure 19 along with the corresponding
diffraftion patterns.

The development and treatment of the plate for micro-
photometry was quite important. ter fixing and thorough
washing, great care was observed in drying as a single speck of
dust on the emulsion or a scratch was found to vitiate line
bieadth measurenent.

The background of each microphotometer tracing was
estimated by constructing a smooth line with a !'Flexicurve!
tangent to the observed intensity profile =t points quite
distant from the peaks. The line so constructed was taken
as the reference line from which the peak height was
measured, Line Dbreadths at the desired fraction of the
peak height were required, and tnese fractions were measured
along the vertical from the background to the centre of the
paak. Lines were then drawn through these positions parallel
to the background, which intercepted the reflection profile
in two places; the horizontal distance between the two
intercepts was taken as the line breadth at the particular
peak height, In the present study line breadtns at % and %

peak heights were measured from -the (10) and (11) reflections
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for calculatioa of La values, and at 4 peak height from
(002) reflections for calculation of Le values, using
appropriate equations,
8.22, Mean La values.

The La valué is the mean of four results obtained
from the breadvhs of the two dimensional (10) and (11)
diffraction rings at & and & peak heights, The accuracy
indicated in each La value thus obtained is the square
root of the variance of the four results,

8.23. Parti:le size measurements,

Recently a completely novel principle has been
introduced for the rapid measurement of particle size. The
instrument, called the Quantimet (Q.T.M.), is illustrated
in figure 20, and a simplified block diagram is shown in
figure 21, In brief the principle is as follows: An
epidiascope or microscope projects an image on to the screen
of a television camera, The electrical output from tais
camera pacsses into a closed circuit television monitor
which provides a large display image, The electrical output
#L1so passes into a detector unit which can be set to
distinguish the required features to be measured from the
mwanted ones, The output from the detector consists of
pulses from the detected freatures which are then fed into
the monitor and into the computer which can be set to

neasure any of the following five functions: the total
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particle projected area, the total particle number, the total
particle length, the particle size distribution and the °’
total particle chord size distribution, All these measure-
ments are read out on the meter on the front of the instru~
ment., The features which have been detected are automatically
mariied on the screen so that the operator has an instantaneous
visual check on the correct setting and cperation of the
instrument, For a detailed account references 168 and 169
may be consulted,

The guantement could not be operated to measure the
sizs of the carbide particles directly from the plates
taken in the electron microscope. They were therefore
photographed on to 35 mn., films using a photoreduction
method, with a reduction factor of about 10x. From the
films the percentage of projected area covered by the
particles was measured in the Quantiment for at least ten
different fields of view from which the mean was estimated,
From this measurement other parameters such as mean particle
size, volime fraction ete. were derived using appropriate
relations. This instrument was found to work fairly well
with photographs having very high contrast. The micro-
graphs of carbide particles in our present investigation did
not have the requisite black and white contrast and this
hindered th= successful operation of the instrument. Due

to this peor contrast inherent in the specimen the matrix
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surrounding the carvide particles produced an overlapping
effect thus giving inconsistent results.

The instrument can also measure the numnber of
particles in the field of view, provided these are
sphericsal, In the present investigation the carbide
particles were not all spherical and each non-~spherical
particle was registered in the meter more than once,
as shown in figure 22,

Hence 1t was preferred to measure the size of the
particles using 2 microviewer which could provide =2
nagnification of 10x of the field of view. This visual
method of measurement although tedious and time consuming
was at least reliable, The number of particles was
obtained from actual counting from the plate or the print.

8.24, Particle size ansalysis,

It is appropriate to say something about particle
size distribution at this stage. The size of a particle
is the dimension which best describes its state of
subdivision (extension). For a spherical homogensous
2article its diameter is used as its size, for a cuboid
the length along one edge, and so on, It is well known
that the sizes of small particles of a particulate system
are not usually uniform ond that there will be a distri-
bution of particle sizes rather than a single size. It is

therefore necessary to deal with the distribution aspect
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of the problem, The significance of the distribution is
more easily grasped when the data is presented pictorially,
the simplest form of which is the histogram. A histogranm
is a plot in which the number of perticles with diameters
within any given range Ir plotted =as if they all have thg
dianeter of the middle of the renge, |
There are three ways to represent a histogran, In
the first a rectangle is constructed over each class intervel,
the height of which is proportional to the number of
particles in that interval. Lnother way is to construct
rectangles where areas are proportional to the number of
particles in the intervals. The third way of representing
the dependence of frequency on particle size is in the
form of a straight line relationship. Here the information
can be piotted as a cumulative distribution on a probability
grid, where the abscissa is particle radius r, and the
ordinate is the percentage of the total number which is
smaller or larger than r. The cumulative values are
plotted against the eclass interval limits and not against the
class interval centres as in the case of the frequency curve,
A straight line rel=tionship indicates that the distribution
is governed by the so-called normal law, Although the
cunulative curve often conceals cdetails, the median size and
the percentage of the number of particles between any two

®izes can be obtained airectly.
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8.24.1, The distribution Laws.

The distributions found experimentally are generally
described by one of two laws: Ca) Gaussian distribution |
or the normal law (b) The log normal distribution or
skewed distribution,

The matuematical representation of the normal
distribution is,

- 2
y = é;j%%; exp [ - SZ—EFEA— | R (Y
where y represerts probability density} x the diameter
of the particle, X the arithmetic mean and € the standard
deviation defined as,
ng - x-X 2
N-1

where N is the number of measurcements made.

(p) Log-normal distribution,

More often the distribution curve is skewed and is
then found to conform to the log-normal distribution fiirly
well, If the logarithnm of particle size is plotted on the
abscissa instead of the actual size, a symmetrical curve
of the same form as the normal graph is often obtained. The

equation representing the log-normal distribution is given

by, 5
y = __l_________ 8Xp [ - (]‘Og X - log X&) aovoc (62)

1og 6/35 2 log? &,

g
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g
standard deviation which is the standard deviastion of the

where ¥_ is the geomztric mean and.ﬁé the geometric

distribution of ° ratios around the gecmetric mean and
whose logarithm is the standard deviation of logx.

It is necessary to point out that the sc-called
Gaussian or ncrmal distribution of particle sizes rarely
if ever occurs, Lctual distributions are almost always
skewedl7o (Fig. 23) i.,e. the tendency to deviate is greater
on cne side usually to the right of the mean than on the
other,

Particle size analysis has been the subject of a
considerable amount of ressarchj there is no room in this
account for a full description and the interested reader
is referred to the comprehensive and excellent book by

Herdan (1953).17%
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CHAPTER IX

9. Experimental Results.
%.1. Determination of specimen composition.

9.1.3. Using Parameters of the evaporant.

In the first nlace attempts were made to estimate
the specimen ccmposition using evaporant parameters such
as length diameter, etc., and an example is given below.

Length of the spigots evaporated = .75 cm, = L

Diameter of the spigot = .23 cm. = D

Diameter cf iron wire = .025 cn,

Length of the wire = 21.53 cms, =
Number of turns = 18
volume of iron = 7§,r2nLu/h7a2(R + )2 + =5

= 314 x 01252 x 18 x .75 b x 3.142(.115 + .0125>2+~3-%

= ,0053 c.c,
olume of carbon =X R2L = 3.1k x .115% x .75
= ,0311 c.c.
s = voiume of metal  _ .0053 = .17 (2pprox)

volume of carbon . 0311
There were some drawbacks in employing this method for

estimation,
(1) It was difficult to measure actual length of the carbon

spigot evaporated because of uneven erosion of material at

the ends during evaporation.
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(ii) The difference of vapour pressures between the two
evaporants is very large and hence at the temperature
produced during arc evaporation some of the iron instead of
evaporating melted and dropped as globules of which no
account could be taken in the above calculations.

(iii) A.l the vapours of the evaporants do not condense

on the substrate; some are condensed on the walls of the
bell jar in the evaporating unit.

9.1.2. Electron microprobe analysis.

The simple method described in the previous section
did not give satisfactory results and hence electron probe
uicro analysis was used for the determination of film
composition., The specimen wes scanned in several directions
in the microprobe and a number of pointc counts gaken
from whicnh the mean count was estimated for composition
analysis., The counts corresponding to 100 % Fe and 100 % C
were obtained from spectroscopically pure iron and carbon
specimeis, After making corrections for the background
siginal a quantitative estimate of the specimen composition

was obtained using the relation,

C -~ Bg, F - Bg Wt % C
C o 100 Fe - RSRASR .....(63)
C100-Bg, Fe ~ Bgp, Wt % Fe

where C and Fe represent counts for carbon and iron in the
specimen whose composition is to be estimated, Cygg and Feqy,

are the counts from spectroscopically pure carbon and iron,
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and Bg is the background signal. An illustration of the
data from which composition was calculated using equation (63)

is shown in table 2.

Tups . 2.
Carbon Iron.
{counts) counts
1046 1216
1106 1239
1679 1340
1075 124N
Average. 1076 1259
Background 302) 347)
327) 3t 399) 373
Standard 17853 676541
Background 300 1204,

Putting these values in the above equation the concentration
of iron in the specimen was estimated to be 2.9 wt. percent,

The weight percent of the metal can be expressed in
.erms of atom percent as follows:

Here the weight percent of carbon is 97.1 and

weight percent of iron is 2.9.

Hence
’ 97.1 Number of carbon atoms x 12

1

2.9 Number of iron atoms x 55.8
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or
Number of carbon atoms _ 97.1 x 55.8

Number of iron atoms 2.9 x 12

= 15507

let number of iron atoms = n
and then the number of carbon atoms = 100 -~ n

Hence,

100 - n  _
n 155.7

or n=,63
so the composition of the above specimen {(in terms of
atom percent) is .63 atom percent of iron and 99,37 atom
percent of carb.un.

Point counts across the specimen showed the
homogeneity of the composition, and the microanalyser line
scan tracing in figure 24 is an illustration of this fact,
The top line represents iron and the bottcm represents
carbon. Within instrumental errors the height of the peaks
on both graphs appear to be fairly constant, ( * 5%)

As mentioned earlier two substrates were used for
depositicn, silicon for microanalysis and glass for micro-
scopy and diffraction; the latter was always placed atb
the centre of the silicon disc. Since the same specimen
could not be used for both purposes some Goubt arose over
the reliability of the procedure and on one occasion
therefore, the eomposition determined from the silicon disc

was compared with that on the glass by subjecting both the
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substrates from one evaporation to microanalysisy = good
agreement was found between the two compositions, However,
a slight increase of iron conteﬁt in the esse of glass was
attributed to the fact that glass contains traces of iron.
and this was the main resson why glass as a substrate foﬁ
microanslysis was replaced by silicon discs absolutely fgee.
from iron. :

9.2. Composition Vs. frecuency curve.

It was not possible to prepare a composite film with
a desired iron concentration, The histogram of figure 25
shows a plot of iron concentration Vs, fregquency and this
reveals that the probability of producing films with high
iron concentration is low. The most probable iron
concentration lay within the range 0-2 wt%, (0-.43 at %).
The highsst iron concentration obtained was 22.2 wt.percent;'
(5.8 at %) it is not included in figure 25.

9,3. Micro structure of as-deposited films.

The structure of the as-deposited film appeared to
be identical to that of amosphous carbon. Figure 26 is
an electron diffraction pattern from an as-deposited film
with iron concentration of 5.1 wt, percent (1.1 at %) and
this shows the typical broad halos representative of
amorphous carbon. The presence of iron could not be
detected in the diffraction patterns obtained from as-

deposited films. Fige 27 1s an electron micrograph of
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an as-deposited f£ilm, showing little contrast in the elec-
tron. inage and shown. no features which could be interpreted
as due to agglomeration of iron.

9.%,  Microstructure of films heat.treated below 1000°C.

When the as-depesitad amorphous films which showed
a diffraccion vnattern with broad diffraction halog were
heated in vacuo the structure of the films changed as a
result of heat treatment. The broad dififraction halos
gradually split in several rings whicn subsequently sharpen
and develop into a crystalline diffraction pattern as shown
in fig, 28A. In the microscope image we could recognise
crystalline particles and the materiai seemed to consist
of these particles as shown in fig. 28B. The interplanar
spacings calculated from an electron diffraction pattern of
a specimen with It wt. percent iron (.88 at %) and heat
treated at 550°C in vacuo for 2 hours were identified as
Cementite (Fe3C). Table 3 gives the observed values of
the electron diffraction pattern. The corresponding d-
spacings for Fe3C from A.S.T.M, index have also been given
for comparison. The intensities of the diffraction lines
have also been indicated in the table.

The interplanar spacings for Fe3C are available in the
A.S.T.M, index file only up to a value of 1.58%. In the
present work weak diffraction lines were often found with inter-

planar spacings below 1.582; these sometimes corresponded
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Lable 3

EXPERIMENTAL Fe3C A.S.T.M.
B.N. DIA. af  INT. aX  INT. bkl
1 1.4%0 3.39 M
2 2.0 2,37 M 2.38 65 112 & 021
3 2,10 2,26 M 2.26 25 200
L 2.30 2.2 S 2.06 %0 210
5 2.35 2.02 8 2.02 60 022
6 2.0 1,98 M 1.96 55 211
7 2.55 1.86 M 1.87 30 113
8 2,85 1.66 W 1,68 15 00%, 023
9 2.95 1.58 W 1.58 20 130
10 3.35 1l.42 W
11 5.90 1,21 8
12 4,10 1..6 W
= Strong.
M = Medium,

Weak,
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to one ov two of the Fe,C lines, which were available, but
they could well. have been due to Fe3C. In addition, two
diffraction lires were invariably observed with interplanar
spacings of 3.39 and 1.21X; these were believed to correspond
to the 0002 and 1120 reflections of graphite.

9.5, Cementite.

| Cementite (FeBC) is always the prevalent carbide in
plain carbon and low-alloy steels. In the iron-carbon
systemn, iron—gfaphite is the strictly equilibrium phase
while cementite is a metastable phase. The structure of
Fe3C has originally been determined by Westgren and

172 173

Phragmen and Hendricks and has been redetermined by

174

Lipson ané Petch. Its unit cell is orthorhombic and

contains four molecules (16 atoms). The cell dimensions
1
re 74,

a.
a = 451448, b = 5.07878, ¢ = 6.72978.
Hume-Rothery, Reynor and Littlel?? slightly modified these

values while Petch176

further discussed the structure and
affirmed that its composition does nct deviate from FeBC.

9,6, Kingtics of precipitation.

The rate of precipitaticn of Fe3C depends on a number
of factors. Among these are temperature, residence time
of heat treatment and degree of supersaturation, The
electron microscope provides an exact and direct visual
method of studying the formation, growth and decompesition

of precipitates and their size, shape, size distribution and
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degree cf dispersion,

9.6.1. Particle size distribution,

It will be convenient to deal first with the
distribution aspect of the problem. One of the clearest ways
in which to represent the distribution of sizes is by means
of a histogram. Fig.29 represents a histogram showing the
distribution of FeBC particles from a specimen with iron |
content 1,9 wt. percent (,%1 at %) and heat treated in
vaeuo at 600°C for 3 hours. The diameters of the particles
were measured visually from a print of a micrograph, the
overall magnification of the print being 200000 X, The
di amaeters of 564 particles in the micrograph were measured
and found to range from 50 to 600%. Table 4 refers to the
histogram of figure 29 in which the number of particles with
diamaters within any given range is plotted as if they all had
the diameter of the middle of the range. For example the
10 particles with diameters lying between 25 and SOX are
regarded as having the diameter 37.5& and so on,

The distribution curve (Fig.29) constructed from the
above experimental data did not conform to the Gaussian
.d;stribution. bince the curve was skewed, it was thought
that it might conform to the !'Iog-normal'! distribution.

The data was therefore replotted, the cumulative frequency
being plotted against the logarithm of the particle
diameter, using probability paper. Fig. 30 shows that a

straight line resulted, indicating a Iog-normal distribution.
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Table 4,

Freguency distribution of particle size

Paf %cle size 25 50 75 100 125 150 175 200 225 250

Number of
Particles 0O 10 31 91 90 82 61 65 38 29
Particles size

¢:9) 275 300 325 350 375 400 425 450 475
Numper of
Particles 25 19 10 6 1 0 3 1 0
rarfiiclia size

(&) 500 525 550 575 600 Total,

1 0 0 0O 1 564,

Fig., 31 illustrates another distribution curve obtained
from the same specimen in the same manner as in fig.29 but
with heat treatment at 800°C for 5 hours., the
distribution curves constructed from the experimental data
will deviate more or less widely from the ideal form, partly
because the number of particies in the sample is limited and
partly because the pdétulated distribution law is not

obeyed perfectly. Fig. 32 shows the straight line plot
obtained on probability graph paper from the data in fig, 3l.
The tailing-off of the curve at high values of the particle
diameter is due to misclassification in the size analysis,

which may be expected at the ends of the size spectrum.
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9.6.2. Influence of iron concentretion,

The carbide particles grow in size with increasing iron
concentration at a fixed temperature and time, Fig.33
represents a plot of particle diameter D (in K) vs, wth
of iron. Specimens with differing iron concentrations were
prepared and heat treated in vacuun at 600°C for 2 hours.,
Blectron diffraction patterns and slectron micrographs were
then taken from each specimen, The electron diffraction
patterns gave diffraction rings identical to Fe3C. From
the eiectron micrographs the diameters of the particles were
measured using a magnifying viewer with graticule, In
aach case an area from each micrograph was chosen at random
for measurement and the mean diameter representative of the
area was plotted in Fig.33 against iron concentration. L
few representative electron micrographs are given in
Figure 34,

9.6.3. Influence of residence time,

The carbide particles were observed to grow with
increasing time at constant temperature until a maximum size
was reached. Thus Figure 35 correspornds to specimens with
iron content of 7.8 wt. percent (1.7 =t %) heat treated in
vacuo at 600°C, Later further investigations were made
with specimens with lower iron concentrations 1.9 wt.percent
(41 at %) and at different heat treatment temperatures from
500°C to 900°%; the results are given in figure 36 which is

seen to follow the same trend, It was obéerved that above
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85000 the carbide particles began to decrease in size and
at 900°C 211 particles were found to disappear completely,
leaving behind only carbon (as determined by electron
diffraction). The temperature of decomposition was
found however to rise for increasing iron concentrations,
Fig.37 ard Fig., 38 show representative micrographs
corregponding to each plot above,

9.6.%., Effect of temperature.

The carbides grew with increasing temperature for
a fixed heat treatment time until a maximum size was
reached. Av temperatures higher than this they disappeared.
Plots in fig.39 and 40 represent the variation of particle
size with tenmperature for iron concentrations of 1.9 and
11.9 wt. percent respectively, It was observed that the
film with the lower iron concentration produced its highest
particle size at 800°C (for a particular residence time) |
whereas for the film with the higher iron concentration
this occured at 900°C (for the same heat treatment time).
L1l the carbide particles in the case of the specimen with
11.9 wt. percent of iron dlsappeared 1n two hours at 1000°C
whereas some particles were still present when heat treated
for only 30 minutes at this temperature., (sece Fig,Wl).
For the specimen with 1.9 wt. percent of iron a temperature of
9OOOC was sufficlent to cause complete decomposition of the
particles within 30 minutes, Fig. 42 gives an electron

diffraction pattern and a micrograph from a specimen heated
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for 30 minutes at 9OOOC; the former corresponds to graphitic
carbon only, while the latter shows that the precipitate has
completely disappeared.

The higher is the concentration of iron in the filr,
the lower is the temperat ire needed to produce the carbide,
Specimens with very low iron content did not show carbide:
precipitation at hOOOC. Thus a specimen with 11,9 wt. per
cent of iron (2.8 at %) heat treated at 400%C for two hours
gave an clectron diffraction pattern (Fig.434) of Fe3C
while the electron diffraction pattern (Fig.43B) from a
specimen with .6 wt% iron (.13 at %) subjected to the same
conditions of temperature and time, shows the broad halos
characteristic of amorphous carbon, The micrograph in
Fig.43C, corresponding to the specimen of fig.434 indicates
however that the particle boundaries have not yet been

developed fully to facilitate their measurements.

9.6.5. Number density per unit area with respect to
residence time and tsmperature.

A plot of number density vs. heat treatment time
at different temperatures is shown in fig. 4. The curve
reveals that initially the number density rises rapidly and
then graduslly decreases with time until a levelling off
oceurs; this behaviour is typical of nucleation followed
by coarsening. The next plot of number density vs. heat

treatment temperature for a treatment time of 5 hours, shows
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that the number of particles decreased rapidly with
increasing temperature and became zero at the decomposition
temperature ( Fig.44 4 ).

9.7. Diffusion of iron through carbon.

At this stege attention was turned to a stugy of
the diffusion of iron through carbon since it was felt that
data was avallable which would permit an approximate
calculation of the diffusion coefficient and possibly the
activation energy for diffusiong neither of these
guantities could be found in the literature.

9.7.1. Calculation of D using Einstein'!s equation.

If the assumption is made that diffusion in a
thin film takes place mainly in the plane of the film, Einste~
in's equation can be used to obtain an approximate wvalue of
the diffusion coefficient D. Einstein's equation states that
for an atom starting from the orizin at a time t = O and
moving in a plane by a random walk process the mean square

distance x2 reached after time t is given by,

ol

= Dt on-o-oo--'-o.ncc(_é)‘")

where D i1s a constant known as the diffusion
coefficient. If in fig. 45, A and B represent two
cementite particles separated by a distance 2s, then
we can assume that all the iron in solution to the left

of the imaginary line PP' diffuses to A while all to
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the right diffuses to 3. If the figure represents the
final sizes o1 L and B when all the iron has been precipi-
tated from so.ution then we can say that an iron atom at 0
must traverse the distance between 0 and the surface of the
particle A in time t_by a random walk process. This v
distance is s - T, where r, is the radius of A. Putting
this value into equation (64) and replacing rﬂ by the
mean particles radius I we have that,
(s = 5)%«-Dt.a

The application of this equation is made more
difficult by the fact that the mean radius T is continually
being changed by coarsening of the precipitates, i.e. by
the faect that the smallest particles lose iron by diffusion
to the largest. This effect is shown in fig.46 which
demonstrates that the number of particles per unit area
n

o
decreases, finally showing a tendency to level off, The

initially increases with time to a maximum and then

dotted line indicates the expected bechaviour of D¢ if

coarsening did not occur.(FIiG.48)

In order to apply Einstein's cguation therefore, a

value of s was taken corresponding to the peak value of
JS1

n\(using the fact that 25 = P The appropriate tine
Ly

was taken to be that at which n  reached its peak and the

™~

corresponding value of ¥ was read off from the equivalent

plots of T vs. t.
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In this way the diffusion coefficient D was calculated
at SOOOG, 6OOOC, 7OOOC and 800°C and the data are presented

in Table ¥,

Table 7
Temnper~ n,=- _
ature Number s cm, r cm, t hour D cmz/sec.
G arsa of image

500 160 9.0x10~7 3,510 2 4, 2x10717
600 40 19,0x10-7 6.9x10~7 1 L40x10-17
700 ol 25,0x10~7 7,6x10~7 1 8lx10~17
800 21 27,0x10"7 8.7x10~7 1 93x10-17

since D is a function of temperature through the Boltzmann

relation we can write, U
D= Do e
Fig. 474 shows an Arrhenius plot of loglO D Vs % .
It can be seen that the points lie on a smooth curve which is
not a straight line bubt which turns over towards the % axis
at higher temperatures. Before concluding that the diffusion
process in the range of temperature between 500-800°C is not
govaerned by a single activation energy however, it was thought
desiraﬁle to try to make some allowance for the arrors
involved.
Considering thé qx vs5. t plots it is reasonable to

expect'thaﬁ the peak of the plot shou.d moVe towards the

origin for increasing temperatures. On examination of these
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plots however, it is clear that the heating times used

were too widely spaced to permit an accurate assessment of
the time corresponding to maximum nk? especially at higher
temperatures, In order to make allowance for this the
foliowing procedure was adopted. Since the heating times
used were incriased in units of one hour it was (somewhat
arbitrarily) assumed that tmax 1@y within a half hour on
either side of the apparent value of tmax' At the same
time upper limits to the equivalent value of n.dyere
obtained by joining the apparent peak to the neighbouring
experimental value on either side as shown in the figure (48).
Corresponding values of T were also obtained from the figure.
When these extreme values of n , t and T were put into
equation (6%), upper and lower limits could be assigned to
the calculated values of D at each temperature, and

fig. (474A) shows the magnitude of these limits. When this
was done the best straight line through the best values

of D also lay within the extreme values as shown in the
figure.

The activation energy calculated from the Arrhenius
plot was found to be equal to .85ev or 19.5 k.cal per mole,
9.7.2. Diffusion coefficient and activation energy from

Werts92 transformation equation.

An attempt was made to fit the experimental data

to a transformation equation used by Wert to study the
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formation of carbide and nitride precipitates from solid
solutions of carbon and nitrogen in (X -iron, The form of

the equation employed by Wert was,

. n
A_Acgﬂ‘:l*e}{p[ - (—;—t:';:-) ]---n-..-.-.0(65)

Co
where A c(t) is described by Wert as the amount of
transformed material in time t, Co is the initial concentra-
tion of solute atoms, v is a time constant depending on Cg
and temperature and n is some number independent of T and Cg.
Suppose, at time t that 'ay! iron atoms (per unit
volume of film) have transformed into Fe3C.
Let there be -} atoms of Fe per unit volume of FesC.
Then, il volume of precipitate particles is v this will
contain ;R/ atoms of iron = a; (Provided that we are still
considering unit volume of film,

i.e. wvolume fraction of precipitate, £ 6 =v

v
Hence, ay = I

Thus, A c(t) = 2y = va.

The unit cell of Fe3C contains 12 atoms of iron and has a

volume abc where a, b and ¢ are the cell dimensions. Hence,

. _ 12
i abe
Now, C, = initial concentration of Fe atoms

]

number of iron atoms per unit volume of film.

- mass of iron per unit volume

mass of one iron atom.
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Voo B

AFeMH
where, w = Wt, fraction of iron
fo o = density of as-deposited film,

e

and MH

Atomic wt., of iron,

1!

Mass of a hydrégen atom,

Hence (g = Wo}% N 1))

100 AFeMH

where W = weight percentages of iron in film,

So we can write the L.H.S. of equation (69) as follows:

bHe(t) _ 12fv. 100 Mp, _ 1l2fv 100 Ap, ly
Co abe W ofe abe Wpo of
= 12 Apg My 100
. ————— * fv.
abc Wee Ofé
,Ft 1 6
= /9 fv. ® 0 © 0 &0 0 s e
o YFe (67)
) 12 ApgM
where, i{) t = density of tranesformed iron = ____;ESJ___B__
abe
gms/cm3 .

3

dencity of as-deposited film in gms/cm”.

f s
Wpo = Weight fraction of iron in film = YFe
100

where WFe is weight percentage of iron in film,

fv = volume fracition of precipitates.
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when transforpation is complete,

AC(t) = 1
Co

f o

i.e. B opax = fr; Wpg  sesesesnsed(674)

9,7.2.1. Cslculation of_gggsitvf)o of the as-deposited film,
The density of the as-deposited composite film can%

be calculated from the expressions developed and shown below.

Consider n, atoms of carbon with atomic volume {E and mass Mé

~ ] - L3 T
and Npg atoms of iron with atomic volume @rFe and Mass MFe

Adding n, + n = N cerse..(68) (total no. of atoms).
? C e
nes, + nFegfe =V veeees.(70) (total volume,

assuming no change of
volume on mixing)

M
Final denSity’ f:g = T ¢es o000 (71)
We know that,
I)P-\GMFle = W -0100000(72)

nF GMF e+ nc MC
Also we know that the density of amorphous ~arbon is /g

Mo

i.2. unit volume of amorphous carbon countains

Fal
atoms = n.c(say).



Sk, =1
- 1 Mq
.-. b = m—— = e o it ecsesene (73)
(] n c f ¢
N o e conueae (7H
Similarly, sFe 5 )
{ PFe
Hence from (70)
neMe + RpoMp e = vV cevoanes
Fo 7
c ! Pe
Trom (72)
1 1
W = =
1 - nCMC.,_ 1 +"'>/11
nFeMFe
where, o =_2C_ /A= Y
Dpa Moo
Writing (79) as
nFeMFe ( 1 + nCMC ZD Fe ) =
B p *
f Fa S nFeMFe
i.a D . i/
rele (g spm I8y oy
Also from (69)
n.M
cTC =
nFel\%'e (1« ) M
nFeMFe
i. Ca nFeNFe ( 1 Wﬁl) = M ------- .(78)

199

. (75)



Substituting for n. M. in (77) we get,

Te Fe
’.C?
. +Fe
M . 1 . (1 +,3)/\A_D... )
1 +,}‘;,\.,A. FFe P,
i)
or .I./.I 1 . 1 a +,;}~ / Fe )
Voor e f'Fe Pf)c
7
Her.ce e fFe (1 +2e)
< Sy L= -
fo = 14y, LFe
2/ Z3
sut from (76)
1 +9/ﬂ.k =
and ,,}/Ai;v = = - 1
Hence,
. 1
/) _ fFe W
© FF@ _:L -1
1l + 5= ( )
I
o
or 8 ‘ L
’ 1+—-§F—@- (_1.;_1) - fFe. ;)
P C W §c
l,;? I* .
0.- W + {:ﬁ_e (l _ W) =‘PFe
;"c - ] o
.o w.'.f/_Fe _ [Fe , = Fre
fe c ]
} 5 ,
X Ee +w (L - Fe) _.‘/pFe

200
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..._l.... _,_1_'..__ _._]:._ — l
orf'c Ty } Fe (v ) _.f—B rervee s (79)

or o + W (Ppg -%) =@o R ¢ 10)
. s . 1 .
where the & 's are specific volumes (i.e, ;@ and W is

the fractional weight of iron in the film ( = iw%% ).

Hence from equation (79) above the density of the
composite film can be obtained by substituting the known
values of the densities of carbon and iron. Putting

f; o = 2.4153 anqp Fe = 7.8 gms. per c.c., the value off o
was found to be equal to 2.5 gms/c.c. for a film of
composition 1,9 wt.% Fe.

9.7.2.2, Calculation of fractional volume from direct

measurenents.

The measurement of fractional volume fv, for
precipitate narticles in a thin film introduces considerable
difficulty, since only the projected image is available.
Initiaslly, this was dealt with by supposing the particles to
be spherical, The fractional volume was then calculated
from the following simple considerations,

Let average particle radius = r,

Tilm thickness = h

Number per unit projected area = Dy

Number per unit volume = Ny,



202

L4 3

Then volume fractior fy = n 37 r-.

The number in area A is 4An, and the volume is Ah so that

o N« A
Do
the number per unit volume = ~— = = .
P 1 (0} Ah __E__ n AV
. n, L -3 _
Hence, volume fraction, fy = & 3-71 " ee.e..(81)

Now after meking proper allowance for the magnification of
the image and replacing T vy 2 equation (81l) can be
. 2

written as,

3

12 h

fv = voesasesss(82)

/
vhere n, 1s numbery cm®

Finmm =T x 10 Tem = ¥ x lO—l/M cms.
where M is the magnification factor of the print of the
plate froan which d = 2T is measured and h is thickness in

angstroms.,

9.7.2.3. Calculation of fv (fractional yolume) of Fe3C from

surface area measurements.

The 'Quantimet' described in the experimental section
provides a measursment of the total projected area of the
particles. The instrument gives directly the percentage
area coverad by the particles ( Gép in equation (8%) )
observations were made for at least ten different areas of
the micrograph and the mean of these was taken as the projected

avea of the Fe3C precipitate particles, From this the value
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of fv can be obtained, using an expression developed below:

Let number of particles per unit volume of the film = n.

volume of the film = 1 x 1 x h, where h 1s thickness.
Number in this volume = nleh.
o number per unit ar.a in image = n,h = nf(say) ... (83)

Let mean radius of the particles = T

per unit area _»
-+ Total projected area/=n x T ZC(P ceveseees (BY)
-2

But total surface area per unit volume = n, L r

=Ky eee...(85)

. —
Hence, o\ = 4,”~??— . T from (83)
and, L
2. P
/v n
,,>/ § .
oA i
S oK = L DBat P - Ejé_ I €<12)
S h /o, h
But, fv = NXE_ = fractional volumne of Fe3C precipitate
v
L . =3
- n o N S i
v 3 /\
= o L*_/”"[ AP 4 35
h 3 o
Fla
— )-' ___-1 —'% . 3/2
T N n Ap
3h s %
31
LR g N (87)
'—'3h \‘ /"f;n'\( ® 00 00 0020806
)

Employing equation (87) fv can be calculated, The quantity
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%% in the above eguation was obtained by actual counting
éf the particles in a micrograph. The 'Quantimet! was
also employed for this purpose, but it provided erratic
results because the particles were not perfectly spherical
(this 1s an essential requisite of the 'Quantimet! for correci
operation). The film thickness h was estimated during
film fabrication by the method of colour variation described
garlier,

The mean radii of the particles calculated from
projected area measurements were compared with those
measured by the direct method; they are shown in figure 49,
The radii obtained from the projected area measurements were
found to be less than those from direct measurements. This
inconsistency is believed to be due to the lack of sufficiently
high comtrast in the images of the precipitate particles.
The carbide particles in the micrographs showed varying optical
densities, some being light and some very dark, it is
possible that the Quantimet did not teke into consideration
the area ~overed by the lighter particles, thus accounting
fcr the reduced averaged particle size obtained by this
method.

9.7.2.%, Calculation of fy by direct measurement after

introducing a reducing factor.

Using eguation (82) fv values were calculated for

specimens with iron cuncentration of 1.9 wt., percent (.41 at %)
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at different temperatures and residence times and the
results are plotted in fig. 50. It was found that the

fv values in almost every case were higher than the
maximum possible value that fv could attain at any
temperature and residenc: tinme for this iron concentration.
This meginum value (ﬂhmax) can be calculated using eqrn.
(674) for any iron concentration, This discrepancy

may have been due to any of the following reasons:

1. The particles were not spherical 2, The initial iron
content was higher than that estimated 3. The precipitates
méy not have been Fe3C L, BEstimation of incorrect values
forn , d, or h. The iron concentration in the film was
checked and found the sama2, The electrch diffraction
gvidence showed that the precipitates are FeSC. n

and d wrich are measured visually from the micrograph are
quite reliable and h, the film thickness was measured
accurately using multiple beam interferometry. The last
three reasons cannot therefore be responsible and the first
one, dealing with particles shape, was believed to be the
dominant cause for the discrepancy.

The micro cg%Ses precise information concerning the
dimensions of each particle in the plane of the film, It
is possible, however, that the precipitates are not equi-
axed, but consist of flat discs. The problem was therefore
approached by considering the particles to be oblate

spheroids of eccentricity e, assumed constant during growth
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(ref 101). The volume of the spheroid will then be,

i

t (1 - 62)2

-— A
s

=3
r
The volume fraction fy, is written as,

Yoo 23 I, 2.5

il

A
fyg (1-¢2)2

where st denotes volume fraction for spherical particles,

%

following considerations, -

The value of the expression (l—ez) is determined from the

The Maxinmum value of fVe will be =

Hence,
1

W - D, 5
Tvnax(e) :7§: = %,WT T 3 E;‘ (l—eg)2

lﬁ Ow/ 7

or (1-62)% /% . (88)

fvg

fvg is a maximum at 800°C for five hours residence time

2n the present experiment. Its value was determined to be
-2 . b A
equal to 7.67 x 10 ° by calculating fvg = e zr%ﬁ.ri3 s

using the particle size distribution for this specimen,
1
and (l-e2)2 was then estimated using the qquation (88). The

fvg values shown in fig, 50 were then multiplied by the

reducing factor (l—e2)%. Putting these reduced fv values
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Ac(h)
Co

werec then

in equation (67), the values of

calculated for each temperature and heat treatment tine

Now consider equation (65),

A c(t)
— = ] - exp L _(E)n ]
Co ?
ep[- BT =1 . 228
J Co
or i~ (%)n = log ( 1 _&C(t) )
e Co
or (E)n = lo ( 1. ) (89)
e - ge l_bC(t) erec e e s 9
Co

1

1 __.fxcof t)

each temperaturse and time and then plotted according to

The values of loge ( ) are then calculated for

equation (89), i.e. loge( log t and the

1 - ac(t) ) s
Co

results are shown in fig,., 51. The value of n obiained by
averaging the slopes of these four curves was n = 1.1 g . 109,
Therefore the value of n will be taken‘to be approximately
unity in all subsequent considerations.

Putting n = 1 in equation (89) the relaxation time’"

can be obtained. - values corresponding to five residence

times at each heat treatment tempsrature have been calculated
from the above equation and a mean value corresponding to

each temperature attained (Table ¢),
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9.7.2.5 Diffusion coefficient,

fnowing the relaxation time~T and the interparticle

distance r_ at a particular temperature, the diffusion coeffi-

e
cient D can be evaluated from the following equation,l78
5 = --:-r‘-e2 (92—)% 0.0...00-.(90)
’ 2D Co

Cp and Co are concentrations of iron in the precipitate and
the film respectively. Co is known from our experiment,
and Cp can be calculated as follows:

We know that the unit cell of FeBC contains 12 iron
stoms and 4 carbon atoms. Hence the total mass in unit |
cgll of Fe C will be

3
12 x 55.8 + 4 x 12 = 717.6

12 x 55.8 x 100
717.6

93.3 %

The interparticle distance Ty can be determined from

s % Fe ("/y) in pure Fe3C

It

the relation,

r.oo= %d & , where A is the area of a
micrograph and n is total number of particles in it.

TheT 5 values increase with the increase in heat treatment
temperature,. At each temperature five £, values are
obtained corresponding to five heat treatment time and

the mean was determined to employ in the calculations for D,

The D values so calculated at different temperatures have
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been shown in Tzable 6 below.

Table 6

Temgerature T, values rvalues ( D in cme/sec.

C 2 (Hours)

3

500 148 10,541, % 10,6 x 1077
600 251 4,1* .8  3.67 78,3 x 1077
700 297 3.3% .6 136.2 x 1077
800 320 2.5 .3 208,7 x 1077

Fig. 47B shows an Arrhenius plot of logldes.% .

. As before it can be seen that the points lie on a smooth
curve which turns over towards the % axis at higher
temperatures. The upper and lower limits have been
assigned to the calculated values of D at each temperature
and figure 47B shows the magnitude of these limits., The
upper and lower limits were calculated using the smallest
and the highest - values as shown in the tableg .

The Arrhenius plot in fig.47B also gave a similar

value for the activation energy as that calculated from

Einstein's equation ( 16,1 K. cal.),
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9.8, Film thickness Vs. iron concentration,

The film thickness 'h! was usually estimated from
the colour vatriation chart given in chapter 8., Since
the quantity 'h' occurred in the denominator of the
expression for fv it was contemplated that the higher
values of fv m.ght be due to inaccurate 'h' valuss so
estimated. It was therefore decided to measure the film
thickness accurately using multiple beam interferometry.
M though errors were found, they were too small to account
for the high fvg valuss; it was, however, observed that
the film thickness was systematically higher than the
estimated value for specimens with higher iron concentrations,
Fig.,52 is a plot of iron concentration vs film thickness
(measured by multiple beam interferometry) for several
specimens of nominal constant thickness as determined by
the colour method. It is interesting to note that the
relationship is a linear one.

9.9. Dark field microsco of Fe,C particles,

The microstructures of the carbide particles were also
observed in the dark field conditions using parts of the 002
ring both for simple and tilted conditions. Fig. 534 is the
dark field micrograph of a specimen with 22.2 wt % iron
heated in vacuo at 1000°C for 15 mins. The bright field
micrograph is shown in figure 53B. The bright features

around each carbide particles of the dark field image may be
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interpreted as due to the basal planes produced at the edge

of the particles,
9.10., Effect of shadowing,

Specimens (22.2 wt.%Fe) after heat trentment at
1000 C to develop the carbide perticles were shadowed with
gold/palladium at different angles between 30° and 45° to
reveal the extent to which particles projected above the
film surfuce. No observable shadows appeared in the image
Exorsin Sas is evident from the micrograph shown in Fig, 5k,
It was therefore decided to observe the particles in the
scanning electron microscope. Fig. 595A is a scanning
clectron micrograph of o specimen with 22.2 wt.% iron
heated at 1OOOOC in vacuo and reveals that the particles
are not perfectly spherical, Fig.55B is another micro-
graph at lOOOOC with lower iron content which showed
almost spherical particles which was always the case
observed just before thelr decomposition,

9.11. Faceting,

Faceted particles were observed during heat
treatmens, Fig. 56 is an example showing well developed
facets in the particles. The selected area diffraction
pattern corresponding to this micrograph was spotty,

indicating the large crystal size of the particles.
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9.12. Kinetics of crystallization.

Foregoing results show that although the as-deposited
films are amorphous, lopg range order begins to develop
at above 400°C. Crystallization in amorphous thin alloy
films has been extensiveliy studied by Mader.l36—l38. He
defined a redvzed temperature of crystallization %ﬁ
of amorphous alloy structures, where Tx is the transition
temperature from the amorphous to the crystalline phase and
Tm is the average melting point of the alloy under consider-
ation, He showed that the ratio %% centered around a
value of .3.

Now applying this relationship to our carbon/iron
system, we can estimate the temperature of crystallization,
Unfortunately carbon does not melt and so it is not
possible to substitute the melting point. An upper limit

to Tx can be obtained however, by inserting the sublimation

point which is 365200.

T r ]
Now Tﬁ =.3 (90A) Tm = (3225 ; 1808) g . 2866°.

M.P. of iron = 1535°C.
s Tx = (.3 x 2866)°K = 859.8°k = 586.8%.
The temperature of crystallization calculated this way gives
the upper limit, The observed crystallization temperature
was about SOOOC in the composition range so far studied.
Mader also studied the decomposition of his crystalline

alloy films and concluded that the d ecomposition temperature
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Te was also related to the average melting point in the
following way,

Te = .4
Tm -

using the above relation it was found thet the cbserved
decomposition temperature was higher than the calculated
value which was 873°C using the sublimation point for carbon.
The observed .decomposition temperature was 900°C or more
depending on the iron concentration of the specimen, This
discrepancy might be due to the scatter of values for %ﬁ
(ranging frum .3€ to .45) in Mader's systems. Moreover,

as has already been said, the crystallization and decompositiorn
temperatures are observed to be dependent on the alloy
composition. Thus the higher the concentration of iron,

the lower is the crystallization temperature and the higher

is the decomposition temperature,
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CHAPTER X

10. Graphitised films,

5.

10.1. Intrcduction.

wnen films were heated above 1000°C in vacuo,
decomposition of the carbhide took pbace and the carbide
particles disappeared. Tne subsequent diffraction patterns
consisted of the three dimensional (002) reflection and
the two dimensional (10) and (11) reflections characteristic
of carbon. All traces of iron had disappeared (Fig.57).
This was belleved to be due to the fact that the films
were heated in a vacuum better than 10'“ torr, The
vapou& pressure of iron at 109490 isiio“5torr. It therefore
seems prcbable that iron liberated by decomposing Fe3C
diffused to the film surface and there vaporised.

The most striking features of these difffaction patterns
was the appearance of the (002) reflection which was shown
by Presland and Whits to be absent in carbon films heated

%0,66,67. The presence of (002)

without iron.
. reflections in the present study permitted the estimation of
Lc values in the graphiticed films. La values were
measured from the breadths of the (10) and (11) rings as

described in Chapter VIII,
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10.2. Electron microscony.

In general, films heat treated at temperatures
above the decomposition temperature of cementite showed
very interesting features both in bright and dark field
conditions, It should te pointed out that the micro-
structures observed in the present study are quite different
from those of pure carbon films.66 Some of the more
interesting detalls in the electron image are discussed

below.

10.2.1. Bright field microscopy.

A typical microstructure found in the bright
field image of most specimens, particularly those with
higher iron content, is shown in figure 58. This micro-
graph corresponds to a specimen containing 11.9 wt.% of
iron heat treated in the vacuum furnace for 30 minutes. The
micrograph appears to show a two phase structure produced as
a result of heat tregtment, The crumpled structuares are
believed to occur as a result of the diffusion of metal
atoms Lo the adjacent cementite particles produced at the
early stages of heat treatment, thus leaving behind a porous
structure in the remaining matrix. Heatures such as shown
at A in Fig.58, having weil-defined boundaries and sizes
of the order of 2000 X are the structures produced in the
remaining material after the decomponsition of the carbides
formed during diffusion, At higher temperatures much of

the crumpled structurass shown in fig. 58 is replaced by the
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microstructures similar to those in fig., 59 which was obtained
from a specimen with 22,2 wt % of iron heat treated at
ZOOOOC in vacuo for five minutes., At higher temperatures
much of the finer details are also found to disappear,

10.2.2. Dark field images.

Dark field microscopy using part of the basal plane
reflections was found to reveal groups of parallel bright
fringes (Fig.60). These were shown by Presland and Whiteéo
to correspond to rotation moire patterns resulting from two
ur nmore crystallites situated side by side. The basal
planes of th¢se crystallites lie parallel to the direction
of the electron beam, but the crystallites are tilted siightly
relative to one another about an axis parallel to the
beam. (Fig.6l),

From the method of formation it is clear that the
traces of the reflecting basal planes lie perpendicular to
the long dimension of the fringes, In addition, the
mere presence of such contrast features proves the existence
of local regions of highly graphitic carbon. Fig.62 shows
the same region as Fig.60. in bright field.

Another interesting example i: that shown in bright
field in fig.63. This was obtained from a specimen with
the highest iron content (22,2, wt. per cent) which was
pre--heated at lOOOOC followed by heat treatment at lQOOOC
for 30 minutes in the vacuum furnace. The microgreph reveals

clearly thet the graphitised carbon film replicates the









228

FIiG.61

'PRODUCTION OF MQIRE SRINGES .



229

big carbide particles produced during preheating, which
subsequently decomposed during heating at 120000. Note
again the appearance of a two-phase structure. The dark
field micrograph from the corresponding area of fig., 63 irs
shown in fig.64 and exhi’ its the moire patterns already
mentioned,

10.2.3., Tilting experiments,

The tilting of a specimen having the microstructuraes
shown in fig.58 was performed using a Valdre tilting stage
producing a range of 22°, The features described above
were found to be present throughout the tilting operation
showing that they are typical of the whole specimen, that
they are localised, and that they are not merely contrast
effects., Fig,65 represents micrographs from the same field
of view Lefore and after tilting; showing the same stfuctures
in the two different orientations.

10.2.%, Scanning electron microscopy.

Scanning electron microscopy was also performed on
specimens exhibiting the crumpled structures shown in the
transmission electron micrograph shown in Fig.58. The
scanning electron micrograph obtained from specimens
containing these structur:s is shown in figure 66. showing the
bumps which are believed to be produced by the undulating
nicrostructures of the specimen. The diameters of the
semicircular white bands roughly correspond to the diameters

obtained from the structures produced by such films in
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transmission electron microscopye.

10.3. Mecasurenent of La and Le.

The electron diffraction patterns obtained from
each specimen after removal of iron by heating above lOOO?C
gave (002), (10) and (11) reflections only. Even selected
area diffractio n patterns did not exhibit any spottiness,
indicating that even the largest graphitic regions did not
exceed a few hundred angstroms in siz=e. Thus contrary
to appearances regions such as A in fig. 58 do not consist
of large grashite crystallites,

From the line breadths of each diffraction ring
the values of Lc and La were measured, the procedure for
which has been described in the experimental section,

10.4, Effect of heat treatment temperature.

Specimens with the same iron content (.9 wt.%) were
heated for a constant time (5 nminutes) at temperatures
ranging from 1000°C to 180000 and the results are shown
in figure 67 which shows that La remains unchanged for a
certain range of temperatures after which it begins to
increase. Heat treatments at much higher temperatures
was hampered by the thickening effect of the film due to
evaporation of the furnace naterial.

10.5. Effect of heat treatment time.

Films with varying iron concentrations were heat

treatcd at 120000 for times ranging from 3 minutes to 30
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minutes. . Fig. 68 represents a plot of La and Le

vs. heat treatment time for two groups of specimen with

iron concentrations of 1,3 wt.%. and 22,2 wt.%. Both of

the curves for La show a tendency to fall at first,

followed by a levelling off or even a slight rise, Lc shows
a continuous tut very slight rise. It is noteworthy,
however, that increasing the Fe concentration lesads to a
marked increase in both La and Le, and this effect wasw
investigated further.

10.6. Effect of Fe concentration on La

Specimens with increasing iron concentration were
prepared and heated in vacuo at 120000 for 30 minutes.
La valuves from each specimen were calculated from the (10)
and (11) reflections, using equations (52) and (57). Using
the average La value, A La was then calculated using the
relation,

ALa = La - Lag

Lay is the value of the layer size given by a pure carbon
film at this temperature and heating time and was taken from
he recent work of Presland and White.66 The results
obtained from specimens with varying iron content have been
represented in Figure 69, This shows a steady increase

in La with increasing iron concentration.

10.7. Effect of Fe concentration on Le

The Lc values measured from specimens with varying
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amounts of iron heat treated at 120000 for 30 minutes ware
used to calculate /sLc, using the expression

S Le = Le - Lco .
Here Lecg should denote tlz2 value of Le in the absence of
iron. vince Le¢ cannot be measured in a pure carbon film
due to the absence of three dimensional (002) reflections,
a specimen with the smallest quantity of iron was used to:
estimate the value for Lc, and hence in the present
discussion Leg refers to the value of Lc¢ from a specimen
containing .6 wt % of iron. Fig.70 shows a plot of A Lc
7s. concentration,

10.8. Effect of Prenucleation.

It can be seen that increasing the iron content
increaseC the value of both La and Le. This should be
compared with the effect of iron concentration on t.D, the
diameter of the cementite particles, (Fig.33). Tt seemed
possible that the increased size of the cementite particles
was responsible for the enhanced La and Le values, and
prenucleation experiments were carried out in an attempt to
verify this hypothesis. Specimens ware heated at
temperatures below 1000°C in order to produce a given
distribution of Fe C particles, followed by a graphitisation

3
treatment above lOOOOC.
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10.8.1. Constant prenucleation temperature and time but
varying iron concentration.

Specimens with varying iron concentrations were
prenucleated at 60000 for 2 hours and then each one given
a graphitisation treatment at 1200°C for 30 minutes. La and
Le values were then measured and the results plotted in
Fig.71, together with comparable results without pre-
nucleation (these have already been shown in Fig.69)., The
prenucleated results are denoted by ﬁ;. In the present

e -
case the value of L a. was determined from a pure carbon

o
film after heat treatment under the same conditions of
temperature and time and was found to be about 20 2 .
We denote the improvement in La as a result of
prenucleation by,
Lxﬂra = I a- ﬂ’ao,
and the improvement in La as a result of the addition of

iron by,

Hla = La - Lao as before.
Then,

lb-ﬁ'a - ALa = improvement as a result of
prenucleation only., Figi72 shows a plot of AL/ a -ALa

against iron concentration. It can be seen that the
advantage of prenucleation does not increase indefinitely

with incresase in iron content.
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Figs 73 and 7% show equivalent plots of Le,

Lfc and £ LC -4 Le as functioms of iron content. As
before the values of Le, and LEO are taken to be those
derived from z carbon film containing .6 wt.% of iron,

10.8.2. Effect of Prenucleation temperature and time.

La and Lc values obtained from specimens (5.9%Fe) first
prenucleated at different temperaturas followed by heat
treatment at 1200°C for 30 minutes are shown in figure 795,

A similar plot obtained from specimens (.9 wt%Fe) first
prenucleated for different times at 800°C and then
graphitised at 1200°C for half an hour is presented in
figure 76. Both these plots reveal that prenucleation
temperature and time play an important role in the growth of
La. The last points of the La and Le curves of figure 76
however, show small values; these are probably in error,due

/gze fagt that they were derived from diffraction patterns
which/o§:rexposed.

10.9. Effect of heat treatment atmosphere.

The argon furnace was used to heat treat specimens
.t temperatures up to 2000°¢, Heat treatments above this
temperature were not possihle because of rapid evaporation
from the carbon electrodes of the furnace. On heat
treatment in argon the production of cementite was observed,
this was scable up to » very high temperature compared to

heat treatment in vacuo. Carbide narticles with very well
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developed facets were observed, aos shown in Fig,77

obtained from a specimen containing S wt®/o Fe and heated at
1200°C for 7 minutes, La and Lc values were measured from
specimens with the above concentration at different tempera-
tures and the results are given in fig.78; these show that
argon has no azpparenc effect on their growth. This result
is not particularly significant, howsver, due to the
variation in residence time; this vas necessary because at
higher temperatures prolonged heating caused considerable
evzporation of amorphous carbon, »s mentioned earlier,

thus making the film too thick for electron microscopy.
10.10. Effect of chlorine atrmosphsre.

Some specimens were first heat treated to produce
cementite and then reacted with chlorine in an attempt to
remove iron. The purposs of this experiment was to measure
La and Le in films which had not been heated above the
decomposition temperature of cementite. The electron
diffraction pattern shown in fig.79 is taken from a
specimen heated at lZOOoC in argon followed by heat treatment
in chlorine at 200°C and shows very broad peaks indicating
very small values for La, Le ( ~ 208 for La). The micro-
graph corresponding to this specimen shows how the chlorine
is attacking and changing the appearance of the particles,

10.11., Anisotropic laver growth,

Presland and White reported large variations in the
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values of La in-purg heat treated carbon film measured

from the same ring using the same plate but along different

diameterg?z They investigated the effect further by

measuring line breadths as a function of azimuth angle

around a diffraction ring, and showed that the value of La

measured in this way varied periodically with azimuths,

the period being w . They concluded that crystallites in

the film were growihg anisotropically parallél to the basal

plane and this conclusion was subsequently confirmed by

electron microsccpy of similar films heated at much higher

temperatures (240000) which showed lathe shaped crystallites,
This effect was sought in present stiady using a

specimen containing a small amount of iron, Line breadths

from (10) and (L1) relfections and alco from the (002)

reflections were measured at different azimuthal angles,

at intervals of 200. No systematic variation was

observed and the values of La and Lc¢ appeared to be constant

to within the limits of accuracy obtainable.
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CHAPTER XI

11, Effect of other metals.

Conposite films of carbon and other metals like
platinum, nickel, vanadium and copper were produced by
co-evaporation in the same manner as carbon/iron films,
These were then heated in vacuo at different temperatures
followed by characterisation by electron diffraction and
microscopy.

11.1. Platiyum/carbon systemn,

The composition of the film was determined and was
found to be 20,0 wt, percent (1.5 at %) platinum. Electron
diffraction patterns from the films heat treated at 700~
1000°C gave rings belonging to platinum only; a specimen
heat treated at 1100°C for 15 minutes, however, showed extra
rings in addition to those attributable to f.c.c. platinum,
The electron diffraction pattern and a corresponding
micrograph are shown in fig. 80. The lattice spacings
corresponding to these additional rings are shown in table 7.
bome of them are clearly due to presence of carbon, but at
least three, with spacings 2.79, 1.73 and 1.59 angstroms
cannot be attributed to either platinum or carbon, They
do however coincide with the forbidden reflections of
platinum, i.e. those which should have a structure factor

of zero. These additional lines can therefore be described
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TABIE 7
EXPERIIENT LL PLATINUM GRAPHITE P.CUBIC CELL.
VALUES. A.8.T. M.
Ring Dia.Cri Int. ak 4?2 Int. nkl a2 meir af  ma
1, 1.10  V.W. 4.32
2. 1.4 S 3.39 3.35 0002
3. 1.7 Wo2.79 2.77 110
b, 2.1 S 2.26 2.26 100 111
5. 2.25 M 2.10 2.12 10I0
6. 2.45 S 1.9% 1.96 53 200
7. 2,75 W 1.73 1.75 210
8. 3.0 W 1.59 1.60 211
9. 3.45 S 1.37 1.38 31 220

10. 3.85 M 1.23 1,23 1120  1.2% 310
11. %.0 S 1.19 1,18 33 311

12, 4.2 W o 1.13 1.13 12 222

13. 4.5 W 1,05 1.06 2020 1.05 321
14, 4.85 W .980.980 6 400 .969 1124

15. 5.3 M .897 .900 22 331

16. 5.4 M .880 .877 20 k420

17. 5.95 M .799 .800 29 k22

18, 6.3 W L7554
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as superlattice reflections and can be interpreted by
assuming that carbon atoms replace a number of platinum
atoms in the platinum unit cell,

This result appears to confirm the findings of
179

Konig who made an elec*ron diffraction study of a specimen
produced by alternate deposition of carbon and platinum on a
thin coldodion film followed by heating in vacuo at llOO°C~
for several hours. The appearance of the primitive cubic
superlattice lines was believed to be due to the

produccion of a platinum carbide.

At 1200°C the diffraction pattern consisted of
platinum and graphite lines only and the extra lines were
found to disappear. The speclmen was then heated at
temperatures higher than this and at lhOOOC it was found that
the metal was vaporised leaving behind graphitic carbon
only. From the diffraction pattern ebtained from such
a film the La and Le values were determined using half peak
breadths and were found to be 672 and 3&3 respectively.
11.2., DNickel/carbon system.

A nickel carbon film containing 17 wt. percent
nickel was produced by co-~evaporation. The specimens
prepared from this evaporation were heated at 300—90000
in vacuo and the electron diffraction patterns obtained in
each case showed the production of a carbide, The lattice
parameters calculated from a diffraction pattern of a

specimen heat treated at 600°C for 2 hours is given in
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Table 8, The last columns of the table represent the
d-spacings for graphite and Nige ( X>h4) taken from the
L.S5.T.M. index file. Fig. 81 shows the electron

diffraction patterns and the microstructures of the

carbide.

Table &
Experimental values - Ni,C, A.S.T.M. Graphite
Ring Dia. Int, da dd Int. hkl af hkil
No, Cm,
1. 1.40 s 3.39 3.35 0002
2 2,25 M 2.11 2.12 1010
3 2.35 S8 2,02 2,03 100 111
L 2.70 8 1.76 1.76 80 200
5 3.80 8 1.25 1.25 60 022
6 3.90 M 1.21 1.23 1130
7 .45 8 1,06 1.06 60 311
8 4,70 V.W. 1.01 1.02 4O 222
9 540 V.W. .88 .88 20 40O

-
o

5.85 M .81 .81 60 133
11 6,00 M .79
12 6,55 M .72

These results are clearly consistent with the nickel carbon
compound Nixc x> 4) which has a lattice parameter of
3.536X. The occurrence of this compound Nil was also

180

observed by Pugh et,al, during thrir x-ray analysis of

diemond, One of the specimens heat treated at 3OOOC was
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reheated at 12OOOC for half an hour to vaporise the nickel;
the diffraction pattern of this specimen showed the presence
of graphitic carbon only. La and Lc values were measured
as before using half peak breadths and were equal to 643

and 372 respectively.

11.3. Vanadiun/carbon system

4 fiim was prepared by co-evaporation which was
found to contain 7.4% wt, of vanadium, Specimens made
from this film were heated in vacuum at 600-1000°C, The
diffraction diagrams from specimens heated between 600~
BOOOC produced a carbide whose chemical composition was
VC as compared with the AL.S5.T.M. data; while specimens
heat treated above 800°C produced some extra diffraction
lines, some of them belonging to graphite and some to
vanadium. The data for the lattice parameters obtained
from the diffraction diagram corresponding to a specimen
heat treated at 600°C for 2 hours have been tabulated below.
The electron diffraction pholograph corresponding to the data
in table @ 1s given in fig.82. This carbide was found
to be stable up to 1200°C but at 1400°C the metal
completely vaporised leaving behind graphitic carbon. The
La and Lc values were measured for a specimen heated to
this temperature and gave values of 51X and 283 respectively.
Recently Venables et.al.l82 reported that when a

sample of the vanadium carbide with composition V6C5 is
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examined in a 100 kv electron microscope for an extended
period the superlattice diffraction spots diminished in
intensity and disappeared entirely after approximately
half an hour, The conclusion that a refractory material
like vanadium carbide can be damaged by an electron beam
is somewhat surprising, In the present study this effect
was investigated by exposing a specimen of vanadium carbide
(VC.) produced at 60600 to the 100kv electron beam for about
an hour. No change at all in the intensity of the

diffraction rings was observed,

Table ©
Experimental L.S.T.M. data for Ve
Ring No, Diam.cm, Int. df di  Int  hkl
1 1.95 S 2,43 2,40 100 111
2 2.30 S 2,06 2,07 100 200
3 3.25 S 1.4  1.47 50 220
L 3.80 M 1,25 1.25 25 311
5 3.95 M 1,20 1,20 10 222
A 4.55 VW, 1,04 1,04 5  L0O
7 - 5.00 V.W., .95 .95 5 331
8 5.10 M .93 .93 10 420
9 5,66 M .84 .85 5 422

10 5.95 V.We .79 .80 3 511,333
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11.4% Carbon/copper syster,

Several evaporations to produce = copper/carbon film
were carried out but in no case could a film with more
than .4 wt, percent of copper be produced, The difficulby
of obtaining a higher coupper concentration in the film was
presunaply dre to the wide difference in vapour pressures
of the two evaporants. The heat treated films with 4 wt%
copper did not produce any carbides this was not un-
expected, since the phase diagram shows that this percentage
of copper would remain in solution at all temperatures.
The diffraction patterns gave broad diffraction rings even
at tempsaratures up to 1000°%C suggesting that the copper

present had no catalytic effect on graphitisation.
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12. Discussion.

12,1, Preparation of thin metal/carbon films by cocvapo-

ration.

It has now been established that metal/carbon ceemet
films can be successfully prepared by co-evaporation of the two
components using simple equipment. This is probably because
the arc method for evaporating carbon produces a very rapid
temperature rise, equivalent to flash evaporation, which is
a standard technique for alloy evaporation. A serious limi-
tation however, is that it is not possible to predetermine
the composition of the condensed film and the method relies
on the use of clectron proble microanalysis. The latter is
the only analytical technidue of sufficient sensitivity and
resolution to permit the accurate characterisation of the
film in terms of conmposition and homogenity.

In every case exauined the as-deposited film was found
to be amorphous. By a simple extension of Mader'sl52 equa-
tion, this situation could have been predicted since in all

cases

T <.5(Tc+*M) Ceeereneseaness  (91)

"

where, T, = the substrate temperature,

T MePe of metal

1

M

T

c MeP. of carbon.
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It is not cliur what value of T, to take, but a lower

limit to this is provided by T Thus for example the R.H.S.

M
of equation (21) would give 26700 in the case of iron so
that a substrate at room temperature would be expected to
lead to ar amorphous deposit,

Mader was able to show that the co-evaporation technigque
can produce hdmogeneous alloys of a composition corresponding
to a miscibility gap in the bulk phase diagram. For the
metal/carbon systems studied in this thesis, bulk phase dia-
grams do not exist, at least over the ranges of composition
investigated. The films produced however, behaved very si-
milarly to lMader's, i.,e. beginning with a homogeneous amor-
phous structure they gave rise to a metastable phase at a
temperature approximately given by equation (904 ). The
only exception %o this was the platinum/carbon system from
which platinum was in general precipitated; even here
however, an unusual phase appeared over a narrow temperature

range (See chapter Xl P

12.2 Phase transformation in metal/carbon films:

When carbon films containing iron, nickel and vanadium
were heated a carbide was precipitated in each case. For
iron this was cementite, FeBC, although the overall compo-
sition of the film was always very different from that which

would corrcspond %to FeBC ¢+ the higher carbides which might
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have been expected were not in fact observed, Similarly
for nickel and vanadium a single carbide was precipitated
in each case, regardless of the composition used. In the
case of platinum the metal was usually formed, but even
here some evidence was obtvained for the production of a
platinum-carbon <ompound whibh has been described in the
literature as a carbide.(lvg)

In view of the small thickness of the films used it is
interesting o speculate about the probable nature of the
nucleation =it:8 of the carbide particles, Thus it would
not have been unreasonable Lto expect nucleation to occur
at the film surfaces. That this was not so is borne out by
Figs, 54, 55A, which show that even when ths particle size
was comparable with the film thickness there was no evidence
that these precipitates had grown on the surface.

A serious limitation in the use of transmission elec-
tron microscopy for the study of precipitation in these
films is lack of information provided concerning both
position and size meszured in a direction normal to the spe-
ciman plane., Thus not only are we uasure of the position
of the prccipitute particle within the film but we also lack
knowledge concerniny their thickness, and without this the
relatively accurate measurcment of precipitate diameter is
limited in value, Tﬁus the initial assumption that the
cementite particles were spheroidal was easily demonstrated

to be incorrect since it gave rise to a calculation of
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cementite volune many times greater than the iron content
of the film would perrit, It was therefore assumed that The
particles were discs lying within and narallel to the film
and their volume was calculatcd by approximating them to
oblate ellipsoid of revolution of constant eccentricity.
This eccentricity was then calculated by equating the vo-
lume of the ellipsoid to the total possible volume of cemen-
tite, when the e¢llipsoids were at their largest. |

The sssumption of constant eccentricity throughout the
growth of the wrecipitate particles is justified, according
to Ham.IOl

The semi-minor axis b of the largest ellipsoids can be
calculated from the estimated eccentricity e by uging the
re¢lationship, L

g = (1 - e2) 2
o}

Even for the largest particles b is only 12 A and hence
the particle thicknzss 2b is 24 i . Hence 2b is much less
than the film thiclness.

The axlal ratio % is 10, This value should be compared

with that found by Pitsch183

who studied the precipitation of
cementite in thin films of iron andalso found disc shaped
particles of axial ratio 2% to 60, By plotting a function
of the volume fraction of the precipitate against a function
of the time according to the method ol Zener and VWert a se-

ries of straight lines werc obtained. This confirmed that
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tﬁe precipitation was diffusion controlled., A4Also the exponent
n. (see oquation 65) derived from the slopes of these lines
was found to have l,l. This is close to the value n = 1
predicted by Ham for the case in which disc shaped preci-
pitate particles grow by a diffusion limited process, and
again confirms the correctness of the assumption made as to
the shape of the particles. It should also be noted that
the value of n agrecs well with the value of 1.15 found by
Pitsch, the ' only oth-r werker to hoave studicd cenentito
crowth ia thin filns (in his case, Fe,)

It is significant that the cementite particles are not
only disc shaped but have their plane pardlel to the film
plane. This result is analogous to that found by Presland
and White in their study of graphitisation in thin evaporated
carbon films. They concluded from both diffraction and
microscopic evidence that graphite crystallites grew in
their films with their basal planes predominantly parallel
to the film plane.

This type of preferred orientation may be due to two
different types of mechanisms. First it may be assumed that
the precipitate nuclei are planar, that they are oriented
in all possible directions, that all grew with equal speed
but only those parallel to the film plane succeed in growing
large. This would imply however, that some precipitate
particle shouvld, in transmission, appear edge on, and these

were never seen in the present work.



270

The second type of mechanism involves the assumption
thuat the nucleus may be of any shape, but thut the growth
conditions are anisotropit -, growth being favoured in the film
plane as compared with the direction normal to the film plane.
The results of Presland and White may possibly account for
such an anisotropy - of growhth in the present instance.

Thus it is being established that the rate of growth of the
cementite particles is limited by diffusion of iron. As
deposited amorphous carbon is isotropic but at the heat
treatment temperature used in the present work some modifi-
cation of the carbon structure will have begun. Any such
changes will tend towards the formation of preferred orienta-
tion, as already shown by Presland and White, and this effect
may well be enhanced by the presence of iron. This aniso-
tropy of structure in the carbon matrix will give rise %o

an equivalent anisotropy in the diffusion coefficient of
~ron,the expected values béing higher parallel to the film
plane than normel to it. Thus the conditions for anisotro-
pic growth of the cementite would be established.

Since bthin solid films are usually produced with con-
sideruble residual stress, either tensile or compressive, it
is of course possible for this stress to be responsible for
the anisotropic growth of the precipitate. It is not
immediately clear however, in thc present state of knowledge

of thin film stresses }row this mechanism might work in detail.
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12.% Coarsening of precipitates:

During heat trectment the number of particles was found
to decrease whilst the average particle size increasced (Sce
Fig.44), As a result of this so-called "coarsening' pro-
cess the largsr particles grew at the expense of the smaller
oncs. The drivirs force for the change is the tendency to
reduce the total frce energy of the system by reducing the

the precipitate/matrix interface., This involves

{3

total area o
the diffusion of solute atoms from regions close o the small
particles to rezions around the large particles, due to the
faet that the concentration of solute atoms in the solubtion
in equilibrium with a prccipitate is larger in the case of
small particles than for large particles.

12.4 Diffusion of mnetuls in carbon:

Thin films preparcd by co-evaporation of curbon and a
metal have shown themselves to be extremely useful for the
neasurement of diffusion coefficients. Thus, gince the growth
of the csmentite in the iron/carbon system has been showm
to be diffusion controlled it follows that the growth of the
precipitate can be used as a measure of the diffusion rate.

In view of what has been said earlier about the aniso-
tropy of diffusion in thin f.lms the two dimensional approach
based on the use of Einstein's equation (Chapter IX) provides
a relatively simple method of measuring the diffusion coef-
ficient, at least to within an order of magnitude, and can

also be used to give an 2stimate of the activation energy



272
for diffusion. In fuct the latter value (19.5 k.cal) is
not too far frim the value of 16.1 k.cal obtained by using
the Zener-J:rt method.

It has not been possible to find a value for the dif-
fusion coefficient of ircn in cerbon in the literature.

Wolfe 184

ot 2l. have usecd a radio tracer method to measure
the diffusion coefficients of Ag, Ni, U, Th and Ra in 3 dif-
ferent granhites; for ¥i they reported activation cnergiles
of 47.2 £ 2,2 kx.cal for diffusion in the a—diréction and
5%.3 % 4,8 k,cal for diffusion in the c-direction, using

pyrolytic graphitc. Truitt et al 185

reported the activation
enrrgy of thorium in pyrolytic carbon (c-direction) as
60 k.cal/mole,

These values are considerably higher than those measured
for jron ir carbon using the technigues described in this
thesis. A possible reason for this is that the structure of
evaporated carbon is quite different from that of pyrolytic
graphite. In perticular, it is almost certainly porous, and
the low values 16-20kcals for the activetion energy may cor-
respond to diffusion of iron over the internal pore surfaces,

Thus, it is interesting to note that the actlvation
energics fornd are similar to that reported by Vert for the
precipitation of cecmentaite from super saturated ferrite
in the temperature range 25-315°C, namely 18.4 k.cal/mole.
When one campares the relative atomic sizes of iron and

carbon, thisg result scems surprising, since the iron atem is



273

larger than the curbon atom. It should be borne in mind,
hovrever, that in practice a corbon body is likely to consist
either of graphite, with its very large c-snacing of about
B Z, or of a less well Jdzs.ined carbon with considerable
porosity, o that the diffusion of iron may be relatively
easy, at least as far as the activebtion energy is concerned.

-12
Cn the other hand, the values for DO of 3%.7x10 cme/soc.

12 cmg/sec. using the

using Einstein's equation and 4,9x10
zZener/Wert methnd also seem extraordinarily low. Tor
example Wolfe found D = 2.2 cm2/sec. for the diffusion of
Ni ~long the c-axis of pyrographite while the results of
Truitt et &l for the diffusion of Thorium along the c-direc-
tion of Pyrolytic carbon suggest a value of Do= 5X10"6
cmz/sec.

It is difficult to suggest an explanation for these
very low diffusion coefficients; they do, however, secm to
indicate that if metallic atoms can be trapped within a carbon
having & structure similar to that of evaporated carbon,
they would aggregate only with difficulty. This could be of
considerable importance with regard te the in-service beha-
viour of catalysts embodying tinely divided metals distribu-
ted within the so-called molecular sieve carbons. Clearly
more work is required to evaluate the diffusion coefficients

of catalyst metal under these conditions, and the techniques

described here might prove extremely valuable for this
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purpose. In particular it should be noted that, whilo the
accuracy of the method may not be high, it is extremcly
sensitive., Jualitatively the results obtained using Hi and
Pt seem to show that the di.fusion rates for these metals

were certainly not higher than those found for iron.

12.5 Decomposition of carbides.

In films formed by co-evaporatiorn of carbon with iron,
nickel and vanadium, cerbides were formed, and these deconpo-
sed on heating to tempcratures above about 1000°C. In each
case the films after decomposition showed the presence of
carbon only, all traces of metal having diseappeared. IPre-
sumably this was because the metals formed as a result of The
decomposition reaction were lost. Consider the case of iron.
Its vapour pressure is approximately 10"5 torr at 1094OC,
and it scems possible therefore that the decomposition re-
action was accompanicd by loss of iron through evaporation,
cince heat treatments were normally carricd out at a pressure
of -1077 torr.

Heat treatments carried out in atmospheric argon, how-
ever, also resulted in carbide decomposition and loss of
iron at temperaturcs above 180000, although the tecmpcrature
at which the vapour pressure of iron becomes equal to 760 torr
is 273500° There are two possibilites here, Iron nmust
have been lost To the film either by surface diffusion to the

graphitc mount or by vaour phase transport to the cooler
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part of the furnace (the argon furnace uses a flow system),

Attempts were made to characterise the morphology of
the iron carbide particles during decomposition; and to
relate them to the structur:z of the carbon film formed
after decomposition., Thus fig.54, which is a transmission
micrograph of a film which has undergone partial decompo-
sition, contains three different types of feature. The
large partially transparent particles (A) are cementite,
probably little thicker than the film itself. The spherical
particles (B) were only observed during the decomposition,
and probably consist of pure iron, perhaps in a molten
state, undcergoing ecvaporation. They were frequently obser-
ved adjacent to the "shell'" structures (¢) which.correspond
to fully decomposed carbide particles and are in evidence
in all films heat  treated above 1000°C.(Cf.FIG. 84A)

These shell features can be seen also in fig.66 which
is a scanning micrograph of & fully decomposcd film.

Trom this cvidence 1t may bz concluded that the carbide
parbticles, c¢ven ab their largest are cither flat or are
ral-ed very little above the surface, but that bubble shaped
features are produced when they decomposs. A possible ex-—
planation for this may be as follows: when the carbide
particle decomposss it does so from the outside in, pro-
ducing a shell of carbon =round itself. If this shell were

relatively impcrvious to iron vapour, the pressure within



the shell would incrcuse as decompositio:n procecded, and

o~

might become sufficient to infleats thoe shell., This

vapour would then find its way out of the shell, cither
continuousliy by diffusion or instantancously through a brea..
in the shell wall. Fig. 81B which shows a partially decompo-
sed nickel/carboi film sccms to prove that loss of metal

has taken place intormittently and incidentally confirms

that the mechanism suggested above for the decomposition of
cementite also applies to the nickel case,

Unfortunalely, this cxplanation does not account Tor
the preseénce of soiid or molten iron in spherical globules
close to the decomposed cementite particles, and this obser-
vation scems to suggest that the iron formed during decompo-
sition goes through a transition state in which it is

liquid, prior to evaporation.

12.6 Graphitisation catalysis.

The “inflation" mechanism suggested above would require,
tirst, that the iron and nickel carbide particles decomposcd
at ths surfece iritially, and second, that the carbon so
foramed was relatively impervious to irom and nickel vepour.
These requircements would be met if the carbide formed a
graphitic corbon on decomposition, and if the c-axes of the

crystallites so formed were parallel to one another and per-

pendicular to the carbide surface at every point. The

structure of this carbon would thus be similar to that of
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a pyrolytic deposit, the permeabllity would be low parallel
to the c~axig and the orientation of the graphitic carbon
would be governed by the orientation of the carbide surface,

It is suggested that the major effect on graphitisation
of adding iron and nickel was the result of this process.

Thus, Lchesoats theory that the catalytic action is based
on the formation and decomposition of carbides is verified.
The present investigation does not support Yamada's conclusion
that iron can catalyse the graphitisation of carbon without
formation of e carbide; there is no evidence that iron
acts by dissolving the carbon and segregating it as graphite.

Let us consider first an alternative proposition, viz.
that iron atoms can enhance graphitisatiorn simply by dif-
fusing through the carbon. Fig.?7l demonstrates that this is
not true. In both cases the same amount of iron has diffused
through the film end been lost to the external environment,
yet those films which were pre-treated so as to allow cemen-
tite to form proved to be much more graphitic. Furthecrmore,
11l the results of the prenucleation experiments show that
the valucs of both La and Le in the final carbon film increase
with increasing cementite particle size in the prenucleation
stege. Thus, increasing the prenucleation time and tempera-
turc, and incrcasing the iron concentration, all lead to
increascd ccementite particle diameters as shown by figs.
(33, 35, 40); figs. (71, 75, 76) show that thcse same

treatmnents elso increase La and Lc .



273

The lateral cxtent of the carbon crystallites (i.c.
the local value of La> formed by the surface decomposition
of cementite would be affected by the radius of curvature
of the cementitce surface at that peint., Thus the larger the
cementite particle, and the flatter its surface, the more
graphitic (in terms of increcascd LQ would be the cearbon formed.
There 1z enother factor, however., Fig. 72 shows that

e

the improvement in La as o result of prenucleation of ccmen-
tite is not monotonic with increasing iron concentration,
but falls after reaching a maximum. It may be that this

effect is due to the importance of the ccmentite surface.

=

hus it can casily be shown that the surface area 'S' of
he cementite within the film is proportional to the pro-
1/% 2/%
duct of n and W , where n is the number of parbticles
per unit volume, and W is the weight percentage of iron.
Fig.83 shows that n falls with increasing W, so that the
effoct of W on S can be shown schematically in fig., 84, It
can be scen that 8 has & naximum and is similar in shape to
fig. 84. It secms possible thercfore that the cencntite
surface ploys an important rolc possibly through the foct
that the most graphitic carbon is formed at the outer carbide/
carbon interface, and zs this interface moves inwards the
local wvalue of La decreases,.
It is svggested therefore that the effeet of iron on

graphitisation is viu the formation of cementite particles.
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This leads to the conclusion that a two phasc carbon structure
should be produced after cumentite decomposition, since the
most gravhitic carbon will be localised ot the sites of the
cementite particles, while the matrix carbon from which,
and throush which, the ivcudiffused to form the cementite,
will stili: be relatively emorphous. This prediction is at
lcast partially confirmed by evidence such ag fig.50. This
dark field micrograph was obtained by using the (002) reflec-
tion wnd demonstrates that the most graphitic parts of the
film are localiscd. It has not yet however, proved possible
by this method to show unambiguously that this graphitic carbon
curresponds in position to the original cementite particles.
This is beocause only a fow basal plancs can be sceclected at
any one time by the dark field technique. Examination of
fig. 81B however, which is a bright field micrograph showed
dark concentric rings which are the traces of successive de-
compogsition shells. Since no metal is present the enhanced
scattering which gives rise to the dark rings is probably due
to the presence of carbon crystallites oriented with their
basal plancs parallel to the electron beam., These would lead
vo strong scattering outside the objective aperture,

The crystallite diameters arc crystallite heights and
in heat treated carbon films can be estimated from the
noiré patterns produced by the overlapping crystallites with

their basal plancs roughly parallel tz the bean,
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From these moiré hunés, which correswond to crystallite
boundarics, tThe La and LC valuss can be e¢stimated. TFronm
fig. 60 the highost Le and Le values cstinated are 500 X
and 167 3 vespeetively. These are roughly scven times larger
than thosc calculated from the diffrection analysis for the
same specimen, She diffraction results give an average
value only however, and the discrepancy scrves to reinforce
the conclusion thot the local values of La and Le at positions
coLresponding to the original carbideycarbon interface are
much larger then the average for the film,

The mejor difference between diffraction patterns
obtained from c-rbon films after cementite decomposition,
and pure carbon films of the type studied by Presland and
White, is that the former contain (002) rings while the
latter do not. This difference appears now to arise from
the fact that in thc former case graphitic curbon was produced
with basal planes tangontial to the local cementitce/carbon
interface, coupled with the fact that this interface is
rougnly snheroidal, Thus all orientations of the carbon

c-2xis arise,

12,7 Qther metals.

12.7.1l. Nickel,

The results for nickel were very similar to those
obtained using iron, and much of what has been said about

the mechanisn for catulysis of graphitisation applics cqually



281

well to nickel. This is curious however, in thot the

nickel analoguc of cementite viz. NiBC is reported to be
unstable abovae about SOOOC. The carhide observed in this
work was not however, NiBC but an indeterminate compound

. 80 .
proeviously rcported by Pug %4 2l with the formula

N&Cmeex>4

12.7.2. Venadium:

Venadiwa/carbon films behaved similarly to the iron/
cerbon and nickel/carbon systemg, in that a carbide, VC
wis proecipitated, and the deccomposition of this carbide re-
sulted in enhanccment of graphitisation. The devzails of the
decomposition process were ot studiced, since only one compo-
sition (7°4mm£% V) was investigated, and the largest VC

particles formed were smaller than the film thickness.

12.7.%. Platinum,

The moin difference between the platinum/carbon system
and those described above was that the metal alonec was preci-
pitated oa heating, except for the anomclous cecffect observed
at 1100°C. The presence of superlattice reflections at this
temperature may indicate that the carbon which is undoubtedly
dissolved in platinum at this temperature takes up regular
positions in the platinum lattice,

It is of interest to note, first. that platinum could
be removed from the film by heating to 1400°C in vacuo, sccond,

that the resulting carbon films were more graphitic than



uncatalysed carbon film ot this tempoeraturce and third, that
these carbon films move (002) reflcctions. The last point
seems to pnow thot grophitisation was cnhanced in that

carbon which vas adjactnt to the nlatinum-coarbon interfacc.

12,7.4. Copper.

As stated in Chapter XTI the copper councentration at-
tained was dnsufficient to produce any obscrveble results
from this system. It may be important in this conbext thot
copper had the lowest melting point of all The metals studied
and 1T may be thet the diffcerence in vapour pressure between
cnnper end carbon was too gwoat to permit the formation of

films of higher copper concentrabtion.

12,8 Future developuents.

This preliminary study used a rather crude method Ior
the formation of metastoble cermet films by co-cvaporation.
To nmake further usc of such films, a morc sophisticated pre-
poration technique 1s nceded. Two possibilitics present
themscelves, The first is to use two separate electron becam
sourccs, each with its own shutter and deposition rate moni-
tor; this would haove the advantage that both composition
and film thickness could be predeternmincd. An alternative
approach would be to prepare an intimate mixture of the two
constituent clements in powder form to pelletise this under
prossure and to use it s the terget in a shuttering systen,

since sputtoring hus thz advantage that the composition of

R ]
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the deposit is the same as that of the target.

An interesting variant on the apnproach uscd in the
present work would be to co-deposit the componoents onto
substrates held ot varying tenperatures below the dccompo-
sitiou temperaturc of the appropriate carbide. A large cffect
on the nuclcation and growth of the carbide would be cixpected
which in turn would influeace the structure of the resulting
carbon films formed after decomposition.

A number of improvements could be suggested which would
lead to better charactorisation, If thick cnough deposits
could be preduccd (at least .1 mm) then x-ray technigues
would boecome available. TUnfortunatecly neither vacuunm evapo-
ration nox spubttering lend themselves to the formation of
other than thin films. Better results can be achicved with
electron diffraction however, especially if a combination of
scanning diffraction and cnergy analysis is used, The reason
for this is that much of the inaccuracy which ariscs during
nrofile studies is duc to the presence of a large back-
ground conponcnt of inclastically scattered electronsz.

These have suffercd on cnergy loss and Grigson 186 188has
shown that by using filtering technigues nuch improved elec—
tron diffroction profiles can be obtained.

This, in turn leads to the possibility of making
measurencnts of carbide volume by cestimating the arca under

a gpecific diffraction peak, and it would be instructive to



compare this with the results obtaincd by dirocet inaging.
The latter, too, could be mefined by making more use of the
image anclysing computer, espcecially in the more cdvenced
form now avuilable, hus, +f « full préticle sizc distribu~

tion were ubtained for cach specimen, the analytical mothods

iy
187 could be used to study the nuclceation and

of Woodhead
growth of the cuarbides.

Cne of the difficultics encountered in the present in-
vestigation was thot when the cenmentite particles were con-
veniently large enough for deteiled study, they exceeded
the film thickness. The usce of high voltage electron micro-
scopy would makc it possiblc to examine films upto ten
microns in thickness (assuming these could be nmade), They
could also »e hoat treatced in situ so that the detailed be-
haviour of the cenentite particles during fornution and de-
composition could be followed.

Reflection clectron diffraction would also provide use-
ful crystellogrophic infornation on the decomposition of
cemcentite if the latter could be obtaincd in film form, per-
haps by the hot substrate ncethod referred to zbove,

Finally, nore detailed studics on the relationship be-

rea

o
j8¥]

twecn the graphite paramcbters La and Le and the surfac

of the carbide precipitate particles should bhe carricd out.
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