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ABSTRACT.

Experiments are described in the course of which a new technique
"flash sintering'" was evolved. These had the purpose of exploring
poselble methods of sintering that aveid any recrystellisation except
at contact points between particles of powder and at defect sites,
thue permitting definitive measurements to be made on graphite powders
where the megnitude of contact effects has hitherto been largely
unknown. From this work it is believed that new light has been
thrown on the mechanism of electronic conduction in such powders
gnd that valld information can be obtained from powders on the energy
levels in graphite crystal compounds,

Investigations of natural graphite corystals have led to the
detection of an anisotropic thermo-electric effect and & thermo
Junction has been constructed between two crystals orientated along
different crystallographic axis.

A compound between aluminium chloride and graphite has been
prepared, its thermo-eleciric power determined end a value for the
interplanar distance evaluated from X-ray data. Some electrical
resistance measurements of this compound were made, the technique
of flash sintering being sesmployed,

Bromine~graphlte was prepared and examined by X-ray diffraction.
Some preliminary messurements were made of the resistance changes
which occur along the two main crystallogrephic axlie as a well-orientated

block of natural graphite, reacted with bromine wvepour.



The thermal expanston of aluminium chloride, bromine-graphite and
potassium=-graphite could not conveniently me measured by Xeray
diffrection technique as the diffraction patterns did not show

lines of sufficiently high angle for a shift to be measurable.

The thermal expansion of graphite was measured as part of this
investigation and the results are described in Appendix I.

Principal findings are -

1) The grester electrical resistivity of graphite powders as
compared to graphite -block material can be accounted for purely in
terms of constriction of current flow through interparticle contacts.
2) Powdering block graphite in ailr creates electron traps on the
surface of the particles and increases the contribution of "holes™

10 electrical conduction.

3) "Flash sintering” reduces the electirical resistance of graphite
powders by increasing the contact area between particles.

4) TElectrons in a well-orientated graphite crystal show anisotropic
energy relationships.

5) Natural grephite reacts with aluminium chloride to form a
lemellar compound. The interlamellar spacing in this compound is
9.753- The bond between sluminium chloride and graphite is probably

of the polarisstion type.
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GENERAL INTRODUCTION.

CHAPTER T

The following brief deseription of some aspects of theory
taken from the work of arious asuthors im intended to be in the

nature of a definition of terms relevant to the present work.

THE BAND THEORY.

The Band model of the =s0lid gtate has been guccessfully employed
to describe the substances known as Insulators, Semioonductors and
Conductors. It is an outcome of the Free-electron theory as developed
by Sommerfeld. The importent difference between the two approaches
being that whereas in the Free-clectron concept the potential due to
nuclei of all the atoms in the sdlid is considered as smoothed out
over the whole lattice, in the Band theory the treatment of Bloch,
Brillouin and Vilson is incorporated by which the electrons are
considered to move in a periodic field, the periodicity being that
of the lattice,

ORIGIN OF THE BANDS.

It can be shown from wave mechanics that the atomie orbitals in
& solid will broaden out into bands of permitted energles as the atomie
nuolei are brought cloger together. For moximum broadening there will
be a eritical separatlon depending upon elecirostatie repulsion and
attraction.

The bands are derived from the outermost atomie orbitals since

1% is only the outermost or valenoy slectrons which may be considersd
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as delocaliseds The orystals of gome substances possess bands
which oan be shown to overlap. TFig. 1 shows the effect in sodium

a5 an instance of this.

DENSITY OF EIRCTRONIC STATES.

In the Free~electron theory the density of electronio states
increases smoothly with BEnexgy, AE,N(E) an ;ﬁﬁ B whore N(E) is
the number of states with energy between E and E + dE (Mg. 2),
vhereas in the Periodic field model the density of states goes through
o maximum in any one bands If overlep between bands occurs the
density of states does not eink to zero but rises agasin at energies

corresponding to the filling of the new band, Fig. 3(a).

CODUCTORS .

On the Band model, conductors of electric current are congidered
as substances which possess an incompletely filled band or an overe
lapping system of bandse In the case of mddium the the overlapping
of the éS and 3p bands is of no major importance to the eleetrical
conductivity since the 3S band is only half full. For calcium,
however, a divalent metal, overlapping of bands is all important
to the electrical conductivity since the valence band is completely
full.



INSULATORS.

An insulator is eonsidered to be a subsianoce in which a full
band is separated from g vacant band by an energy gap the crossing
of vhich would require an activation energy which the electron uwnder
normal eonditions eould not possess. (Fige 3b)

If olectrons cannot be activated out of a full band on application
of an electrie field the electronic distridbution samot alter. The
electrons within the full band may move but for every olectron which
moves into a higher energy state within the band an electron must
drop down into the vaeated level. Since elecirons are indistinguishab
the overall distribution cannot ochange and conseguently no current can

flow.

SEMI~CONDUCTORS.,

These substances possess an appreciasble electronic conductivity at

room temperature which increases exponentially as the temperature rises

=}

according to the relationship &§ = Goe T

where § = conductivity at ™°x
6‘° = conductivity at 0°K

E = activation energy

s

T = temp.
A semi-conductor may be elther of the intrinsic or impurity type.
Mn intrinsic semi=conductor has & band system which is essentlielly

that of an insulator, (Fig. 3b), the difference being that the

10
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sondwoonductor has a comparatively low cleotronic activation encrgy.
The densrcation line betweon semi-conductors and insulators is
generelly ploced ot o conductivity of 40710 ohr™Y c™t,

The impurlity of extrinsic type of seri-conductor is technically
the nore fmportant. It owes its conductivity to the vresence of
impurdty atons wvhich incorease thoe mumber of current carriors in the
noterinl either by injecting electrons into the vacant conduction
band of the semie-conduotors, (I type) or by extracting electrons from
the full valence band thus creating positive holes (P type)s ‘then a
sufficiently hich temperature has besn reached and all the lmpurity

centres are ioniped, the conduostivity may becows Intrinsic.

RIZCTAON BCATTERING.

Realotance to current flow in a aolid arises bsosuse of inter-
actions between the current carrier and force fields which are
deportures from the peri@c fields Two causos of such fields sre
1) displacement of the lattice atoms from their regular positions
due to thermal oscillations,

11) the existence of i.perfections dus to chemical impurities,
vacancien, interstitiel atonsz, otc.

1) way be ca.lléd lottice meattering, and

11) may be reforred to ae impurity scattering.

lattice scattering is responsible for the ordinary temperature
dependent rosistivity of pure metals., Impurity scatiering produces

additionnl ropistance and is the oguse of resistance at low temporaotures.
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HALL EFFECT.

Gertaih’ metals and certain momi=-eonductors behave as though they
contained free slectrons with a positive charge. This was disocovered
in 1880 by B.H, Hall whose name is linked with the Hall effeet. The
phenomenon is due to the faet that elestrons travel in a curved paih
in a magnetic field., If an electrie current is passed through a
conductor in a direction normal to a superimposed magnetic field the
Hall effeect im the voltage differcncs which 1s observed aoross the
conductor normal %o both the Electric and Magnetie field.

The Hall Co-efficient R is defined by the relation

R.%‘}

where E is the transverse potential difference, d is the thickness of
the sample parallel to the magnetic field of strength He I is the
total current.

There are metals for which the sign of the Hall effeot implies
that the ocurrent is borne by drifting positive carriers, e.g. %i Be
Cd Fe Co (1).

Qusntum mechanics avers that the semblance of positive eleectrons
in a conduetor with positive Hall Effect is due to & singulsr attribute
of a collectivity of negative elcctrons. A colleotivity of negative
electrons in a valence band which 1s short by X electrons of the number
required to £1ll the band behaves as though it were & gas of X positive
electrons pervading the metal or semi-conduetor, provided that the

vacant states all lie close to the top of the band.

This statement can be olarified somewhat if the eleetron



distribution in a solid is considereds It is lmportant to the
present work since 'Thermo-alaotrid power measurements yield similar
information as those of Hall Effect and in the results to be deseribed
pogitive values were obitained implying the existance of these “positive"
elestrons or holes.

The relationship between the energy E of the electrons and the

wave number k (the number of waves/tmit length) is illustrated in
Figs. 4 and 5.

| /
| FIG 4
‘ FIG 5§

L/

Fige 4 illustrates the relationship for Free electrons and

Fige 5 that for ele¢trons moving in a periodie fields Cnly Flg. 5

need be sonsidered.

The wvelocity v of any eleotron is given by

v o 8 &

(in one dimension)
=

there e is the charge on the electron E and k its energy and

wave number respectively, h is Plancks constant.

Under the influemce of an electiric field the wave nmumber in the
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direction of the field inereases uniformly with time and its

variation is
-g% - -2-—11-11-’2 where F is the field.

The rate of ehange of veloeity is
This is an equation relating scceleration and force and 4f 1t is
oompared with the ¢lagsioal expression F w me&e it will bs szen that
the wass is replaced by
r
ar? &P
This is called the "effective" mase of the eleciron.
It can be seen from PMge 5 that the B v k ourve goes through a
point of inflexion, such that in the upper region of any band

g—% is negative. In the upper part of any band the electron has then
dle
a8 negative acceleration and a negative "effective! mass. Such en

electron has been ozlled a "positive hole',

THERVO-2120TRIC EFFECTS IN METALS AND SEMI~CONDUCTORS.

If two metals A and B are joined in contaot to form a cirouit,
electrons will flow from the metal of higher electron density to the
other until the Fermi level throughout the circuit is the same.

The Fermi level may be defined ns the energy at which the Fermi
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distribution funetion is 4. The distribution function fo(E) is
1
given by £ (E) = , where V is the energy of the
° £ T/,

elactrons at the absolute poro and E is tho snergy of a quantum sgtate

of which fo(E) 45 the average occupation number.

THE SEEBECK EFFECT.

If one of the junotions is heated, the potential energy of the
elecirons at that junction will be inereased and an electrie current

will be set up in the cirouit to minimise this ineorease in energys

The Peltier Effect.

Peltier showed that when & ourrent is passed through a Junotion
of two different metals heat 1s absorbed or liberated depending on the
direction of the current. This heat is offen referred to as '"Peltier
heat®™ and it ie produced at a rate proportional to the current flowing,
l.e. Peltier heat per sesond = T gt vhere TU is the Peltier co-
efficient measured in calories per coulomb or volts,and I is the current

in amperos.

THERI'C-TLECTRIC POWER.

If the temperatures at the two Junctions of the metals A and B in

a closed cireuit are T, and T, where T, > T,, then Eyy (T1 Tz) is the
symbol for the EIF of the metal souple. If '1'2 is kept fixed
12 (T1 Ta) often varies with T, according to a parabolic law

Ey5 (ciz1 '12 - a (T1- Tg +b ('1'1- 122



This is not always true, but its approximate validy for many

dB

couples esn be shown by plotting 4B againgt T1. Some graphs

1 @
are, however, straight. The quantity ahA.'B depends only on the

d'I',‘

nature of A and B and ¢on ‘1‘1.

The quantity is usually writien dEA.‘B and ig ealled the theormo=
4aT

elactric power of =z mmction.(z)

CONTACT BRETVEEN A METAL AND A SEMI-CONDUCTOR.

If there are clectrons in the conduvtion band of the semi-
conductor, i.es it is N type, and it is placed in contact with a
metal, electrons will flow from the semi-conductor to the metal.
This is due to elsctrons in a memi~conductor conduction bamd having
energles greater than those of the valence band in a metale In the
metal the electrons in the valence hand are condusting because the
band is not full or because overlap with an empty band has yilelded
levels to which elec¢trons may be raiseds I the semi-sonductor
has a deficit of electrons in its valenees band, i.e. it is P-type,
when contaet is est-blished with the metal, electrons will flow from
the metal to the semi-conduotor beeause in this iﬁsta.nce the semi-
conductor has vacant levels of lower potential cnergy which the

electrons of the metal may ocecupy.(3)



Fige.6
Diagram illustrating the thermoeelectric

power convention
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THE SIGN OF THE THERUO-ELECTRIC POVER.

In a metal semi-condustor cireuit the sign of the thermo=
clectric power is the instrument sign at the cold junetion.
Fige 6 represents a metal semi-conductor eircuit where "K" is the
metal and S a "P" type semi-conductor.

When contaet is established with the metal electrons will flow
from the metal to the semi-conduector as indicated by the arrows.
If ‘1‘1 and T2 are tho temperatures at each ocontact and if T1 is
greator than 'I‘2 the overall electron flow will be in the direction
indicated since the electrons at T1 because of the higher temperature
there are at a greater potential than at ’1"2. Electron flow in this
direction will make the colder Junotion positive with respeet to
the indicating strument.

For N-type (electron conduction) semi-conduetors electrons
will pass from the semi-~condmetor to the metal at each contaet.

For ’I‘1 > T, the colder junetion will be negative.
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GENERAL INTRODUCTION

CHAPTER 2.

CARBON IN THE SOLID STATE.

Carbond may be considered as constituting a series of compounds -
the series of condensed polynuclear aromatic solids - with graphite as
its limit. These materisls are compounds, for other bonded elements -
mainly hydrogen - are elways present, but such impurities occur in
very small and variable amounts and no uhigque stoichiometry can be
ascribed to any psrticular compounde. The term "Carbons" was coined
at o time when the presence of hydrocarbon impurities was not detected
or their significance overlooked, but in the interpretstion of golid
state properties, especially electronic ones, these impurities play
a crucial role.

411 organic substances, whether consisting of chain-like or
ring~like molecules, when heated above 600°C condense and form poly-
nuclear aromatic solids and although there exists a fundamental
atructural similarity between the solid state properties, in general
they depend upon the extent to which the arometic ring system hed been
developed. The ring system msy be cross-linked through hydrocarbon
side chains and through the linking up of freed valencies, and as the
heat-treatment temperature is increased, lateral growth occurs and
the islends of fused rings are laid down parallel with respect to
one another.

When X-rsy diffraction photographs of carbon are examined it ig
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found that for solids prepared at low temperatures (700 = 4000%),
the patterns are diffuse and resemble bands rather than diffrsction
Iines. These bands, however, spproximate to the positions which
some graphite lines would occupy. As the temperature of heat
treatmont increases, and reflections become sharper indleating a
more ordersd structure with larger crystallites. However, until a
heat treatment temperature around 1700°C has been reached corres«
ponding to a crystallise sige of ~ 1503, one very important set of
graphite reflections is abpents These refleoctions correspond $o the
h k 1 indices and they are significant beoause they indioate the
onset of 3 dimensional order. Before they amppear reflsctions such
a8 the o o 1 show that the layer planes are lying parallel, but since
no h k 1 reflections are present they are randomly orlentated with
respeet to one another. Above ~ 1700°G the trun graphite lattice
is present in which the lemellae are not merely parallel but tazke up
definite positions in space. Carbons without this three dimensional
order are called turbostratic, On further heat treatment above 1700°C
the lines sharpen up with crystellite growth until at about 2800°C a
gharp diffraction pattern is obtained corresponding to well ordered
polyeryetalline graphite, (4) (5) (6) (7) (8) (9)s The artificial
graphite used in the present work showed good three dimensional order.

B, PLATE 2
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CRYSTAL STRU?TURE OF GRAPHITE,

The erystal strueture of graphite was one of the first to be
investigated by X-rays and to the present day it has been the subject
of investigation of increasing precision, It has been showm that
graphite has a layer lattice structure possessing hexagonal symnetry.
The atome in each layer are arranged in hexagonal srray with an inter=
atonio distance of 4.445% and an intorlayer distance of 3.3548 (40).
The layers are so arranged that half the number of atoms in one layer
lie above half the number of atoms in the layer beneath and the
pattern repeats in an AB AB series (41) (12). Fig. T.

There exists, however, another structure which grapﬁ:lte may
exhibit but which is usually only found in natural graphite; and here
only making up at most about 45% of the total structure. This is
the Rhombohedral modification, (15) (14), For this a third layer
is inserted making an ABC series. Fige. 8.

The Rhombohedral form ¢an, however, be iniroduced into synthetie
graphites by grinding to very small crystallites. It can be removed
by boiling with hot concentrated acids. (15).

Valence Bonding in the Aromatic Lattice.

Eaeh carbon has four electrons (28, 2p3). In the aromatie
lattice three of them are hybridized (28, 2px, 2py) to give three
co~planar orbitals at an angle of 120% to one another. The
undisturbed 2pz orbital is at right angles to the 6 orbitals and is

referred to as the TV orbital. The T orbitals of neighbouring
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ocarbon atoms comslesce to form strsamer-like orbitals which allow
motion of the elettrons over the entire molecules The & orbitals
of neighbouring atoms interact to form a single bond and fractional

bonding results from Tl electron interaction (16).

Bonding in Graphliies

The earbon atoms within any layer plane of graphite are valence
bonded to one anothei. Bach bond is a sigma bond and each carhon
atom has three sigma bonds all lying within the same plane and
inclined at 120° to one another. The bond between any two neighbour-
ing oarbon atoms is strengthened by the fraetional bonding due to the
overlap of the orbitals of the unhybridized 2Pz (77 ) electrons.

No valence bonds can exist between the layers; (ideal graphite
only is considered here: valence defects must exist in all graphites
above the mbsolute gero of temperature and defect structures
involving valence bonding between layers are likely to be pregent,
e+ge bonding resulting from a different type of hybridigzation such
as is present in the diamond structure). The force holding the
layers together results from an equilibrium of forces. These forces
are those of attraction and repulsion. The attractive ones arise
from a correlation of the motions of electrons in each T electron
envelope due to the creation of instantaneous dipoles. The inter-
penetration of these envelopes would tend to place electrons in the
same quantun state in the same region of #pace which is forbidden by
the Paull Exolusion principle., This is the origin of the repulsive

force,
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The distances between the layers ars detormined by the radii
of the Tl electron envelopes and this gives the aromatic zing in
graphite en effective thickness of 3.353.

Beeause of the amphoteric nature of graphite in compound
formation (see part III) another type of interaction may occur which
could lead to an additional attractive force between the layers.
Each layer approximates to a large aromatic molecule and gince each
"molecule" may aceept or donate elestrons, e.g. the reaction with
potassium, bromine, end aluminium chloride, there is the possibility
that some form of charge transfer or polarisation might ocour between

such "molecules" resulting in increased binding. (47).

Theoretical lodels.

Coulson and Wallace (48) (19) have derived a wave mechanical
model for graphite. They consider only an ideal single erystal
where the fused ring systems are considered to be of infinite
extension and derive a band system considering only the'TT.electrons
in two dimensions. This simplification is permissable in view of
the deloealization of the TI electrons along the basal plane and
the lack of evidence for guantum mechanical interaction along the
hexagonal axis. The model has been successfully employed in
interpreting many solid state properties. A4 full band of TT'elaotrone
is congidered to be contiguous with an empty band of higher onergy so
that as the temperature increases electrons can pass swoothly into

the upper one without activation. The electrical resistance should
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consequently increase with temperature like a metzl. More recently
it has been suggested that the bands overlap to aﬁsmall extent (20).
However, this only strengthens the metallic analogy. Expsrimentally
it hes been shown that when electrical resistance measurements are
carried out along the basgl plane of a single crystal of graphite the
electrical resistance does increase with temperature (21) (22).

It is known that there is an energy gsp between the electroniec
ground state of an aromatic molecule and its first excited state, and
a Van der Weals solid formed from such a molecule has an energy gep
botween the full band of T electrons and the next higher band
(conduction band) of about the seme magnitude (23). According to
Mrogowski (24) as the molecules grow in size,during the graphitisation
process the energy gap diminishes tending towards the zerc gap of the
Coulson and Vellace model of ideal graphite, this reduction of gap
width being the exsct anslogue of the shift in the absorption spectrum
to the red for molecules with increasing numbers of benzene rings or
with increasing length of chains.

Some experimental resulis for carbons of different heat treatments

are shown in Tsble I.

TABLE I
Heat Treatment (4,0, 500.700%  900-1700°C 2200  Ref.
Temperature
o2 2
Crystallite Diam. 208 15 - 253 25 - 80°A 150A 23
A""i"‘(":izn)Energ’ 03 0.5 = 062 0+15~0,03 0.01 "
Specific Resistance 105 107 - 1.0 0,005 10.3 "
ohme cme ¢ ¢
Sign of Hall Co=- -
efficient + - t to "
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HALL EFFECT IN THE CONDENSED AROMATIC SERTIES

The Hall Effect curve for the series gives consideragble
ingight into the conduction mechanisms of carboms. Fig.9 represents

values of the Hall Co-Efficient obtained for carbons of different

heat-treatment temperatures.

FIG. 9 |

HALL CO-EFFICIENT

ISO0 2000 2500 3000
HEAT TREATMENT
.c l

It can be seen that graphite(heat-treatment temp.,3000°C) has a
negative co-efficient implying that electrical conduction is by
electrons. Polycrystalline graphite is am intrinsic semi-conductor
due to the conduction band not being far above the valence or T
band and thermal activation is sufficient to promote electrical
conduction, When an electron is activated to the conduction band
it leaves @ "hole" in the valence band and thus the number of
conducting "holes" and electrons is the same. It might be expected

then that there should be zero Hall Effect.Electron mobility however 1S
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greater than that of holes (25) and so electron conduction predom-
inates.

For carbons prepared at 1000°C it has beon shovm from electrieal
eonduction measurements that the cnergy gap between the 'ﬂ' and gon-
duetion bands is so large that A E >> XP. Thus since no slectrons
ere likely to be present in the conduetion band and since the earbon
is a conductor, the‘ﬂ? Band cannot be full. Under these conditions
"hole" conduction would be expected and the positive value of the
Hall co-efficient shows that this is the cese. To account for the
depleted Ji' band it has been suggested that in the heat treatment
process as hydrogen is evolved it removes an electron from this
band. (24). As the heat treatment tempersture is inereased the
progressive evolution of more and more hydrogen depletes the band
still further and the magnitude of the positive co-effiecient decreases
a8 the number of holes increases. On further heat treatment orystal
growth by diminishing the number of electron traps causes the’ﬂ' band
to £ill up again wntil the maximum at 200000. At this point moccording
to the model the energy gap is of the order of kT go that electroms
may be thermally activated from the T band. Elestrical conduction
in material prepared agbove 2000°C is therefore by means of "holes" and
electrons with electron conduction predominating at the higher Beat

troatmonts because of its greater mobility.
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Electrical conduetion in polyorystalline carbons and graphite,

There is & continuous increase in the eleotrieal conduotivity
of carbons as the temperature of heat-treatment iizcraasea. Batweon
a temperature of 600°C and 2,200°C the specific resistence decreases
from 10° ohm. oms to 1073 obm. om. Table I.

Individunl carbons whatever their heat~treatment temperature
show a similar type of resistence-temperature variation. The
resistance in each case decreases with increase of temperature in the
manner of & semi-gonductor end activation energies may be evaluated
from log P versus J’.l"°k plots where P is the resistivity. When thie
is done throughout the aromatic series it is found that the values
continually deorease (Table I). This has been interpreted as the
narrowing of the gap width befween the valence and conduction bands
in the s0lid as a result of orystal growth (23) (24).
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MAGNETIC PROPERTISS IN THE CONDONSTD ARCHMATIC SRRIGS.

The megnetic susceptibility of carbons if plotted against heat
treatment temperature shows g large Increase in the range 1600°C -
2400°C. The susceptibility which is diamagnetic does not increase
appreclably above the tempersture corresponding to a crystallite size
of about 1503 although crystal growth continues. In the initilal
stages of heat treatment of aromatic chars ie.e. between 500°C and
1000°C there is a decrease in the susceptibility which involves a
tempersture dependent paramagnetiSm{ This 1is attributed to free
radicals with unpaired epines trapped in the solid (26). TFig. 10
shows the trend in magnetic susceptibllity for carbons of increasing

cerystallite size (27).

Anisotropy of the llagnetic HSusceptibility.

For aromatic hydrocarbons, the diamagnetism is very large along
an sxis normal to the aromatic rings as compared to that measured in
the plane of the rings (28).

In Langevin's theory the total molecular magnetism is obtained

by a summation over all the orbits of the closed electron shells

2
Xm = :_N_B__? ?7-
6mo
The large diamegnetism found for aromatic molecules arises from
the fact that these molecules contain j electrons, which because of

their delocalisation heve vory large orbits. This involves large
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values of the term Z 52 which is a summation of the projected
sreas of the eleetronic orbits on a plane normal to the direction
of the magnetic field. Delocalisation of f| elestrons coccurs only
along the basal plane, hence the effective electron orbits are much
larger when the magnetie field is applied perpendicular to the basal
plane than when the field is applied parallel to 4t.

For a graphite single erystal the magnetic susceptidility has
been found to be

a

l = =22,0 x 10.6 i.m.u./g.

11’“ - - 0'5 x 10.6 C.m.u./g.

giving an anisotropy ratio of 44. (29).
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THERMO-ELECTRIC POVWER,

Loetner (SO) demonsirated that the sign and magnitude of the
thamo-'-ele'otﬁc power of carbons and graphite was a funotion of their
heat~treatment and in general followed the same trends as the Hall
Effect, Fig, 9. ‘ |

Values observed for natural graphites show considerable variation
(31) (32) which is probably due to the presence of naturally occurring
impurities.

HEAT PHENOMENA OF CARBONS AND GRAPHITE,
In non-metallic orystals ﬁéat is transmitted by lattice wibrations.

As described above, the degree of crystalline perfeotion played an
important role whers eleotrai:io and physieal properties of carbons end
graphite were concerned, and the same consideration is important in
dealing with various thermal properties. |

Specific Hest.
The simple Debye model is unable to explain the temperature

dependence of the specific heat of graphite and it has been suggeated
that the specifio heat of layer lattices falle into a special oategory.
Hove and Smith (33) consider that the main contribution to heat transfer .
comes from an in-plane mode of vibration which should result in a T2

temperature dependence.

Thermal Conduotivity.
Fige. 11 1llusirates the temperature variations of the thermal

oonduotivity at low temperatures for & nunmber of graphites. It can
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be seen that the ocnduotivity incresses with temperature until a
maximun is reached. The temperature at which this maximum ocours
depends upon the mize, purity and degree of perfesestion of ihe
orystallites. At higher teuperatures the conduotivity decreases
with inareasing temperature. Vhere carbons are concerned, howsver,
the conduotivity eontinues to rise until a brosd maximum is atiained
at temperatures corresponding to those which mark the oonversions of
garbon into graphite. As a general rule, the thermal ocondictivity
of carbons increases with temperature from room temperatures while
that of graphite decreases.

The maximim in the thermal conduetivity ocurve is due to the inter-
action of lattice waves with one another {phonon~phenon scattering)
finally predominating and the oonsequent redustion of the conductivity
wvith inorease of temperature. At low temperatures thermal conduotion
is limited by the scattering of lattice waves at orystallite edges and
this effect diminishes with inereasing temperature thus inereasing the
conduotivity.

Carbons of small orystallite size have low thermal conduotivities
whioh increase with temperature to a broasd maximum. As the crystallite

4s

size increases, the thermal conductivity increases and the maximum occurs

at lower temparatures and tends to become sharper.
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CHAPTER 3

CBJECT AND SCOPD OF THE INVESTIGATION.

One of the most choarasteristic properties of graphites is its
ability to absorb a number of substances such ag potassium bromine
and ferric chloride between the layors of fused hexagons. Such layers
are generally known se lamellas and the compoundas are referred to as
lamellar compounds. Thess reaction products are tawe crystal compounds
gince their Xeray diffrmotion paiterus show them to have characteristio
utmoturaa; | |

MoDonnell, Pink and Ubbelohds (35) first sxamined the electronio
propertisa of potassium and bromine-graphite. Their compounds wore
trus lezmellar lnompam haﬁng meximgn intercalation. One of the most
etriking featurer of their results was the marked decreases of eleotrical
resistance which the compounds exhibited as compared to the original |
graphite. Since compound formatlon always caused ths graphite to
crunble, the above autiors carried out all their work with graphite
powders In view of the low electrical remistivity of the gompounds
it ie important to sstablish whether orystelline powders of graphite
oxhibit large contact resistances between partioles as with some metal
powdars. If this wers so, compound formation might merely reduve
thie contaot rosistencs ond the large decrease of resistivity found
would have n trivial explanation. Because of this unknown nature of
the contacts between particles of graphite and because the extent of
their influence on the band structure of graphite was not known, it
was therofors difficult to interpret the propertiss of the lamellar
compounds. The problem is aggravated by the low electrieal resistance



of graphite; ochangss in the order of packing in powders as well

a8 electrode contact resistence might be expected to influence this
property profoundly. The object of Part I of this investigation
was to elucidate the nature of the interorystalline eontacts and to
develop a technique for the measurement of electronie properties in
graphite powders.

Thermo-slectric power measurements give important information
concerning changes in the band structure of a solid. Since it was
intendsd to measure the thermo-electric powsr of graphite powders
and block material it was thought that the same measurement on highly
crystalline material might provide an interesting comparison. The
objeet of Part II then was o investigate thermo-electric effects in
single crystal or well orientated graphite.

The ability of graphite to intercalate such widely differing
chemioal species as potassium, bromine and ferrio chloride oreates a
field where research im called for to elucidate the nature of the
bonds formed in such compounds. It also provides the impetus for
attempts to prepare new compounds.

The objeot of Part III was o prepare and investigate new
sompounds of graphite and to measure the thermal expansion of graphite
at low temperstures with a view to making similar messurements on the
compounds, low temperatures ensuring that the compound would not
decompose. Thermal expansion data should give some indication of the
strength of bonding between the graphite lamellas and the interealated

apecies.

3



PART I

CONTACT RESISTANCE EFFECTS IN GRAPHITE POWDERS,

38
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CHAPTER 4

INTRODUCTION TO PART I

CONTACT RESISTANCE EFFECTS IN POWDERS.

The electriocal resistance of a powder is somposed of different
parts. Resistance to current flow is not only dus to lattics
vibrations but factors such as
1) poorly conducting filme of adsorbed or chemisorbed molecules on

orystalline surfaces,

2) disorder at inter-orystalline boundaries,

3) oonstriction of current flow through the mmall eontaot regicn
between particles,

may also contribute to 1.

If the powder is not "ideally" packed such that the maximum rumber
of contacts is not realised, the resimstance will also be a funetion of
the packing.

With metalsq) often playes a large part in determining the
eleotrical resistance, (57). Interorystalline digorder, however, is
not as great a barrier to current flow in metaels as in molecular solids.
The electrons in a metal may be considered as dompletely delocalised
and the effect of interorystalline boundaries ig to cause only a small
perturbation of electron waves. The molecular solids, however, where
the foress of atiraction beitween molecules are Van der Waals forces,
boundaries contribute significantly to the resistance since there is

no eleotron overlap batween molecules.
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CONTACT AREA.
FIG./12
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Congidered as s maero mojesular solid, graphite with its
extensive T electron system rrzprzsenis a iransition between

metallie and Van der Waals systems.

The Nature of the Constriction Resistance.

If an electric ocurrent is passed between two contacting surfaces
the flow of charge will be greatly consiricted 4in passing from one
to the other as only a very small fraction of the solids will be in
eleotriosl contaet. Fig. 12. Because of this constriction in the
current flow the potential differsnee aoross the interface will
exceed that which would have been produced by the same surrent
flowing uniformly across the boundary. This disturbance in the
ourrent stream will glve rise to an additional resistance in the
electric eireuit.

The region in which the current flow is constricted extends into
the bulk of the materials for a distance equal to several times the
ddameter of the contact area (38), but the oonstriction is most devaere
in the material close to the interface and a very large fraction of
the potential drop occurs there.

Strout (39) showed that when a current passes between two large
conductors across an interface of which only a oircle of radius r is
conducting the extra resistance due to comstrietion is given by

R o B where R = repistance
2r and P = specific resistance of the material
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If more than one region is "contaet but if the radius of emch contaot
A

is the same the total constriction resistance is R = & where

n = the number of contacts.

This may be re~written as R = % P(-E—)% where A is the total contact
‘area. The srea of contact is determined by the load W operating on

the surfaces and Put the mean yield pressure of the asperities in contact,

guch that A --‘{,l .
+:

Thée model of constriction resmistance asmumes that over the circle
of contact the surfacses are within range of one anothers fields of force,
80 that from the point of view of electrical conduction, the two
specimens behave as & continuocus single conductor of uniform conductivity.
Those portions of the two specimens which are a few Angstroms apart will
also be partly conducting because of the tunnel effect. For portions
of the surfaces more than 53 apart the tumel effect is negligible. (37)
Consequently the contact resistance if the region of contact is
essentianlly metallie provides a reasonably ¢lose measure of the real
area of contact betwsen the surfaces, i.e. the area over which one

surtface is within molecular range of the other.

The Constriction Resistance when adsorbed films are present.

It is clear that if adsorbed films are present on the surfaces of the
materials in contact the above considerations will be greatly complicated.
Only a small part of the contaot area for example may be in true
eleotrical contact. It vwas part of the object of the work to be de=

soribed to determine whether such films were present in graphite compacts.



FIG. 13,

The effect of pressure on the conductivity and apparent
densiry of graphite compacts. These resulis were
obtained concurrently with the present investlgation by_

another worker, (Dr. F.A. Lewis) in the same laboratory,
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The contact resistance of carbon under pressure.

Knowles (40) investigated the electrical contact resistance
between two blocks of carbon as a function of the pressure holding
them together. He found that the resistance decreased with inoresse
of pressure and that this change was reversible. Reproducidble results
were obteined over a number of pressure cycles, pressures up to 20 kg/bmz
were employed. These results suggest that the controlling forces
should be due to the inherent physicel properties of the crystal
structure and not to surface film breakdown. In 2 column of powder,
howvever, the contacts are both in parsllel and in secries and preesure
induced packing variations sre likely to be irreversiblo and herce
cause irreversible resistance changes,

Viork carried out concurrently in the same laboratory as the present
work and using the same graphite powders showed the effect of increasing
pressure on the electrical conductance (the reciprocal resistance) and
density of a column of powder, Fig. 13. The conductence increased
irreversibly with pressure and this effect was reflected by irroversible
density changes. It seems clesr that the increosed conductivity of
conpressed powders is due mainly to tighter packing of the particles
and consequently the reaslization of more parallel contactse

The number of parallel current paths through the interface between
two blocks of carbon 11l ,depend upon the load applied, for as the
load increascs more asperities on the two surfaces will intorlock.

Thie is the explenation Knowles suggests for his results which show

that the interface resistonce decrcases with incressing load.



Increase of pressure will bring more surface asperities into
contact with one anothery +his, however, will only occur if the
asperities in contact in the first instance either treak, deform
elastically or deform plastically. Since Knowles observed that
the eleetrical resistance changed reversibly with pressure, the

most reasonable explanation would be that elastie deformation of

sarbon oecurred.

o
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DEFORMATION OF A SURFACE UNDER IOAD.

If two 80lid surfaces are pressed together under & lond W they
will at first deform elastically. The region of contact will be
bounded by a cirele of radius "a" where

ae 1.1{%2(%‘&%)}% (41)
1 2

where » is the radius of curveturs of the asperity and E1 and E2
are Youngs module for the asperity and the surface respectively.
At this stage therefore the ares of contact, A = J| 82, will be
proportional to W% whilst the mean pressurve (Pu) over the area of
oontact — Pn = W/ a°— will be proportional to W& In the
reglon of elastic deformation if the load is removed the surfaces
return to their original configuration. As the load "W" iy
increased the mean pressure Pm inoreases until it reaches much a
value that at a eritiecal point within the softer material the elastioc
1imit is exceeded, The material then ylelds plastioally and
irreversibly.
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Surface Flow and Friction.
The characteristic fugotional properties of metals are due largely

0 theixr ability to flow plastically and to weld together under load.
The welded junetions so formed are sheared during the aliding process.
The fhbetion depends upon the intimacy of oontact, the yleld pressure
and the shear strength of the Junstiona. If ene of these fastors is
altered tﬁam will de a corresponding alteration in the frictionel foree.
For example, at extremely slow speeds of sliding, these fastors vary in
such & way that the resultant strength of the metallic junotions 1s
often greater than that occurring at higher speeds of sliding. This
means that static friction is often higher than kinetie friotion.

If therefore one of the sliding surfaces has a certain degree of
elastic friotion, the motion may not be continuous but may be inter~
mittent and proceed by a process of "stick-slip". The "wtick" is due
t0 the higher static friction between the surfaces and the "slip" to
the lower kinetic friction during the "elip" itaelf. Surface damege
is oaused by ploughing and fragmentation due to hot spots. \"éth
mimtlar metals the friction is very much higher and there are large
fluctuntions but no rapid slips are observed. 1In this case both
surfeces flow equally and contribute in comparable measure to the
formation and shearing of the metallic junetions. Comsequently the
changes are less marked and less abrupt than with combinations of
dissimilar metals. (42).
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The Friction of Graphite.

With graphite, friction is very low and it remmins low up to high
temperatures. On one view the low friction is dus to the marked
anlpotropy of the orystal structure. Graphite has a layer atructure
and the bonding between layer planes is very weak. Shearing between
the layers occurs readily and hence the low friction so~efficlent
(about 0.15) may be emplained.

Another theory attributes the good lubriecation properties of graphite
to adsorbed water molecules. Savage (43) found that when graphite is
out gassed by heating in vaocuo its friction co-efficient inoreases and
wear is very heavye Friction was reduced by the admission of small

traces of wotor vapour to the system.

The influence of surface filme on the friction snd electrical ggﬁet

ZXesigtance between metals.

Although the avea of contact under given conditions is determined
primarily by the mechanical properties of the molid, the intimacy of
the contact and the strength of adhesion at the points of contact will
be greatly influsnced by the strength of surface films. It can be
demonstrated that under most experimental conditions metal surfaces
are covered with a thin oxide layer and other contaminating films.
During sliding these oxide and surface films are torn and mome
metallic contact ococurs. The adhesion and shear strength of these
Junotions which coneist of metal plus torn fragments of oxide and
other contaminents is less than that of the pure metals and removal

of the surface film leads to a large increase in friction. (44).



The elsotrical resistance of a surface f£ilm may readily determine
the contact resistance between two metalss I the two wmetal
surfaves are pleced under load the resistance decreases momewhat.
The same effect may be produced by holding a twuning fork against

one of the metals. It is probable that this prosveas bresks through
the contaminating film at the region of contact.

If a Jubricant film, e.g. paraffin oil, is placed between metal
surfaces undexr leoads sufficient to cause plastic flow at the regioris
of real contact, the eleoirical resistance between the surfaces is
essentlally the same as that obmerved with unlubricated surfaces.
This suggests that the high pressure is sufficient to squeeze out the
ol £ilm, Although metallio oxide film im coneiderably mors regid
there must be a similar breaking through of the oxide layer. There
may, however, be small quantities of o:d.de;getween the surfaces which
may play & less significent role in this type of measurement but s
more important role in others. (42). This latter observation by
Bowden is particularly relevant to the present work where it will be
shown that thermo~slectric power measurements indicate the presence
of contaminent surface groups on particles of graphitek powder which
do not, however, affect the eleotriocal resisiance to any significant
extent.

50



$i

DRIFT WITH TIME OF THE ELECTRICAL RESISTANCE OF CARBON UNDER PRESSURE,.
Both EKnowles (40) and Mrogowsici (45) found that under sonstant
loading eonditiens there was & period during which the electrical
resistance "settled down", that is, it dewreased with time.
EKnovles &s deseribed sarlier, was working with & simple system, i.e.
two oarbon blocks snd the interface beiween. lrosowskl was working
with carbon powders. The same phencmenon was obgerved with graphite
powders in the present work, Fig. |7 mnd is desoribed later. The
type of measuremont carried out in this work « temperature variation
of electrical resistance for example - involving very small changes of
magnitude necessitated that the drift of resistance should be eliminated.

Surface flow below the melting point.
It is well known that the mechaniegl strength of many metals and

solids falls to a low value at temperatures well below the melting
point. The rounding of sharp metal orystals and the J.qw value of
the tensile strength, hardnsss and other mechanical propsriies at
those temperatures show that metals may lose their rigidity and
resistance to shear at comparatively low temperatures. For such
solids flow would be expected to occur at temperatures well below the
melting point and experiment shows this can ocour, (42). In the werk
t0 be desoribed 1t is suggested that surface flow of oarbon ocourred
during the provess of flash sintering.
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The drift with 4time of the electrical resistance of the powder seemed
likely to be.the result of growth of the contact area between particles.
For example, if two metals are brought {ogether under loading
conditions the pressure is first transmitted {through very small

regions of each material which project from the surface. DBecause

of the intense pressure on these regions they yleld either slastioally
or plactically until the number and ares of oontaoting surfaces is
large enough to support the..load.

Between the particles of a powder the same typs of mechanism is
possible. However, if packing is not perfect, movement of whole
particles into different positions is likely. The material is not
rigidly fised and the yielding of small asperities under stress may
lead to elip of the whole particle. This new position will be held
until yield occurs elsewhere in the compact when co~operative
movenent may #sgain take place.

The contact sites between particles are likely to play a songider-
able role in determining the overall electrical resistancs of the
compact, This is due to the high resistance they offer to ourrent
flow either because of the presence of impurity filmes on the surfsces
of particles or in the case of "clean" coontacts to constriction of
the current path. A method of sintering was sought which would lead
to improved stability at the contact sites.



SINTERING OF SOLIDS.

The procoss of "sintering" comprises the agglomeration of a
powdered solid into a more or less compact mass by heating at a
temperature below the melting point. It may therefore be regarded
as a solid=golid reaction involvix;g particles of a single reactant.
Surfase energy considerations show that small particles of solid (or
small droplets of liquid) will always have some tendency to
sgglomerate into larger units. Among the most important factors
which govern the degree of sintering in solids is the rate at which
atomie diffusion may occur botween two particles in contact.
Aotivation energles calculated for sintering processes ars often the
same ag those found for self diffusion in the same media. Foreign
films on the surfaes of the particles influence the rate and degres
of sintering profoundly and in these cases the relationship between
diffusion and sintering processes is not so clear. {46).

The usual sequence of operations in commercial powder metallurgy
is to compact metal powders in a die at room temperature and sinter
the tcompact in & furnace. In hot pressing, the compacting and the
sintering are combined. The loose powder, or in many ¢ases a cold
formed compact is inserted into the die which is held at the hot
pressing temperature, the compact is left in the die until it attains
its temperature and then pressure is applied and maintained for a
given length of time. One of the principle difficulties in hot

§3

pressing is the lack of suitable die materials which will have adequate

strength at the hot pressing temperature.
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CHAPTER $.
PART I :+ EXPERIMENTAL.

Choice of Sintering Method..

It was considered that the decrease of eleciriocal resistancs with
time was due to m slow growth of the contact area between particles.
The electrical resistance of these regions is likely to be higher |
than elsewhere in the compact for the reasons given in the Introduction -
adsorbed impurity film and/or constriction of current flow. If en
electric ourrent is passed through & powder compact Joule heating will
be greatest in these contact regions. What was required fhen, was &
ourrent large enough to cause recrystallisation or other change iu the
contact region which would physioally stabilise one partiocle with
respect to another by Joule heating but which would ':;b appreciably
heat the rest of the powder.

The techniques of sintering described in Chapter 4 could not be
employed since they involved high temperatures and prolonged heating
times which when applied t0 the graphite compoumds would lsad to
decomposition.

Joule heating depends upon the sguare of the ocurrent and the first
power of the time and therefore a condensor discharge appeared to be
the best means of heating points of high resistance since the peak
current of the discharge could be arrgmged to be very great. The
short discharge time would ensure that general heating of the compact
was not significant. This technique of discharging condensors
charged to different voltages through a powder compact is referred to
hereafter as flash sintering.
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Apparatus for Flash Sintering.
Condensors having @ total ocapacitance of 100 micro-farads were

employed. They were charged by rectified A.C. current to diiferent
voltages and discharged through a mercury swiich into the resistance
oell, A switch having a very low contact resistance was necessary to
keep the resistance heating 1o a minimum outside the cell, Because
of the unavoidable vaporization of some mercury on the passage of the
high eurrents used, the switch was constructed from a closed empoule
of pyrex glase having thick platinum rods sealed into each end as
electrodes, The ampoule was clamped in the centre to a spindle and
switching was effected by rotating it in the manner of a simple "egg~

timer't,

Apperatus for the measurement of elsctrical resistance and tl;orm@

electric power.
Mg. 14a illustrates the apparatus used for colums of powdered

paterialas. The powder was packed in a pyrex tube A and was maintained

between two oylindrical copper electrodes 131 and B, of cross~sectional

2
area 0,085 sq. cm. These eleotrodes were a sliding fit in the pyrex
tube and were faced with & thin platinum sheet, hard soldered to the
copper, 80 that the barrier contact was between bright platinum and the
powder. Each of these electrodes also formed one arm of a copper=
eurska thermocouple so that the temperature of each electrods could be

determined., 1In the case of the top electrode, the sureka wire passed

down the centre of it and was insulkted by means of a glass ocapillary.






A mection through this electrode is shown in Fig. 14b.
Measurements 7ere carried out under constant compreasion by means
of a lead weight C which exerted a pressure of 13,5 kg. cw.? on the
tip of the upper electrode., For resistance measurements, most of
the cell could be immersed in the bath which wss thermostated 4o

+ 0,05°C. Materials unstsble in sir could be maintained under
oxygen free nitrogen by means of the inlets D attached to the c¢ell.
To measure the thermo~electric voltage a coll of "Brightray" wire
wag wound on the outside of the glass cell in the vicinity of the
top electrode so that & controlled tempsrature difference could be
maintained between the two eleotrodess The cell dipped into a
thermostated bath & shown in Plate 1, so that the temperature of
the bottom olestrode, which was determined accurately, did not
fluoctuate greatly from that of the bath. Resistences were measured
to 0.0001 ¢ohm. by & Smiths low resisiance Bridge and a sensitive
galvonometer. Voltages were measured by a Doran potentiometer
reading to + 0,05 millivolts. Colum helghts were measured by a
oathetometer to 0,005 cm.

41
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PREPARATION OF LATERIALS,

Artifieinl Graphite.

High purity reactor graphite was obtained from the Atomic Energy
Research Establishment, Harwell, in the form of a bar 59 square and
12" leng. The bar had been produced by extrusion and the extrusion
axis lay along the longest dimension of the bar. Small oylindrical
rods were out from the bar along and across the extrusion axis.

The rest of the material was powdered in a ball mill and sieved.

Only the fraction passing 300 mesb was used. This was to permit
comparisons to be made between the work now described and that of &
colleague who was investigating the effect of high pressure on
graphite powder and who found that only the fraction passing 300 mesh
could be used without damage to the high pressure ecell,

Two types of compact were used -~
1) That in which the powder was progressively temped as it was
poured into the resistence c¢ell,

2) That in whioh the powder was admitted into the cell without
tamping.

These two methods were employed because it is difficult to reproduce
the degree of tamping from one sample to the next and results might
vary because of this. The reproducibility of values of the electrical
resistance in untamped columms was therefore investigated. This was
important for the fuiure measurement of the electrical properties of

those graphite compounds which are best investigated under vacuum



conditions dus to their instability in sir. Tamping in these
conditions is usually difficult.

Some thermo~slectric moasurements were made on a bar of Acheson
graphite obtained commersiaslly. X-ray diffrsction photographs were
takeon of graphite powder packed in special thin walled pyrex tubes.

The purpose of this was to see if the particles of the powder exhibited
orientation effects.

Natural Graphife.
Natural graphite was ob$ained through the eourtesy of the Natural

History luseum, South Kensington. It consisted of small flakes
about 2 mm. in diameter. The ash content of these flakes was about
5% by weight. After refluxing with concentrated hyirochloric acid
the msh content was roduced to not greater than 1%. The acid

purified material was outgassed at 400°G in vaouo.

Lo
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X=RAY DIFFRACTION

Preparation of thin walled specimen tubes.
A pyrex tube about balf inch diameter was closed at one end and

the other end copneoted to an aspirator by rubber tubing which could

be rotated through a brass valve. A pressure of two om. of water

was maintained inside the pyrex tube by this means. The can'i;ra of

the tubs was then heated in a "figh-tail" burner and as the glsss
moftened and the wqlls swelled outwards the two ends of the tube were
pulled spart. By this method specimen tubes were prepared with internal
diamater from 0.3 mm. = 1,0 mm. and wall thicknesses of 0.0;‘5 mme

Filling of speeiron tubes.

The most convenient method of filling the tubes was to leave them
conneeted to the tube from which they wore drawn down and then to
pour in the powder. This powder was then tamped with 2 fine
platinun wire and the tube sealed off.

Measurement of films.

The diffraction patterns were measured by means of an electroniec
socarmer which activated photo-electric multipliers, tha gignal then
being fed to two cathode-ray tubes which gave an image of the line
profile and an image of the line itself as it ocourred on the film.
The film was mounted on a earriage which travelled along a fixed scale.
When the peak of the 1line profile was in the centre of the eross wiree
on the C=R tube the relative poasition of the line was read off from

the soale. Readings could be made to + C.001 ecm,



X=ray source.
X-rays wers produced using a Raymax (Newton=Vietor) rotating

anode ingtrument. The radiation was CuKe and most exposured wore
taken at 45 Kv and 50 m.a. .
The ¢amera was the Ubbelohde multiple exposure instment with

a diamater of 14 cm.
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CHAPTER 6

PART I

Repults

Electrical resistance measurements on powder compacts.
Fig. 15 shows column height versus reslistance plots for famped and

wtamped columns of artifieisl graphite powder. It can be seen that
at short column heights - up to 0.4 em. - the eurves coincide, Above
this point untampsd colums have higher resistances. Between & ¢olumn
0.2 oms high and zero the curves especially the one connecting the
points after flash sintering must change slope considersbly and descend
almost vertically. This means that specific resistance of the powder
decreases considerably, at column heights less than 0.2 ecms It i
important to note that if & contact resistance between elesctrodes and
powder exists, the minimum resistance must have a value equal to this
electrode contact resistance.

Vhere flakes of natural graphite were concerned reproducibility of
electrical resistance was impossible to obtain. Fig. 16 shows the
scatter of points in a plot of columm height versus resistance. Only
tamped colums were used. If the columns were not tamped, the packing
of the flgkes could visually be seen {o be lrregular, some flakes lying
flat and others on end. The current will flow preferentially along
the plane of the flake and variations in orientation of one flake
relation to the next would be expected to influence ths specific

resistance profoundly.

L3



FIG. 15.

Plots of columm height versus electrical resistance

(A.E.R.E./graphite powder) N.B. divergence between
the curves for tamped and wntamped columms decreases
as the colum height diminishes, indicating that for
low columms, tamping does not aigniﬁ.mmtly increase

the degree of packing.
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Fig.16

Plota of column height versus electrical
resistance for natural flake graphite,
R.B. the scatter of points.

Conduction in gx:aphite takes place primarily
along the aromatie layer plamea(see PART II)
Large natural flakes exhibit thisrnanisotropy.
Small variations in orientations of the flakes
with respect to one another,may then be expected
to lead to significant varistions in resistance

per unit length of columm,
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Fig.17=20
Drift of the electrical resistance with time
under constant loading conditions,and ite
elimination by "flash sintering®,



UNTAMPED
A.LR.E. GRAPHITE

RESISTANCE DRIFT
©——9 BEFORE FLASH SINTERING

9080+

9070

90601
j A—Bsrter o "
9050{ ©
x
v
=
00404 5
! FIG.17
-
790{
v
o=
7900 —A

2 4 6 81012 1416 18 20 22 24 26
TIME (MIN)

b9



11690+

11680+

670
o
116501
11640+

1630+

oeosse s in

11420

L4l

TAMPED
A.E.R.E. GRAPHITE

RESISTANCE DRIFT
©o—o© BEFORE FLASH SINTERING

A— A& AFTER "

N
=
=
z FIG. I8
w
S
=
<
P
Ay
;)
i
=3
—A

2 4 6 8 1012 14 16 18 2022 24 26
TIME (MIN)



4910 o——o BEFORE FLASH SINTERING
A A AFTER FLASH SINTERING

A.ER.E. GRAPHITE POWDER

48901

OHMS x 104

48801

4870+

RESISTANCE

45101

-
4500

.

100 200 300 300 400 500 600 700 800 900 1000
TIME (MIN)

L



820

MADAGASCAR GRAPHITE
o—o  BEFORE FLASH SINTERING

A—A  AFTER FLASH SINTERING
8001 0 H
Z -
1 < X
n ¢
08 3 FIG. 20
580{"‘ A
560 y - v v P L . & G @ e e - -
20 40 60 80 100 1300

TIME (MIN)

AN



13

HResistance drift witﬁ time.

Figs. 17, 48, 19, 20 show the manner in which the slsotrical
registance varied with time for both artificial and natural graphites.
The rate of drift varied from one specimen o the next but the trend
was always to lower resistances, This drift made measurements of
the temperature variation of resistance diffieult since it could
mask the temperature effect. The drift of resistance, however,
slowed dovm with time, and temperature variation measurements were
made when the resistance had become fairly steadys Uhange of
temperature, however, caused the drift to inoreasc once more. In
an attempt to oblain significant results, the measurcments were
carried out as quickly as possible, the thermostat water being
syphoned off after each measurement and water at a different
temperature admitted.

Fig. 21s shows the results obiained with artificial graphite,
the divergence between the heating and cooling points can be taken
to be the result of drift. With natural flake graphite inorease of
temperature decreased the resistance but the divergence between the
heating and cooling curves was often more marked than in the case of

artificial graphite, i.e. Fig. 22a.



Figs. 24 - 23.

Reproducible measurements of the temperature
variation of the electrical resistance (co~incidence of
beating and cooling curves) resulting from flash

gintering stabiligation.
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THE EFFECTS OF FIASH SINTERING -

The discharge time of a condensor depends upon the time oconstant
(CR) of the cirouit which is the product of capacitance and resistance.
After one time constant the cI‘mrga Q, on & condensor falls to _f_o_ ’
the deocay of charge with time ¢ being represented by
Q= % o ‘-O% « The product of farads (C) and obms (R) is measured
in units of time. In the present work the condensor oaspacitance was
10"4 farads and time constants usually lay betwsen 10~ and 10 seos.

Discharge times and energies are considered more fully in the Disoussion,.

1) Reduction in the overall electrical resistance.

Vhen a series of high current pulses of short duration was passed
through compacts of both artificial and natural grephite, the
elestrical resistance was reduced. Figs. 24 = 39 show this effect.
It can be seen that for most coluims there was a voltege bayond which
the resiptance decreased more rapidly tending to level off to a
plateau value beyond which increasing the voltage produced only a
small decrease. Fig. 33'b shows the influence of rereated discharges
of different voltages on a column where the plateau had not been
attained. The overall change of resistance in different columns
varied considerably. Untamped columns shows changes of greater
magnitude.

Where natural graphite was ooncerned the percentage change of

resistance was on the average c¢considerably greater than that observed



"¢

with synthetie graphite powder. A plateau resistance was almo
more often attained. At high voltage discharges the resistance
sometimes inereased. The 1150 volt discharge of Fig. 33b shows
this effect. This increase of resistance never occurred before

a plateau had been reached. After the application of these post
prlatean voltages a very fine deposit of carboa was found ingrained
on the glass wall of the cell., This carbon could not be removed
either by brushing or by bhoiling water. Acid treatment was not
feasible because the bottom copper electrode was a permanent fixture
in the cell. Photomlorographs of the polished platinum tip of the
electrode before and after flash dimcharges failed to reveal any
change of contact surface.



Figs. 24 = 39.

Plots of graphite resisgtance decrease v.
condensor voltages.

Note especially the threshold effect in AERE
graphite and the series of steps in natural flake

graphite curves.
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Fig. 33b.

The compact which gave the curve shown in Fig. 33a
was subjected to repeated discharges at the voltages
illustrated. The number in brackets refers to the

number of dischargel given at the particular voltage.

It can be geen that

voltages lower than voltages

already employed have little effect on the resistance.
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2) Stabilicstion of tho elcotrical rasistancs by flash sinterine.

Flagh sintoring ctebllised the slectrical resistance, Figs. 17«20,
tho close ogrosment betwoen the heating andé cooling pointe of Figo.
21b and 22b ie another illustretion thet the driit had besn stopped
gend hed not beon initicted agein by changing the temperaturc.

Temporeture varigtion of therslectrical resistence srter flash sinterin

Fige 40 chows the veriation of tho eleotrical recistance of the loads
as a Dunction of tempursturc. Accounl ven teken of thig varigtion in
corrying out cimiler mozsurcrents on grephitoc. The hoeting snd
‘coaling pointe of Fips2lb correspond to onc gnothor end the curve cean
bo teken to represent & truc tomperziure effeel on the electrical
regiptaonce of ertificinl graphite. The recistonce ic seen to decresse
with lneroesing tomperoturc. The offect of finch sintoring on the
terperpture and rasistence curven of nstural grephite was sgain to
bring tho hecting and cooling pointc closer togethor, Fig.22be At in
the case of artificlsl graphite, the recistenco decreased with incropge
ing temperature, Hovever tho temperoturce afiect was not slwayes the
seme in the cnoe of notural graphito. Fig«22b shors a striking
varirtion which occasionelly occurred sitor flesh sintering in whioh
the temperoture deopondence of the slectrical repictance is in the
positiva, i.ce "netellic® sonce.
Activation energies A % caleulated from log conductivity (6)
v %pﬁ ploto, Iig. 41 are given in Table II.  The conduetivity 6 is

#« §pecific cowdueTANCE
the reciprozal of the resistonce P andhie siven by

lensth of colunn {cm.)
croenw-sectionel ores (Ba.cm.) X Observed rocistance (ohms)

6 (mhos) =
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TABIE II
AE AE
Before flash mintering After flash siptering
AERE Powder 0,024 Fig. 41 8.V, 0.023 Fig. 41 e.ve
Natural flake ' _ "
0,040 Fig,23a " L

* The slectrical remistance in this case increased with inorease of
temperature giving a positive temperature co-efficient of 5.4 x 10"4.

In calculating aetivation energies it was asgnmed that the equation

G- o‘u e -g{% applied, where 6§ is the condlictivity DNE the

aotivation encrgy and k end T Boltzmann's oonstant and the absolute
tamperature respectively., If m is the mlope of the log 6 v -,% plot

then T
E m 2.30302.k0m

= m. 3.98 x 10'4 eleotron volts
since k = 1.38047 x 10716 1

and 1 @ = 1.60203 x 10”12 exg.

erg. dog.

The electrical resiptance and its temperature variation of the
ori block graphite.

Block graphite was investigated because it represents a completely
gintered material. If an apprecisble barrier resistance exlsts
between particles of & graphite powder because the particles are not
bonded to one ancther, then in completely sintered material this
barrier will be pbsent. It could be expected that the presence or



absence of such a barrier to current flow in powder would be

evident by comparing estimates of activation energies obtained

from resistance versus temperature plots for both powder and block
mgterial., Speoimens were out from graphite block both parallel to
and perpendicular to the extrusion axis. The electrical resistance
and its temperature dependence were then measured. Fig. 42 shows
log & v% plots. The activation energles and specific conductivities

measured are shown in Table IIX.

Table IIX.
A B Specific oHrd e™ '
conductivity
Parallel to extrusion axis 0.025 e.v. 1000
Perpendicular to extrusion "
axls i 0,022 © 333

It can be seen that while there was an anisotropy ratic of
31 ir} conductivity, the ectivation energies measured were not
appreciably different.

The density of the block material was determined by flotation
in a mixture of bromoform and carbon tetrachloride as 2.0 g./ce.
The bulk density was measured as 1.6 g./cc.
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The effect of flush sintering on the bulk density of the powder.
Measurements before and after flash sintering rarely showed any

change in column height and hence bulk density. For columns above
1 eme in height & contraction of about 0.01 om. was ocoasionally
observed. However, since the column heights could not be measured
to better than 0,005 cm. the changes obgerved were so close to the
limits of measurement that iittle reliance could be plaeed upen them.
In an attempt to detect some change in column height induced
specifically by flash sintering, a colum of artificial graphite powder
was carefully tamped and left for twenty four hours to allow any
' possible setiling down of the particles to take place. The columm
height was recorded and the ocompact flash sintered to 1100 volts.
Column height before flesh sintering « 1,285 om.
Column height after flash sintering a  1.270 om.
Mass of Graphite = 0.156 g.
Cross~-pectional ares of oell « 0,085 8q. om.
Bulk Density before flash sintering s 1,42
Bulk Density after flash sintering =  1.44

The increase in denaity was thus between one and two per cent.,
To study density changes induced by flash sintering in & quantitative

manner more refined apparatus would he necessary.
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The Contact between a platinum $ipped electrode and a graphits surface.

The passage of an eleotric current thiough a solid block of graphite
is unlikely to have any permanent effect on the specific resistance of
the materiasl provided that the temperature is not inoreased to a point
where crystallite growth can occur, The pesk current of a condensor
dischurze cen be very high, but since the discharge time is very short -
in the present work it ism of the order of micreseconds - resistance
hoating, measured as iZRt whore 1 is the owrrent, R the resistance of
the blook and t the time of eurrent flow, cannot produce any significant
overall heating. Significant heating might occur at points of high
resistance provided the current was obliged to traverse such points but
within a solid bloock of materiml susch barrier resistances are unlikely
to 'be'prasant. However, high resistance points which fall directly in
the path of current flow will not be entirely absent since no surface is
perfectly smooth and points of high resistance may be expected in the
electrode contact region. Fig. 43 shows the ehange of resistance
observed on inoreasing the voltage of the condensor discharge. The
changs of resistance versus voltage tends to a plateau at high voltages
ae with graphite powders.

The Peak current of the Discharge.

Values of the Pesk ourrent in amperes calculated using Ohms Law
from the voltage applied and the total electrical resistance of the
eircuit are indicated on sach curve. Calling the threshold resistance R,

the resistance of the powder at the point where the rate of changs of
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résistance with applied voltage sharply inereased, and the current at
this point the threshold current i, the following table was drawn up.

TABIE IV
AERB Threshold Threshold 128
Graphite Resistance R Currsnt 1
Untamped 0.8860 - 655 3.8 x 107
0.3977 " 740 2.17 x 10°
0.2488 " 195 3.13 x 10°
0.0753 " 2520 4,76 x 107
0.0223 © 4440 4e4 x 10°
Tamped 1.1598 585 3.97 x 10°
0.4580 * 913 3.82 x 10°
0.2645 " 1170 3.62 x 107
0.4109 ® 1780 3.52 x 10°
0.0616 ™ 3340 6.82 x 10°

Where the very low rosistances are concerned, e.g. Figs. 27, 28, 31,
the threshold resistance was not easy to distinguish. R for these
samples was taken to be the value at the point where a step in the curve
was indicated. However, not much reliance may be placed on values of
the threshold resistance obtained from these figures. The other
figures clearly show the threshold effect.

An ettempt was made to find some relationship between the threshold
resigtance and threshold current. The squars of the threshold peak
current multiplied by the threshold resistance is sesn to be approximately



log

constant Wuggesting that the threshold resistance is inversely
proportional to the square of the threshold current. A summary of

the results of flash sintering on the electrical resistance 1is given

in Table V.
TABIE V
Sample ! %ﬁfﬁm gmaxe ¢ Change | gﬁ?ﬁ"
ohms. § ohms, : ‘ ohm"sw::ﬁa
AERE Powder  1.1628 1 10,0184 L4459 | 214
Tamped , i ; f
0.4805 | 0.0500 . 10,4 | 36.0
0.21M5 | 0.0539 198 44.0 P
041165 0.0271 f 23.2 5045
0.0716 % 0.0196 214 x 62.0
Untamped  0,9040 | 0,480 6.4 23,0
0.407171 | 0.0922 . 22,0 7.7
0.2268 0.0447 9.7 i 435 P
. 0,0815 ~ 00189 2.2 635
o027 0.0090 & 33.3 % 125.0
Hatural %0.1409 00,0672 47.6 94,2 P
. 0.1057 . 0.0479 | 455 | 1500 P
‘}'o.wzs  0.0422 1 4.0 ; 105.0 P
© 0,0890 . 0.0594 . 65.6 : 172.0 P
| 0.0756 0.0170 225 . 183.0 P
- 0.0623 0.0313 50.5 147.0 %

P signifies that a plateau was reached.
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THERMO-ELECTRIC POWER MEASUREMENTS.

The thermo-electric power was measured under three types of oondition,.
1) Without the waighf: C Fige [l in place (referred to as sero pressure),
2) With weight C in place - equivalent to a pressure of 13.5 ke/em’,
3) Vith weight C in place and after flash sintering.

Fig. 44 shows that the thermo~electric powsr beocame less positive on
inoreased pressure and also after flash sintering. The results are
resorded in Table VI.

TABIE VI

Material Fig. ZeTo pressure 1";/; !° 2
a ! [ ] .m. )
wv/0q
before | after flash

sintering |
AFRE Powder 44 + 25 + 23 + 20
Acheson Powder 45 + 23
Natural flake 4% + 40 + 7.0 + 4

(Madagascar)

ARRE Blook $9%[g,, - 0,1
" n f Part II + 1.9
Ache]s.gn Bleck

11 - 100

The striking effect of powdering on the thermo-electric power can be
seen from the above table by considering the values obtained for AERE
and Acheson graphite. Powdering always caused the thermo~electrie

power to beoome markedly positive,.
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X-RAY DIFFRACTION INVESTIGATION.

The Xeray diffraction photographs of the articifial graphite powder
uged in the work on electrical resigtance showed only powder lines and
thess were of uniform intensity, Plate 2. Fo spottiness was present
end the lines were of uniform intensity indicating that the powder was
truly polyorystalline and that preferred orientation effects were absent.

The reflections were indexed by caleulating all possible reflections
on the basis of the known symmetry and unit ecell of graphite.

For the hexagonal lattioce

sin? o, e A2 Paak+i®) 4 D2 42
3a2 , o
Taking & = 2.458 and o = 6,608
h X 1 $1n% ®
R 0.0132 6,5
0.058  13.3
0.1188 20,1
0.2112 2.4
0.3300 3551

0.4752 43.6
0.6469 53.54
0.8449 66.84

O O -~ N U A W N

0.1307 21.2
0.1439 22.3

etc.

c C O o o o O oo
o o O O O -0 ©o O o ©

s 3
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CHAPTER 8 7

PART I ¢ DISCUSSION

In ‘the following disoussion the first topie to be considered
is the observed decreace of the electrical resistence with time and
its elimination by flach sintering. The electrical resistances of
the ocmpacts ars then considered with regard to the main types of
gontact which may exist in an electrode - powder - electrode system
and with each of which m significant contact resistance may be
associateds I¢ is coneluded that the extra resistance which a
graphite powder exhibits as compared to block materlal van be
accounted for purely in terms of consiriction of current flow in
passing from one particle to the next. The effect of flash sintering
in decreasing the overall slectrical resistance of the compaect is
atiributed to an increase in the contaci area between particles.

Then follows an interpretation of the marked thermo-eleciric power
ohanges observed when block graphite was powdered in alr and the fact
that while flash sintering had a strilking effect on the electrical
resigtence of the powder its effect on the thermo-electrie power was
not so pronounced.

Using the Strout model of constriction resistances described in
the Introduction to Part I, an estimate is then made of the radius
of contact between particles and ite change on flash sintering.

The flazsh sintering curves are next considered in detail, attention

being drawn to the existence of a threshold effect.



The next section of the Discussion is concerned with caloulating
temperature Qistributions in the contact region assuming the centre
of the oontact area to bs raised instantaneously to any given
temperature. The energles required for such temperature distribu-
tions are also caleulated. In making an estimate of the temperature
distribution attainable from the energy of a condensor discharge,
attention is drawn to the fact that ituls the rate at which energy is
supplied and not the total energy which determines what distribution
sball be attained.

Melting and surface flow of graphite are discussed and assuming
8 flow tamperature for graphits, s temperature distribution involving
this temperature is chosea in the light of the energy available.

From this an estimate iz made of the area of contact after flash
sintering and compared with that obtained from electrical resistance

mespurements,

v
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DECREASE OF THE ELECTRICAL RESISTANCE VITH TIME.

If extensive impurity £ilms werse present on the surface of the
graphite particles it 4is unlikely that a smooth resistance decreass
with time would have been cbgerved. Such films would prosent a
barrier to electron flow and although they could rupture if they were
thin enough’axreaistance decrease brought about by much processes
oceurring throughout the compact is not likely to ghow the smooth
continuous charge &s was observed Figs. 17, 18, 19, 20. A process
which would exhibit sueh behaviour would be the growth of a contact
arse under pressurse. The conﬁaat area will grow until it is capable
of supporting the load. 1In such a prodess the rate of change of
resistance would be expected to decreass rapidly at first and then
slow down es the contact area became progressively greater. Thim was
the effect observed, Assuming that the resistance drift with tiue
was due fo growth of contact areas between particles if this growth
were speoded up the resistance drift could be expected to ceass.

The technique of flash sintering was devised to achieve this by
oausing o large amount of heat to be liberated at the contact points
which might soften the graphite and allow a rapid increase of contact
area $0 oceur, The resulis of flash sintering are in accordance with
these expectations. The drift of resistance with time was stopped

and the overall resistance decreased.
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The effect of tamping on the slecirical resistance of the powder,

From Table V it may be seen that tamped columns exhidbit higher
speoific condustances than untamped ecolums. The plot for untamped
colums also shows groater curvature. These results may be reason-
ably interpreted on differenBes in degree of packing. Tamped columns
would be expected to have more particles in contact per unit area than
untamped columms., This would inerease the specific condustance.

For short columns of untamped material the degree of packing and
therefors the mmber of contacts per unit area :ls' likely to be greater
than that of longer columns. In the preparation of untamped columns
the powder was simply poured #mto the cell and the eleotronde earrying
the lead weight set on top of the powder. As the column increased
in height it would be expected that the pressure of the electrode
would nct be evenly transmitted through the powder, that in oertain
regions it would bacome "loeked in" and that the degree of packing
would therefore not be uniform throughout the colunn. The specifio
conductance would therefore decrease with columm height leading to &
curve of the type found. This effaeot would be less marked with
tamped columns since in this ocase the powder was tamped periodically
ag 1t was admitted into the cell.

At the lower column heights it may be seen from Fig. 15 that the
plots for tamped and untamped material eocincide indicating that for
these colutnns packing is not improved by tamping.

The fact that at short column heights tamping doss not signifieantly
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improve the degree of packing, and that untamped columns will
give roproducible results, could prove useful when resistance
measursements are required under vacwum conéitions. Tamping in

these ciroumstances 1s a cumbersome process.
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CONTACT RESISTANCES IN POVDERS.

In the system invastigated two main types of contact are to be
digtinguished; <they are
8) Electrode/particle, and
b} particle/particle

In each case if en impurity film of signifioant dimensions
intervenes between the two surfaces such that they no longer come
within the range of one anothers force fie¢lds then condiction within
this barrier layer must be considered as well as conduction within
the material under investigation., With a high resistance barrier
layer present, e.g. an oxide film, the overall resistance would not
only be determined to a oonsiderable extent by this £ilm but also,
important parameters such as conduction activation energies would
reflect the nature of the impurity £ilm rather than that of the

"gubstrate"

a., Eleotrode contact resistance.

When a condensor discharge was passed through a colum of graphite
powder it was found that at a particular condensor voltage, the
electrical resistance of the powder decreased sharply. The resistance
continued to decrease with increasing Wwoltage but levelling off at
higher voltaeges and tending to a plateau. Before disoussing the
process of flash sintering in detail the overall change of resistance
which it effecied will ba considersd in relation to elestrode contact

regigtance,
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For a series of electrical resistance measuremenis on different
ocolumn heights of the same powdered material a plot of column height
versus resistance would be a straight line if the degree of packing
was oonstant for all columms, If an electrode contact resistance was
present, the straight line plot would intersect the resistance axis at
& value equal to this quantity. The leads resistance is constant and
it is reasonable to suggest as above that the electrode ¢ontact
resistence would not vary for all powdered eompacts of the same material.
If the effeet of flash sintering were to be explained sclely in terms of
deoreasse in the contact resistance between the platinum surface of the
eleotrods and the surfaces of the graphite particles, then the same
absolute resistance change in ohms. might reasonably be expeoted for
all powdered colums. When Table V is oonsulted it can easily be seen
that the overall changes of resistance observed on flash sintering vary
oonsiderably. Artificial graphite powder and natural flake graphite
are hest considered separately since the particle and flaeke sizes are
not comparable. However, within sach group significant variation of
the overall resistance change is evident. If it is again assumed that
the electrode/graphite contact resistance is constant for all compacts
of the same material, no compact may then exhibit s total electrical
rosistance loss than the resistance of this contact. From Table V it
oan be seen that there are some cases where the absolute change of

resistance found with one compact was significantly greater than the

total resistance of another. Compare for example the first and last

rows of figures listed under untamped colurms, In the first case the
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the overall chenge of resistance observed on flash sintering was

0.4480 ohmn., while the total resistance of the other was 0.0217 ohms.
On the basis of the assumption that an electrode/graphite contact
resistance if present remaine constant throughout a series of measure-
ments on the same material the decrease of resistance observed on
flash sintering clearly cannot be satisfactorily explained as elimination
or even mignificant reduction in the resistance of this contact. The
evidence suggeste that the resistance changes observed ocour by some
process wrought in the body of the powder. It is worth noting that

to extrapolate the curves, Fig. 15, %o zero columm height from the
smallest columme measured involves a considerable change of slope.

The axtrapolated portion of the curves must descent almost vertically
to the resistance aris. This demonstrates that there oan be no
sppreciable contact resistance between the platinum surface of thp
eleotrodes end the particles of graphite powder because the ourves
would have to intersect the resistance axis at the value of this ¢ontaet
resistance. The lack of evidence for the presence of an electrode-
graphite ocontact resistance is important. It suggests that s metallic

bond is set up betwsen the graphite and the platinum tip of the electrode,

be Contaoct resistance between partioles.

A contact resistance between metals is usually due to the presence
of oxide films on the surface, Such a contact resistance is very often
the greatest single factor in determining the electrical resistance

between metals. (42). I% can hardly be supposed that the surface of
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the graphite particles was completely free from impurities. On
powdering the graphite block chemical bonds must have been ruptured.
Since the powdaring was varried out in air the free valencies prodaced
could not have remainsd unsatisfied for long and groups such as
° Je-0- could be expected to exist on the surface.
Loy’ ' ‘ f
This type of impurity however could not give rise to a film in any way
comparable to the oxide film which ean cover most metals, Whers
metals are concerned a layer ¢an be built up and oxidation can still
acouf by diffusion of defeots through the oxide lattics, (47). 1In the case
of graphite, howaver, such & molid oxide structure is difficqlt to
envisage since the quinoens type group is firmly fixed at the point
where a chemical bond was ruptured and once the fresd valency is
satisfied thers will be no further reaction betwesn oarbon and oxygen
unless the temperature is reilsed to the oxidation temperature which
for graphite 1s about 500°C. Even at these temperatures no appreciable
oxide film will be built up mince the producis of oxidation are mainly
gaseous, e.g. 00 and C0, (48) .
The preaence of impurity groups on the surface of the graphite
hag not been proved and while it seems probable that they are present
there 18 no evidenve to suggest that they significantly impede the
flow of current from one particle to the next.
At the lowest column height measured the conductivity of the
powder can be seen from Table V 40 be 125. If this is compared with

block graphite (Table III), 4t is seen that this value is one eighth
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that measured slong the extrusion exis and about one third of that
measurced scross this saxis. Since the conductivity was calculated

in terms of the dimensions of the resistance cell end since es
described in Chapter 4 only part of easch particle could be in contact,
the extra constriction resistance must lead to = value which is
smaller than the {true vealuea. I{ dooes not seem necessary to invoke
a barrier contact resistance between perticles or between electrodes
and particles to account {or the lower conductivity of powdered as
opposed to block grephite. This hypothesis is supported by the
work on cold pressing Pig. 13, where a conductance of 500 ohme tom, ™t
was obtained for powder compressed to 3000 kg/cm2. 46 this applied
pressure tho contact area between particles will be much larger than
thet existing in the experiments described above which were carried
out at 13.5 kg.cm.z. Since the powder is isotropic (Plste II) &
figure of 500 ohm.~Yem.™ would be o reasonsble value %o expect for
the specific conductance of a block of isotropic grephite if it

could be obteined,

Activsation Bnergies of Conduction.

It is very significant that while there was & considerable
difference between the conductivities of powdered and bleck
artificial eraphite, the asctivation energies measured in both

cases were not appreciably different.
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viz. AERE Block 1111

0.025 e.v.
1 0.023 GV

and AERE Powder Gefore
flash sintering 0.024 e.v.

AERE Powder after :
flash mintering 0.023 @.v.

These figures strongly support the hypothesis that in both powder
and block material the mechaniem of conduction is the same and that
the powdering process does not introduce significantly new barriers
%o electron flow.

The deoreape of resistance observed on flash sintering osn hardly
be due to the removal of an oxide barrier from the surface of the
graphite particle since the orossing of such a barrier would require
an sctivation energy measurably different from that obtaining in the
barrier's absence. Hence the fact that the astivation energies
measured before and after flash sintering were effectively the same
suggests that flash sintering did not alter in any significant way
the mochanism of conduction but simply deoreased the resistance by
inereasing the contaot area botween particles. However, this does
not exolude the possibility of scattered impurity groups being present

on the surface of the particle.
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THERNO=-BLECTRIC POWER IEASURTITINTS .

The argument for the nresence of impurity groups on the surface
arises from the fact that on powdering, free valencies must be crested
and that these valenclies moy satisfy themselves by removing certein
stoms or groups of atoms from the atmosphere. Thot some process
oceurs on powdering which disturbs the electron distribution in
grephite can be seen from the thermo-eolectric dats presented in
Table VI,

The thermo=~electric power of AERE block graphite slong and zoross
the axis of extrusion wes =-6.1 and -\-1..9,4;.’\1/O C respectively. Acheson
grephite which wae only measured along the extrusion axis head a value
of -l.QpV/OC. UVhen AVRGL and Acheson materials were powdered in air
the thermo~electric power of both became +2;av°c, Tigs. 44 and 45.

From these values it is clear thet in the powder positive "holes"
pley a greater role in conduction than do elesctrons. In the block
materigls both contribute approximately to the same extent giving a
very small thermo-electric voltage with the electron contribution Just
predominent, {(The positive value observed across the extrusion axis
will be considered in Part II; it does not affect the present argument)
This is in agrcement with measurements of the Hall Co-efficient (25).
To produce this positive value on powdering, electron traps must have
been introduced into the graphite. This could be brought about in a
number of weys. Electro-negative species such as O2 or H20 could have
become adsorbed on the surface of the particles causing a drift of

electrons to & particular region of the particle. This loceal
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polarisation of electréns will constitute an electron trap and
the overall mobility of the electrons will be reduced. The thHermo=-
electric power depends both on the number and mobility of electrons
and 1f "holes" are also present as in graphite, on the number and
mobility of holes. Thus if the mobility of electrons is reduced
the vontribution of "holes" to the conduction will be grester.
If the electro~negetive spacies forme a chemical bond such ss a
quinone group as discussed sarlier, removal of an electron from
the graphite 7" band will occur and the resultent increase in the
nmamber of holes will lead 4o their predominance in conduction.
Beceuce of the strain imposed on powdering,‘free valencies may

be created in the body of the graphite particle and while the distence
between such s free valency and s neighbouring mecro-molecule may be
great enough to prevent link-up occurring, space requirements mey
forbvid the satisfaction of these valencies by foreign atqmic species,
Thus glent free radicals such as occur at "hole" and "clég:fgg§?t£?7)
created on powdering . These unsatisfied valencies would lead to the
polerisation of slectrons in their vicinity snd such a polarisation by
roduciyg electron mobility would enhance the role played by holes in
conduction.

There remains another possible mechanism by which freed valencles
could eatisfy themselves and lesd to hole conduction in graphite.,

If when a eigma bond is ruptured a T electron is picked up, the free

valency could in thls way become "internally" satisfieds This is the
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type of mechanism proposed by Mrosowaki to account for the
depletion of the 7 Band electrons as oarbons are heat~treated to
higher temperatures with the evolution of hydrogen (24).

The influence of pressure and flash sintering on the thermo-

alootrie powez.
I4 can be seen that the effect of pressure and of flash sintering

on the thermo-slectric power wae similar. In eath case, the valus
became less positive by a few mierovolts., This suggests that both
pressure and flash sintering slightly reduce the mmber of slectron
traps. If the traps are considered to by surface traps, of the
type considered esrlier, - OH groups, etc., they will be digtrituted
over the whole surface of the particle. Flash sintering and
pressure will exert theiy effeots only on the contact reglons and
this is only a small part of the total surface. If both these
processes cause heat to be generated in the contact regiony the
first by Joule heating and the second by friction and this leads to
expulsion of the adsorbed impurity, then the number of impurity
groups expelled will only be & fraction of the total number present
on the particle's surface. Thus the small chenge of thermoeelectric
power to a mo#€ positive value could be explained.

The small effect of both pressure and flash sintering on the
thermo~electric power may also be taken as evidence that a well
developed impurity layer does not exist on the surface of the
graphite paxticles. The amount of heat liberated by flash sintering

is eclearly in excess of that produced by pressure since it can produce
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an immediate inorease of the comtact area {compars the slow increase
of the contact area with pressurs as indicated by decrease resistance
with time whioch still never achieves the low resistance - large
cor;%act arsas = attained by flash sintering.) Despite the large
differences in heat liberated by both processes, their effect on the
themmelectﬁc power is comparable. This may be understood by
considering the following =

If only scattered impurity sites exist on the surface of the graphite
particles, 1l.e. impurdty atoms which are not 1|:lnked up to form a film,
within any ares as small as the contact area the number‘ of adsorbed
impurities will not be large. Pressure may be eonsidered to remove
about half this number and flash sintering the remainder. The
procedure adoptcd was always to flash sinter the compact under come
Pression and under these circumstances flash sintering while
potentially capable of expelling all impurities from the final contact
area could only expel such as remained after pressure had been applied.

The thermo=electric power is sensitive to the whole surface
condifion of the particle and not just the contact area. Foreign
species chemisorbed on any part of the surface will influence the
olectronic levels of the solid as & whole. In flash sintering =ince
alinost all of the energy of the discharge is liberated in the oontact
region, only surfaces within this region will be affected. Only
some of the electron traps will then be removed and the still strongly
positive value of the thermowslectric after flash sintering can be
understood. DBowden points out that when an oxide film between two
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metals is ruptured the small pieces of oxlde soattered over the
surface do not influence significantly the electrical contact
resistance but that they may play a mof€ important role in other

types of measurements (42).
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CALCULATION OF THE RADIUS OF CONTACT AND ITS CHANGE ON FLASH SINTERING.

The results of flash sintering ocan most conveniently be discussed
in terms of the contact radius between particles and constriction of
current flow through these contacts.

If the path of an electric current is oonstricted by flow through &
contact, there is an extra resistance ~ the constristion resistance =
be to considered over and above the intrinsic resistance of the material.
The Strout Equation for this constriction-realstance is

V- -g—; (Seo Instroduction to Part I)

Vhen P = specific resistance of the material, n = number of pa.rallei
tontacte and » » contact radius.

For the lowest colum measured 0.19 cm., considering the untamped
materialy, 1t is assumed that the maximum number of contacts 48 realised.
This appears a reasonable assumption in view of the very short columm
and the fact that tamping did not produce a lower resistance. The
value of the specific resistance of thims colum was 8 times that of
block graphite as measured along the extrusion axis and about 3 times
that as measured across this axis, Table III. The parxticle diameter
was taken as 4 x 10"30m. corresponding to British standard sieve grade
300 mesh. (49).

To caloulate the maximum number of c¢ontacts in the column 0,19 om.
high spherical particles 4 x 10 Scm. in diameter were eonsidered in open
packing. The *"umit cell™, 4.0, the smallest repeating unit in the
systen made up of particles and contacts, will consist of two half
particles and a contact, Fig. 46. The volume of this unit cell is
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m ﬂ‘zﬂ‘where 2R is the particle diameter and equal to 4 x 10™3on,
The area of the resistance ocell wes 0,084 om.

The Strout Equation applies to parallel contacts and hence the
number of parallel contacts is

0,084 x 4 x 10™3 - 6.67 x 10°
(2 x 10~3)2 4 x 103

This is the number of contacts in a volume determined by the area
of the resistance cell and the length of the unit cell., This volume
will be oalled unit volume, TFor the purpose of these caloulations it
is esgential to ‘ﬁsmune that the area of contact between two spherical
particles results from a single contact. Vhen the diameter of the
particles 1s considered this does not seem unreasonable.

The number of contacts in unit volume for perfeot packing is now
knowns. Since it is assumed that for the shortest columm height
measured all contaots ars realised and that no impurity £ilms which
constitute a barrier resistance exist, if the value of the elecirical
registance whioch block graphite would exhibit having the same dimensions
of this colum of powder $s subtracted from the measured value of the
powder, the difference will repremsent the total constriction resistance
in th;t powder and the constriction resistance/unit volume can thus be
calculated.

Thus knowing "n" the number of contacts/unit volumn and "WY the
constriction resistance/unit volume, by substituting in the Strout

Equation, r the contact radius may be evaluated. Thus for colummn



height 0.19 cm.
Total Constriction Resistance = 0.0247
Ve 00247 x4 x 10~3 « constriction resistance/unit volume

0.19
P - 10”2 ohm.em. (specific resistance)
. 430~3
erzn 6467 x 10° x 20

r o 1.34 x 1074 cn.

Throughout the serles of untamped columsithe contact radius is
assumed to remain sonstant but the number of contacts/unit volume,
{.0. the degree of packing is considerei te vary leading to the curve
found experimentally, Fig. 15.

From the experimentally determined values of the Conatriction
Resistance at each column height the mumber of contacts/unit volume

was determined, Table VII.

Table VII
ool.Ht. om. W ‘ n r

0.19 5.2 x 20°4 6.67 x 10° 1.44 x 10”4
0.34 9.1 x 1074 3,84 x 10°

0.66 133 10’3 2.60 x 103 Yy}

1.0 1.58 x 10-3 2.19 x 103 ene

1.69 2.09 x 10~3 1.65 x 10

129



1 130

Contact radii efter flash sintering.

If flash sintering decreases the elcatrical resistence solely by
increasing the contact area then the new radius of contact can be
calculated from the decreased value of the constriction resistance
assuming the number of contacts/unit volume for each column before and
after flash sintering to be the sams.

¥hile dealing with the serles of columns before flash sintering,
for the purpose of calculating the number of contacts/hnit volume it
waes assumed that the contact radius remained constant throughout the
seriess thie assumption will not hold after flash sintering since it
can be seen from the change of resistance versus voltage plots that
for some columns the resistance was still decreasing rapidly at the
highest volteges which could be useds A constant radius of contact
might be assumed if o plateau resistance had been reached in all cases.

The radii calculated after flash sintering are shown in Table VIII.

TABLE VIII
Col. Ht'

VI r
com. Ctie
0,19 3.25 x 10~4 2.3 x 1074
0.34 6482 x 1074 1.92 x 1074
0466 1.04 x 10™3 1.84 x 1074
1.0 1.22 x 1073 1.89 x 1074
1.69 1.74 x 10> 1.74 x 1074
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ANALYSIS OF THE FLASH SINTERING CURVES.

The most striking festure of the curves, Figs. 24, 25, 26,

29, 30, 32, is that there was a critical voltage above which the
rete of decrease of resistence increzsed sharply tending to level
off again at higher voltages.

The powder may be considered a8 made up of a number of series
resistances joined in parsllel. If the total resistance observed
is mainly the result of constriction resistance then esch individual
resistance in eech series is the constriction resistance between two

particles in contact. l

a % —% %,
‘ \

£, % E 2,

. ‘ ) \

L

I

R 12 | R g

If the total resistance obgerved is Rb

& -+ .!-+ L K ]

B
and R = 2y + 1-+ c1+ voon
%
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If the &y b, ¢, efc.resistances are constiriction resistances
as suggested, their megnitude depen:s upon the contact radius
between particles. If this contact radius ie constent through-
out the powder e=b=c¢ = d etc.

The cessation of resistance drift with time and the overall
detroase of resistance on flash sintering was consldered to be due
to growth of the contact area which was caused by the heating effect
of the discharge current. The smount of heat liberated at the
constriction will depend upon both the resistance of the constriction
and the current flowling through it. The time for which the current
flows will be the same for every constriction in the one powder
compact. It is determined by the Time constant of the circuit
which is the product of the capecitance of the condensors and the
total resistance. If there is a particular quantity of heat or
rate of heat supply which causes the graphite in the vieinity of
the constriction to flow or melg thereby increasing the contact aree,
for any one compact there will be a particular current at which
this ocecurs if all the contact points have the same conctriction
resistance.

Since the mejority of the decrease of resistance versus
voltage curves show a point at which the resistance decreased
sharply it would appesar thetithe sbove suggestion is substantially

correcte.
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The flash sintering curves for natursal graphlte are somewhat
different to those found for srtificiel graphite powder. This is
to be expected., With natural graphite the particles are flat and
not spherical and the contacts are likely to be quite different
from those of the artificial material. Again, becsuse of their
flat shape and appreciable sizey the type of contact hetween flakes
might be expected to show more variation than wes epperent with the
very small particles of artificial graphite powder. A flake lying
sideways on ite neighbour would be likely to have contacte of different
dimensions than those existing between two flgkes lying flat one on
top of the other. This irregularity in packing would also affect
measurement of specific conductance., The current will flow
preferentielly along the hexggon planes, i.e. in the direction of
the longest fieke dimension, and any twoe flekes lying end to end will
provide a low resistance path. If two flagkes lying end to end or
with the edge of one touching the face of the other are considered as
defects in packing, perfect packing being the case when layers of
flakes lie flat on top of each other, the mumber of defects in any
two compacts having the same column height mey not be the same,
This is beczuse of the size of the flgkes. For the number of defects
in each compact to be the seme the flakes would require o be very
small so that a statistical distribution of defects could be achieved.
Fig. 16 shows the results of a series of resistance mesasurement made
on different column heights of naturazl filske graphite. The values

of resistance obtainedbear no relation to one another. This is
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considered to be due to variations in packing of the type described
above,

Such variation could lead to variation in contaot arecs and
therefore the constriction resistance of the contacts would not zll
be the seme. The ourrent required to produce flow or melting,
followlng the ergument outlined above would then bs different for
some contactss A high resistance contact, provided that it lay
in the path of the current would flow or melt at a lower current
then & contact of lower resistance, (the heat produced = 023; where
i = current in amps, R = resistance in ohms, + = time in mocs.)

If the flash sintering curves of natural graphite are studied,
it is seen that a sharp turning point in the curves is not usually
present and the subsequent curve 1ls often composed of a series of
small steps. This suggests that not all the constiriction resistances
are the same. As the voltage is increesed the contact areas grow
larger. In the growth of this contmct two factors are determinent.
The first is the heat released due to the current flowing and the
second 1z the pressure on the contect. If two constriction
resistances in serlies are considered Wi end Wé and if Wi is greater
then W, due to a smaller circle of contact, the criticel current

2
for Wi will be lower than that for Wé' As the current is increased
to the eritical current for Wl and beyond Wl will decrease. VWere
if not for the pressure Wi would be reduced until it equalled Wé,
i.e. until they both had the same contsct area when they both would

flow for the pessage of the same current. However, since initially
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Wi is flowing first the point could be reached, just before the
contact area of Wi equalled “é where under the influence of pressure

the area of Wi exceeds that of WZ' While the pressurs exerted on
both Y end Wé is about the same, cince the yield tempersture of LY
has been attained, the contact area of wi could increese beyond that
of Wé. Further increase of current brings Wé to the yield temper—
ature end it flows. The overell resistance would decrease but the
slope of the resistance decreese versus voltage curve would change
since what is heppening is not only the uniform increase of the
contect area of LY but alsc jhat of Wé which when it starts to flow
is smaller than Wl. Such a mechanism could be responsible for the
small steps obsorved in the flash sintering curves of natursl graphite.
Plgs. 34, 35, 36, 37 are a good exampls of this. Another possible
explanetion is a "shunt® effect. The powder represents & system of
parallel resistances. If some of the branches had higher resistances
then others the ourrent would travel prefersntially along the low
resistance pathes Even for the low resistances, however, a criticel
current would be reached when the contascts would flow. This would
acoount for the sharp decroase of resistance observed at a particuler
voliage. As the voltage increased these contacts would continue to
grow but the current through the high resistances in parsllel would
also incresses It would estill not be as great as that zlong the

low resistance path but the criticel current would be lower. Thus
when the critical current in the highvresistance path was reached

there would be flow and a further decrease of resistahce Jeading to

e change in slope of the curve.
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The Platew..
As the radius of contact increases, the resistance decresses,

To increase the radius fromr to r 4+ A r a volume

%11’ {(r+ A r)3 must be gelted, the reglon of constriction being a
sphere the centre of which is the centre of the contact area.
Thus it requires progressively more cnergy to produce a glven
increase in radius and subsequent decrease in resigtence as the
contact area grows. This would lesd to the plateau sffect observed.
¥hen it was possible to increase the voltage beyond the plateau it
sometimes happened that the resistance increased again. Thls effect
could not be systemetically sxamined because the condensore could
not be charged above 1150 volts. If the plateau occurred well
within the range of the condensors, e.g. about 500 volts, the
reslstance for the compact whivh showed a pleteau effect at this
voltege was so low that currents greater than pleteair currents
ceused a discherge which occasionally shéttered the resistance cell,
The increase in resistance Irequently observed at voltsges higher
than plateau voltagegiégzld be due to physical scattering of the
particles by the discharge or to the volatillisation of carbon
giving a non-graphitic carbon deposit on the surface of the particles.
After these high voltages hed been applied & black deposit was found

firmly embedded in the glass wells of the cell.
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TEMPERATURE DISTRIBUTION IN THE NEIGHBOURHOOD OF THE CONTACTS

BETWEEN SPHERES.

In Chapter 4, following Strout (59), & contact between two graphite
gpheres was assoclated with & smaller sphers whose diameter was the
contact diamater, Fig. 12+ 1I¢ was shown that the decrease of electriecal
resistance observed on flash sintering oould be explained in terms of
an inoreased contact area, 1In this se¢tion as estimate is mads of the
temperature distribution around each ¢ontact considering the energy
available.

For any particular temperature distribution to be attained, the
energy required by it must be supplied within a certain time, which
depends upon the thermal oonductivity, specific heat and density of
the materials This is beocause heat is being conducted away from the
hottest point and if the rate of cooling is greater than the rate of
heating the temperature at the heat source must fall, This in
oconsidering Joule heating by means of condensor discharges it 1s not
the total amount of energy supplied but rather the rate at which it ie
supplied which is important.

If, after a condensor discharge the existing contact radius increases
from r, to T, 8 vohmo% T r32 must melt or flows The initial eontact
radius », may be ignored and ap estimate of T, made from a knowledge of
the energy available and that required to raise & given mass of graphite
to a temperature when melting or flow might be anticipated. This value
of the contact radius ealculated purely from energetic considerations

may then be compared with the value arrived at from electrical resistance

measurements,
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The temperature distribution throughout a sphere when its surface
temperature is shanged suddenly to a different temperature can be

related to 5—% where "KM is the diffusivity of the material snd is

equal fo th: thermal conductivity divided by the product of apecifie
heat and densitys '"t" is the time in seconds after the sudden change
in surface temperature and "r" is the radius of the sphere.

If "Ta" is the temperature at any point within the sphere, "Tn" the
new temperature of the surface and "To" the original uniform

temperature, the relationship is

m =00
Ta-To _ 2 ~ % nll & X2 T 2
Tm - To Tr. Z u,sin r Tra 't
e n(-1)" 1 = @ d

whers "m" is any integer and "a" is any radius inside the mphere.

¥a ~ To
Tm - To

Williamson and Adams (50) provide a table giving values of

for different distances from the centre of the sphers and for

different values of % .
r

In th€s oase these authors eonsider the sphere is at a uniformly
high temperature and is suddenly cooled by plunging into an ice

bath. The Williamson and Adamas Table is reproduced below.
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TABLE IX
Values of Ta ~ To
Tm - To
Xt
G | = |

0.0000 | 0,004 | 0.0160 | 0.0360 | 0.0640 | 0,400 | 0,1960| 0.2560 | 0,400
. 0,00] 1,000 | 4,000 | 1,000 | 0.9943 0.9105 0.70T1 | 0,2881| 0,4598 | 0.0386
z 0.25| 1,000 ; 4,000 | 0,9997 | 0.979 | 0.8577 | 0,6466 0.2596 0.1459 0.0347
b 0,331 4,000 | 1,000 | 0.9994 | 0,9614 | 0.8133 | 0.6005] 0,2386| 0,4324 | 0,0319
0650| 1,000 § 1,000 | 0.9896 | 0.8752 | 0.6755 { 0.,4745| 0.4840| 0,1048 | 0.0246
0.66 | 1,000 | 0.9997 0.9063 0.6788 | 0.4727 | 0.3162] 0,1497| 0.0661 | 0,0460
0,75 | 1,000 0.9931 0.7924 | 0.5312 0.3537 n.2$19 0.0869 | 0,0480 | 0,0116
0,95 | 1,000 0.3935 0.1791 0.1050 0.0644 | 0.,0411 | 0.0152| 0,0084 | 0,0020
1,0 {4,000 | 0.,0000| 0.0000 | 0.0000 { DB.OOOO | 0.0000 | 0,0000| 0,0000 | 0,0000

This table may be used for a sphere of any material provided the

diffusivity and radius sre kmown,

For the case where the sphere is heated guddenly from the outside, the

sbove values of

the case when == =

Ta « To
Tm - To
KZ 0.036
r
. Kt
T r2
0.00 0.0037
0.25 0.024
0033 0,0389
0.50 0.1248
0.66 0.3212
0.75 0.4688
0.95 0.8970
1.0 1.0

should be subtracted from unity, e.g. considering
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Thesse are the figures used by Copp and Ubbelohde (51) in
gconsidering the heating of spheres by & hot gas. To adjust these
figures to heating from the centre of the sphere towards-the ourside,
the values of % should also be subtracted from unity. Thus consider-

ing agair the temperature distribution ab -’% . 0,036

b o
. £
T 1,2
- 0,036
1.0 { 0.0057
3 0.75 é 0.0210
| 0.67 | 0.0389
©0.50 | 0.1248
034 | 003212
L 0.25 % 0.4688
| 0.05 | 0.8970 .
P 0,00 | 1,000
In calculsting 5%, 'R' the AAffusivity, given as == whore K
r

£ = thermal conductivity'e's specific heat and'd'the density, was equal to

g: r ;ai' 2,0 " 0.81 oal/see. The density determined by flotation was
2.0 g./oc, the specific heat &s 0.185 cals/g. (52) anc the thermal
conductivity 0.3 cal/an/cmoﬂ/seo. (53)« 'r' the radius of the contact
sphere was aken as its limiting value, 2 x 10 cm., i.6. the radius of

& single particle. Different values of .5 were obtained by multiplying

2
r
by different time intervals t. Thus when t « 5 x 10.88005c -K—;' « 0,09
r
tadxt0To 0 L0,02
tat1x108 v v Lo0.20

ota.
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rig. 47.

The curves represent the temperatures at different
points throughout 2 sphore when the centre has been
raised instantaneougly to Tméc. With the radius
of the sphere as r thg temperature distribution is
glven for various radii (fractions of r) as a

function of Xt *  Since for any ene material
K =

;2 isg eongtant the curves represent the temperature

attained at points throughout the sphere as a function

of time.
(thermal conductivity

A\ )
specific heat x denslty

r = radius of sphere

t = time
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Ta = To
T - To

osentre of the contact sphere is ralsed, Ta is the temperature at any

Values of where Tm is the temperature 1o which the

other point and To is the original uniform temperature, are plotted

egainst % in Fig. 47.
r

Surface flow of graphite in the powder sompacts.
Little is knoen about the melting processes of graphite. Melting

points of 3800°K (54) and 4200°k (55) have been reported and a triple
point is sald to exist st 4000°K and at pressures of 105 ke./om.Z (56).
While the pressure transmitted by the eleotrode to the powder in the
present work was only 13.5 kg./cm.a, the prassure on contact sites
within the compact must have been considerably greater. An approximate
caloulation of the pressure is as follows. '

From electrical resistance measurements the eoniact radius before
flash sintering was 1.44 x 10 %em.  Considering perfect open packing
as was suzgested for the shortest column height, the total number of
esontacts per unit volume was 6.67 x 103, unit volume being the arsa of
the oell muptiplied by the diameter of one particles The effsotive
aras across wh;ch pressure is transmitied is then

6.67x10° x (144 x 10742 = 4,35 2 10™%sq. en.

The area of the nell was 0.084 sq. em. and the load exerted on thie
area & pressure of 13.5 kg./em.> The same load on 4.35 x 10°% sq. cm.
will then exert a pressure of 2.600 lsag./:sm.2 For greater column heights

of material, the number of contacts/unit volume decreased, so that as the
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column height inereased, the pressure across the contact area also
inersased.

If pressures of this order are present in the compact, then
provided thers 1s smufficient heat input melting will occur before
vaporisation, taking the Basset figure of 4105 kg./cm.2 as the lower
limit necossary to prevent direet veporisation.

The temperature at which plastic flow of graphite could ocour may
be apprecisbly below the melting point becsuse of the considerable
pressures which exist within the compaet. Such flow is likely to
involve polyphenyl=like groupe of hexagons moving intoc new positions
and then interloeking. 3By this means defects on the surface could be
amealed.

In the following oalculations, the centre of the contast mass is
considered to be raised to 4000°C (Tm). The temperature at any other

point (J2) is then estimated from Fig. 47.)
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Fig. 48'
The heat required for any particular temperature

distribution defined by % is obtained by first
r

estimating the temperatures Ta at various radii

from the centre for the given value of _[(_'éb_ from Fig. 47
and then plotting (Ta. - '1‘0) where T isrthe original
temperature against (-5‘)3 , "a" being measured as a
fraction of "r", The heat required for i gram of

spheres of radius "r" is then given by the area under the

curve times the specific heat of the material.
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HEAT REQUIREMENTS FOR PARTICULAR TEIPERATURE DISTRIBUTIONS.

The heat required for 1 g. of spheres having the temperature

distribution defined by any given value of -I%- is

| r

h = © JI'(Ta ~ To) 6%)3 dx
Vherxe '€' isothe gpacifice heat, Ta the temperature ad radius '4°
To the origihal uniform temperature of the sphere (3000) and '»' its
overall radius in em. In Fig. 48 Ta -7 15 plotted against 65)3.
The area under the ourve multiplied by the speoific heat given the
amount of heat in calories required for 1 g. of spheres of radius
2x 10-3 eme o have any particular temperature distribution.
In Fig. 48 the eurves are drawn for Xt . 0,01 and 0,02,

2
k5
The values of the heat required are
TABLE X
Et Kt
1‘2 1‘2
0,04 0.02

Hoad required | 3.28 cals.|13.15 oals.
for 1 g.

The Contact Mass.

Since only particles in electrical contact may be heated
electrically, the mass of graphite to be considered is the mass of the
total number of electrical contacts (the mass of a contact is the mass
of two half particles, i.e. the mass of a single particle, the volume

of & contact is, however, larger than that of a single particle - see

(4
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FMge 46. It is beeause of volume considerations that a gontact ism
desoribed in terms of two half-particles.)
The toial number of contaots in the different eompacts was caloulated
by multiplying tke number of contacts/unit volums - Table VII by the
ratio of total voclume to unit volume, e.g.

for colum height 0.19 cm.

total volume =  0.084 mge ome X 0.49 om.

| (area of cell) col. ht.

unit volume e 0.084 Bgs cte x 4 x 10"3cm.
(81ameter of one particle)

nunber of contacts/ -3
wit volume = 6,67 x 10 ¥ = Table Vi

Total mumber of 6,67 x 103 x 0,084 ¥ 0.19
0,084 x 4 x 10~
« 3.8 x 10°
This number was multiplied by the mass of one sphere of radius
2 x 1073 cm., taking the density of graphite as 2.0 g/em.3 to give
the total "eontact mass®. The "contact masses" of the series of

wuntamped columns of powder are given in Table XI.
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TABIR XTI

Column Total number Contact -
height | of contacts Mass

B RT 3.18 x 10° 24 x 1075,

i | -

034 i 3.28 x 107 2.2 x 1072

! | - -

L 0466 | 4436 x 10° 2.92 x 1072

L 1.0 i 5.55 x 10° 3.68 x 1072

[ 169 1 T4 x40 475 x 1072

The hea# required for 1 g. of graphite spheres having the temper~
ature distributiond defined by % e 0,01 and 0,02 was 3.28 eals, and

r
13,15 cals. respectively.,

The heat required for each contact mass having these temperature
distributions is shown in Table XII.

TABLE XII
Contact Hass Heat required
Kt Kt
= m 0,01 = m 0,02
r° e
P |
' 244 x10 “ge | 0,068 cals, | 0,27 cals
H
22 x 10‘2 0,072 " | 0,29 1
2.92 x 10-2 0.096 " ; 0.38
[ 3.68x 1072 0.421 " i 0,48 "
- ;
4.75 = 10 2 ; 0,156 " % 0,62 "

8

Since t = 5 x 10°° and 1 x 1071 soc. vhen £E o 0,01 and 0,02

2

~QfvrL b o

respectively, if either of these tempex, diatributions is %o be attained

the above quantities of heat must be released in § x 10" ana 1 x 1077 5ecs.
respestively.
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CALCULATIONS OF ENERGIES OBTATIIED FROLI CONDENSOR DISCHARGES.

In the discharge of a condensor, the charge of the condensor
decays exponentially with time according to the equation q = Qoe %’%
where Qo = initial charge

q = charge after time t secs.
CR = time constant; l.e. capacity in Farads multiplied by the
total clectrical resistance of the circuit, (57).

The e¢apacity of the condensor used was 100 HF and when the charging

voltage was 1000 voltis Qa s 0V = 3 X 108 B.3.U.

The Energy B o of the c¢harge in ergs is

Eon‘é‘%v

For Qo e 3X 108 B.S.U, and V » 4000 volts
9
B, = 1% 8Tgs = 107 7 calories = 11.93 calories.
2x 4.2x10

The Quantity of Heat Available.

The energies for the maximum voltages employed weres=

Column Maximum Energy
height Voltage calse
cre yolte
7 0.19 415 2.7 cals.
0.34 650 5.05 " TABIE XIIT
0.66 810 B.6
1.0 1050 3.2 "
1.69 1100 14.45 "
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Rate of heating.

The rate at which heat is liberated depends both upon the energy
of the discharge and the time constant (CR) of the oirouit. For each
of the graphite columns the resistance was different and therefore the
time conetant wes also different. The amount of heat liberated after
different time intervals can be calculated from E w Eo° -'-é%
where Eo - QV as before and E is the energy remaining in the condensor
after t secs. The energy liberated in t secs. 1s therefore Eo - B
nalories.' Fig. 49 shows the fraction of energy remaining in the
condensors as a function of tiwe for different time constants.
Table XIV gives the heat supplied to the different compacts in 5 x 10'8

8808sy 1 X 1077 secs. and 1 x 1075 gocs.

PABLE XTIV
coi.tmm Tim? Oc}anstant Hgat supplied in ¢
height CR 5 x 10 -7 -
o, ocal. t 1 ::31(3 1 1 xolg. 8 808,
0.19 4.6 1075 se0. 0.04 0,061 052
0.34 9.7 x 1076 n 0.025 0.05 0.48
0466 .45 x 1079 " 0.019 0,038 0,38
1.0 3.56 x 1077 " 0.017 0.034 0.34
1.69 7.9 x 1077 n 0,009 0.018 0.18
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Table XV sunmarises the calculations so far.

TABLE XV
Column Total Total Heat required (cals) Heat supplied
height number of gontact for temperature (oals) in
Cme contacts masg distribution
ge B, T aear=b
Et = 0,01 Xt = 0,02 5x10 7 4210 ' 1x10
1'2 a r2 b 500, 800, BeEC,

i

0.9 | 3418 x 10%| 2.4 x 1072 | 0,068 | 0.27 | 0.04 [0.067 | 0.52
0.34 | 3.28x10°| 2.2 x 1072 | 0,072 | 0.29 | 0.025/0,05 | 0.48
0u66 | 4036 x10°| 2.92 x 02| 0,096 | 0,38 | 0.019(0.038 | 0.38
1.0 | 5.55 x407| 3.68 x 10°2| 0,421 | 0.48 | 0.017(0.034 | 0.34
1469 | To1 x 107 | 475 2 1072|0456 | 0.62 | 0.009(0.018 | 0.48

¥.B. Distribution "a" must be attained in 5 x 100 secs. &nd "b" 4n

12107 secs.

The precedins caloulations of temperature distribution were performed

on the basis of graphite having a thermal conductivity of 0.3 cals.
(om./em.?/°C/cec.) It is kmown, however, that the thermal conduetivity
of graphite decreases with inereasing temperature. At 1000°C it is
approximately one third of its room temperature valus, (58). If the
average thermal conductivity is taken as 0.1 and not 0.3 cals./m/m?/oC/
sec., the time taken for any particular temperature distribution to be
attained will be three times as long.

(K = thermal conductivity )
specific heat x density



Proviously B, 0,01 when t = 5 x ‘IO"'8 5008,

and

== o 0,02vhent e x 10"7 5668,

oa the basis of a reduced thermal eonduetivity

and

Kt

!‘2

Kt

1‘2

= 0,04 when t = 1.5 x 10" 7 sees.

= 0,02 when t = 3 x 10”7 sees.

The effeet of including this smaller value of the thermal

condvuotivity in the calculations is then to increase the time necessary
for any particular temperature distribution to build up.
time is given to the condensors to discharge the requisitcamount of

anergy into the system.

Thus more

"g" now requires 1.5 x 10"7 secs, and "b" 3 x 10"'7 secs., the energics

liberated in this $ime are showmn in Table XVI.

TABLE XVI
Column Heat requirad cals. Heat supplied in (cals) .
height | Kt _ 500 2. 0,02 1.5 21077 | 3 x 40" Tseos.
2 2
b o o
a

0e19 0.068 0.27 0,090 0.19
0.34 0.072 0.29< 0.074 C.15
0.66 0,096 0.38 0.057 0.41
140 0,424 0.48 0.054 0410
1.69 0.456 0.62 0.027 0.05

154

Boating in mind the condition that distribution
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ESTIMATION OF TEE CONTACT RADIUS AFTER FLASH SINTERING FROM TEMPTRATURE

. DISTRIBUTION CALCULATIONS AND ITS COMPARISON WITH THE VAIUE OBTAINED

FROM FLECTRICAL RESISTANCE MEASUREVENTS.

Two temperature distributions have been considered, one defined by

;‘% « 0.01 (a) and by% = 0,02 (b). From Table XVI it can be seen that
for the first two column heights a temparature distribution intermediate
between "a' and "b" can be achieved., For the remaining $hree column
heights insufficient energy is released within the requisite time to
attain either of these distributions. The first point which emerges
then is that the compact 0.19 em, in height can attain a distribution of
higher temperatures than any of the other compasts and that the trend is
to lower temperatures with incressing column height. Thus if high
temperatures cause flow and this inoreases the contact area after flash
gintering the oontact radii should decrease with inoreasing column height.
The eontact radii obtained from electrical resistance measurements with the
exception of those relating to column heights 0.66 cm. and 4.0 cm. showed

the same trend. The values wers (from Table VIII).

Columm height Contact radii caloulated from
: eleotrical resis$ance after flash
gintering,
0,19 2.3 x 10”4 an.
0.34 1,92 x 1074 cn,
0,66 1.84 x 1074 cm.
1.0 1.89 z 1074 cn.

1.69 174 x 10°4 on.



156

It can been ceen that the redii for column heights 0.66 and
1.0 cme are not very different so thet their exception to the trend

of decrsasing econtect redil with increasing column height is not

very marked. In this connection it is skgmificant that the rate

of heating of these compects wes neorly tho same. (See Tables XV

and XVI).

To obtain an estimate of the contact radii from the temperaturs
distribution calculationsy assume that Tor the shortest column height,
0419 chp, dlstribution "be (-’%- = 0.02) wes attained, (The heat
required for this distributiin wag 0.27 cals, In3 x 3,0'7 BeCcB.
and in this time 0.19 cals. were delivered). From Fig. 47 it can
be seen thet at a distance 0.05 r from the centre of the contact
the tempersture was 3,50060 (assuming T to be 400060). upt the
1imiting velue of the contact radius was 2 x 107 tm., therefore
0.05 r corresponds to 1 x 10-4 Cie

Tho tempereture at a distance 0.1 r from the centrs of the
contact for the same distribution 1s not shown on this figure but
it cab ne estimated from Fig. o-ﬁ? approximately 2,60006
(for 0.1l r, (% )3 is 0.001). Ov3ir is equivalent to a radius
of 2 x 10’4 Cie If softening or melting occurs at a temperature
of 2600°C and under the pressurcs existing in tho compact, flow
might be expected at this temperature, a new circle of contact of
radius 2 x 10‘4 cm. could be formed.

The value calculated from electricsl rcesistance measurements

after flesh sintering was 2.3 x 10—4 cms for the compzet considered
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sbove (0419 cm. high)e In view of the essumptions involved in

the calculations, viz. perfect spheres in open packing and 2,600°C

as a flow temperature, the fairly close agreement between these
contact radii is likely to be fortuitous. However, it is further
evidence that the heat supplied by flash sintering is related to a
process such as growth of the contact ares between particlesand that
the rate of heating approximetes to that required to produce a contact
of the same dimensions as that estimated from electrical resistance
measurements.

For the other compacts, the heat input cen be seen (Table XVI)
to fzll more and more below that required for the distribution which
wes considered to be attained by the shortest compact« Thus the
trend of decressing contact ereas with increasing column heights
(Table VIII) is confirmed by calculations based on energetic

considerations.

Summery of the results of Pert I with respect to the nature of

graphite surface.

There 1 no evidence for the presence of an impurity f£ilm on
the surface of graphite particles which constitutes a barrier to
electronic conduction. Intercrystelline boundaries, dislocations,
etc. however, will constitute defects and at these defect sites,
impurity groups are probebly to be found to satisfy ¥hat would
otherwise be free valencles. In powdering block grsphite, valency

bonds must be ruptured and the number of impurity defects increased
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gince the freed valencles will satisfy themselves from the
atmosphere. This is roflected in the increased positive thermo-
electric power of the powder as compared to block material.

Flash sintering slightly reduces the number of impurity defects,
This is eccomplished not simply by expelling the foreign atom or
group., In the latter case the freed valency would have to satiefy
iteself again from the atmosphere. The fact that the thermo-electric
power of the sintered material remains less positive than the prew
sintered powder indicates that some defects have been "ennealed",
The evidence of electrical resistance measurements and the results
of heat transport calculations suggests that a plastic flow process
occurse Plestic flow in which groups of fused hexagons slipped
into now positions could snneal impurity or other valence defects by
ellowing new carbon-carbon bonds to forms High local temperatures
would expel the impurity and simultaneous plastic flow allow a2 Kew

link up to take plece.

Surface films and the fhinction of graphite.

The sbove considerations must be discussed in conjunction with
the work of Savage ( 43 ) on the lubricating properties of graphite.
Savage found that when graphite was hested in vacuo, gases which were
mostly water vapour were glven off. The grephite was kept under
vecuun and subjected to friction experiments and it was found that
friotion was mich higher then normal and that considerable wear of

graphite occurred. It was then suggested that the well known
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lubrication properties of grgphite are due to the presence of films

of water molecules rather than to ease of shear between layer plenes.
Savege's results show that there can be 1littls doubt of the importance
of gasoous impurities to the good ldbrication properties of grephite.
It does not seem likely, however, that these properties are unconnected
with the remarkebls case with vhich grapbite shears. No evidence

has been found for exsmple, for the presence of surface films on
molybdenum disulphide (B9 ). This compound has & layer structure,
is casily sheared and rivals graphite in lubricating properties.

If an impurity group held at a defect site on a graphite surface

is expelled under conditions where the freed valency must remain
unsatisfied as in Savage's experiment, and if the grabhite is then
brought into contact with g clean metal surface, betwoon the
unsatisfied valency and the metal electrons g chemical bond could

be ecreateds Triction between the two surfaces would then de high
since numerous defect sitos will exist. ot only frietion will be
high but wear of graphite should also be heavy. As the surfaces
move the Geféct - metal bond will cesuse fragmentation of the csrbon
hexngons vhich in tufn will expose more free vzlencies.

As described in the Introduction to Part I, if a film betweon
two metal surfacec is to act as a lubricant it must keep both metal
surfaces apert. In this comnection, water molecules, the mejor
graphite surface impurity, have been reported as having little or no
effect on the friction hetween metal surfaces (37 ).

By seperating the meteal surfaces the lubricent film ceauses a



6o

marked increcase in the electri?al contact resistances In the
present work there was no evidence of g surface film increasing

the contact resistance and ostimates of conduction activetion
cnergies omphasised the absence of & current barrier on the graphite
surface.

It is suggoested that the geaseous impurities, e.g. water vapour
which contribute to tho lubricating action of graphite do =0 by
satisfying free valencies es defect sites thereby preventing
chemical bonding between the metal and graphite surfaces.

Thelr action would thus be indirect, the main factor in

lubrication being the ease of shearing 5etween the carbon layer

planes.
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COHCLUSION .

Flash gintering reduces the electrical resistance of graphite
powders by increasing the contact area between particles. The
contact sites ere then stabilised and no léonger flow under medium
Pressures. Reproducible measurementes of electrical properties can
be carried:ﬁ; puch powders after flash sintering snd their incressed
resistance with respect:to block materisl can be accounted for purely
in terms of constrictlon of flow,.

On powdering grephite rod in air the thormo-electric power
changes from hegative to positive velues indicating thet conduction
in such powders is mainly by holees These are likely to be created
by eleciroe=begative defects, e«ge 7 ¢ =@, 7> ¢ -~ OH groups bound
to broken carbon-carbon bonds and other such groups not bonded by
primary valence forces present on the surface of the particles.
These impurities however, do not constitute a closely knit impurity
film through which electrical conduction is mesasurably reduced.

¥ith the proviso that the T band ie somewhat depleted, leading
to *hole" conduction, the general and well esteblished band theory
of graphite can be epplied to its powders.

Flash sintering is & technique which is applicable to the
graphite compounds since only points of high electrical resistance
are raised to very high temperatures, This will permit the
elactricael properties of the compound to be stabillsed without

causing general decomposition.
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PART II

ANISOTROPIC THERMO-ELECTRIC EFFECTS IN GRAPRITE,
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CHAPTER 8.
PARP II s INTRODUCTION.

Crystallographic anistropy may lead to anistropy in
physical propexties.

Anistropic elactriéal regigtanse,

Bismuth has a hexagonal structure and a specific resistance normal
to the basal) plane between 109 and 139 times that measured in the
plane (60). Antimony also shows anistropy of electrical resistance
.~ but of a very apec;al kind. It is the only hexagonal crystal yet
measured in whioh the resistance normal to the basal plane is less than
that measured along it, The effect of pressure on the electrical
resistance is 1o make antimony more ™mormal™ and at 1200 kg./mn2 and
75“0 the resistance has become greater normal to the pdane than parallel
40 it. Vhere Bismuth is concerned, however, ths effect of pressure is
to inorease the ratio of specific resistances. At atmospherio pressure
the ratioc is 1.275 and at 1200 kg./cm.? 1% 1s 1.48, From one point of
view the accentuation by pressure of the excess of resistance for flow
~perpendiculsr to the bamal plane im not to be expected because one
explanation for this excess has been that the clsavage piana constitutes
a8 type of flaw 4in the crystal which makes the passage of current more
diffioult. Increase of pressure would then be expected to diminish
the separation of the cleavage planes and hence decrease the resistance
(60). Howsever pressurs will effect the whole oxystal and pressuve

induced changes in interatomic distances will bring different elastio



164

forces into play changing the Debye temperature. The phonon
distridution will thus be altered and hence aleo the elsetrical
resistance [electrical resistance in a metal can be explained largely
in terms of slectron-phonon interactions, phonons being the quanta
associateod with lattice waves (64)]. The direction in which the
electrioal resistance should alter along any partiocular crystal axis
howsver, 1s not obvious.

The specific resistance of graphite along the basal plane is only
about 5.9 x 1077 otm, em, (62)s 1In a direction normal to this plane
values as high as one ohm. ¢m. have been reported. It will be
appreciated that measurements of spacific resistance in a direotion
normal to the basal plene is very diffedaht. BSingle urystals are
rare and along the hexagonsl axis, thicknesses are measured in fractions
of a millimetre. Again, the presence of defeots such as sorew
dislosations will influence the measurement profoundly, (65) .

Temperature variation of electrical rosistance.

Antimony is the only metal yot measured which shows an animotropio
temperature cowefficient of resistance., Only the magnitude of the
co~aificients, however, are different. The average co-efficient along
the basal plane in the temperature range O = 100°C is 0,0057 and for
flow across this plane the value is 0.0048, the resistances in both
cases inoreasing with temperature.

In the case of graphite, both the order of magnitude (of the temperature
co~efficient and its dign have been reported as differsnt. Along the
basal plane the value is given as +9 x 1072 °C while normel to this



165

plane the value is =4 x 102 °C (64). Thus the material should
behave as a metal within the plane and a memi=conductor normal to it.
Values of the physical properties of graphite reported 4o Wm

anisotropic are shom in Table XVII. -

TABIE XVIT -
| basal hexagonsl ﬁef.
plane axis
Thermal Expansion deg. ¢~ 10"6‘ 6.6 26.0 64
Specific resistance ohm om. 3.9 x 1075 1.0 "
Thernal Conductivity watt em™ o=l 4.0 0.8 "
Hardness (Moh's scale) 6.5 0.5 "
Magnetic Sksceptibility - 0.5 - 28.5 "
106 o.m.u/g.

Magnetoresistance.

The electrifal resistivity g of a metal is observed to inoreass

by A q when the specimen is measured in a magnstic field H.

&8 . ot

"a" i a different constant for each metal.

A trenaverse effect is measured with the field &t right angles to the
direotion of current flow and the longitudinal effeet is mezsured

with the field parallel to it., In the case of ¢admium the longitudinal
effect is about half the transverse offect, (65). The magnetoresistance
offeot is greater in semicondustors than in metals. It depence nof
only ¢n the relatives orientations of the current and magnetioc field,

but also on the direction in which the current flows through the orystal.



This dependance of the masnetorssistance on orystal corientation
relative to the mogmetic field can be explained in tems of variations
in the effective mosn of the curront carrlerse The effective mass o *
(Gofined in Chapter I) is not, like orilnary mass, & sealar qusntity
aod in on applied cleciric or megnetic field will have a different
value for oach component of mccoleration (64)e In Chapter I only s
ohe dimenstonal treatment ':la glvens Bels (61) gives a more complete
treatment. Values of effective mass can be obtained direotly from
ayolotyron resonancé experiments. In this way it haas been shown that
in the onse of Silicon and Germsnium o is very anisotropic for both
electrone and holes.

sonduction sleotrons conduction holes

wl/m ot /m my*/a "/
8i 097 + 0002  0e19 & 0.4 0,16 0e52
Ge 1,50 + 0,04 0.082 & 0,000 0.042 0.34

B is tho mags of a free sleotron
o 3/ the value of m in my' orystal orientetion oan be obtained
'“*t in terms of thess two quantities,

n‘“‘i‘ thope are the vslues aversged over differsnt crystal
orientationy,

*
B2
The above valuss ave from reference (66).
The ratio of offective mass to rest mass of & free slectron has been

measured for both sleotrona and holes in graphite as 0.03 for electrons
snd 0,06 for holes (63)s The dependance of effective mass on crystal

166
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orientation, however, does not appear to have been investigated.

Thermo=eleetric power in anisotropic media.

An intrinsic semi-sonductor is a two carrier system in which the
number of electrons in the condiletion band is equal to the number of
holes in the valence band. An equation for the thermo—-eleotrie power, S,

in such a system has been derived by Taune, (67).

8-’5 {211 EG + -—‘-——2:;1) + %h(j‘g)

‘ ——

e+l
‘ 2kT m A
where k is Boltgmann's constant

¢ is the ratio of electron to hole mobility

o, and mp are the effective masses of eleectrons and holes respectively.

By

e is the electronic charge

is the forbidden gap width

T is the absclute temperature

~ The above equation was derived assuming e¢lasslcal siatistics to be
applicable. This, however, may not be true when the gap width is of
‘thé order of kT at temperatures well below the melting point. Viith
suoh & Narrow gop width the material may become degenerate and Fermi-~
Dirac statistics may have to be employed. The above equation illustrates
how gensitive is the thermo-slectric power of intrinsic semi~-oonduetors to
changes in the mohilities of the charge carriers. |

It has been found that in anisctropic bodies, the Peltier effect can

ocour in homogeneous regions 1f there are junctions of differently

directed orystals, (68). Johnson (69) poinis out that in a material of



168

hexagonal atructure suoh as tellurium, the effeotive mass and mobility
ratio have one set of values associated with motion parallel to the a
axis and another set of values mssociated with motion in the plane
perpendicular to the g axis. Considering the {hermo~electrie power
of an intrinsic semieoconductor as represented by the equation given
above, 1if the $erm Zn f‘y_ is negleeted, the ratio of thermowslectrio

m
power msasured parallel Bnd perpendicular to the g axis is glven by

519 (%11 - 1) (c 1)

"‘—_s ]

4 (cn + 1)(01. + 1)

where 011 end C; are the ratios of electron to hole mobility as

measured parallel and perpendicular to the g axis respectively.

In the following part of this work thermo-electric power anisotropy
in graphite is demonstrated. DBacause of this anisctropy it was
possible to construct a thermosouple from graphite in its two main
orystallographic orientationss These were in the nature of ploneering
experiments. As a de¥elopment of this work & less primitive graphite
thermocouple embodying the same principle has since been constructed

by Ubbelohde, Blockman and Dundas, (70).
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CHAPTER 9

PART II ¢« EXPERINENTAL

‘Preparation of Materials.

Natural Ceé'lon graphite was obtained through the courtesy of the
’Morgan Crueible Company. Thé artificial graphite was obtained from
AE.R.E. Harwelle A block of natural graphite was chosen in which
the cleavage plane was easy %o distinguishe This was apparant by
visible "strata" lines running along the side of the bloek. By
pressing a razor blade gently into the graphite parallel to the strata
lines, large flakes could be teased apart. If the same procedure was
attempted along a plane perpendioular to 'this direction, no cleavage
occurred and considerable resistance was offered to the blads.

Vhen speoimens were ocut from the block and allowed to stand in bromine
vapour most of the swelling occurred in a direetion perpendicular to

the plane in which the flakes were laid dovm. Sinoce swelling along

the ¢ axis of graphite is known to eccur under these conditions and

also beyause of the other observations noted above, the strata lines

of the block were considered to lie along the basal plane of the graphite
structure, consequently the hexagonal axis was taken to be perpendicular
to this plane.

Methods of cutting natural graphite.

It was obviously desirable to ocut the block graphite as finely as
possible. Any distortion of the cut edges would clearly affect the

orientation of & particular specimen. Although an instrument
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employing a fine Jjet of diamond dust would probably have been the

best cutting tool; such an instrument was not available at the time

and other means had to be foumd. A small hacksaw blade was tried

as this was the method used by other workers in cutting orientated
pyrolytic graphite (1), but this was not found to give adequate
controls The nain problems arose in cutting along the hexagonal axis.
After penetrating some way into the block the graphite on either side
of the cut frequently shivered into small brickelike specimens.

Cutting in the other direetion was much simpler as the graphite cleaved
easily. The edges of some specimens cut across the cleavesge plene had
uneven surfaces and if these surfaces were filed considorable "Jarring"
of the file occurred. In one oase small pieces of the file were found
on the graphite murface, This was & striking indication of the hardness
of graphite along the basal plane. A ragor hlade was found to give
better control and all the specimens employed were cut in this way.

They measured about 1.5 cm. long by about C.3 cm. square.

Distortion of the cut edges.

As mentioned earlier, cutting could not be achieved without some
change in the orientation of the material around the edge of the cqt.
In an attempt to eliminate this "misorientated" graphite, a speolmen
was heated very carefully in & stream of oxygen and allowed to flow
for a fow seconds. It was reasoned that distorted graphite layers
would oonstitute defect sites and bdbridotionomouldlbazin preferentially
theret the energy required to remove such defect carbon being less

than that required when carbon is part of a more regular arrangement,
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In the latter case resonance energy would contribute considerably to
ite stabilization. The oxidation, however: could not be finely enough
eontrolled. The surface of the whole specimen assumed a sooty texture.
However oxidation did serve to accentuate the orientation of the material.
After this treatment the lamellae could be seen to be elose packed and
fairly regular.

Provided the distorted vegions of graphite around the out edges
did not assume such thicknesses that an appreciable temperature gradient
could exist across-them, then no spurious thermsl ELF's could arise.
It was assumed in the following work that no such spurious effeots did

in fact occur.

Graphite purity.
Becauge of the obvious danger of destroying the orystalline order

of the samples they could not be chemically purified. Impurities,
mostly iron and silieca are known 4o be present in natural graphlite and
such impurities must have had some effeet on the measurements.
However, it is believed that an anisotropic thermo-electric effect is

clearly demonstrated.
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Prqcedura.

The thermo-eleotric power was measured as a function or orientation
in the glass ¢ell shown in FMg. 14a. The "Self thermo~EF" was then
determined in the following manner. The "a" and "o" blocks were mounted
in gleotrical contact in impervious tubes of mullite with copper
electrodes at the cold junotion which were water cooled. Fige. 50 shows
the arrangement. 'A' was a ceramic brick which ¢arried the mullite
tube *Bf, The "e" versus "a" junotion was viewed through a hole 'F' in
the mullite tube for pyrometer measurements at high temperature.
Témperaturea below 1000.0 were measured by means of & chromel elumel
thermocouple inserted through 'F's 'C' was a water condensor at each
cold junetion and the thermal EMF was measured by means of the potential
leads 'E' on a Doran poteniometer. An electrical heating eoil 'G'
provided the heating in experiments up %o 700°C. For measurements at
high temperatures an oxygenwcoal gas flame was employed, since a high
~temperaturo electrical furnsce of convenient shape was not available
at that time. To minimise any risks of diffusion of oxygen or water
through the hot mullite the flame impinged on & platinum sheet protected
by a eoating of alumina. The flame was inserted into 'A' through a
hole (not shown) drilled in the brick. B.0.C. white spot nitrogen

was admitted as required through 'D'.
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CHAPTER 10,

PART II s RESUITS.

Thermal EilF measurements along the main orzsfallographic axis.

The values obtained for the anisotropic thermoeeleciric power of
graphlte showed considerable variation, although the specimens were
all cut from the same block of natural graphite. Figs. 51,‘ 524 53
and 54 show values that were obtained. 1In each case it is seen that
8 more positive ¥alue was observed along the ¢ axis. Fig. 55 shows
the effect with artificial graphite. Vhen it appeared that an aniso-
tropic thermo~electric effect was detectable the junction desecribed

in the experimental was constructed,

Results of heating the thermo=junction by an electrical eoil.

Vhen the junetion was heated electrically to 700°C the results
were regular and the straight line graph shown in Fig. 56 was obtained.
Good qualitative agreement was found when the above experiment was

performed on another set of erystal cut from the same blooke

Besults of hoating the junction by an oxygen-coal gas flame.
As may be seen fyrom Fige. 57, when the thermo-junction was heated
by means of an oxygen-coal gas flame impinging on the mullite tube
the shape of the EMF temperature plot differed in a marked way from
the straight line obtained under electrical heating conditions.
Although the experimental conditions could not be rigoroudly controlled

the main features of the experiment are clear.
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They are =

1) Arvound 300% the HF goes through a maximm which is followed
by a steady decline and eventually a reversal of sign ocours.

41) If nitrogen is passen over the heated graphite the maximunm
at 300°C does not ocour although the curve shows a kink in this
region. Above 700°C the eurve levels off and then begins to fall

in an irregular manner.
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CHAPTER 11.

PART II ¢ DISCUSSION.

A positive thermoweleciric power or Hall co-officient in graphite
can be associated with vacant energy levels at the top of the 7/ band.
Thess vaocancles van be oaused in a number of ways for example,
ohemisorbed electronegative species, certain valency defects, inter-
¢alated acoeptor atoms may all to different degrees deplete the 7T band
by localising electrons in their immediate vieinity. One well establishe
oase is that of bromine graphite where it has been shown (72) (36) that
the negative Hall co-efficlent and thermo=slectric power changes to
positive values as the bromine contdat inoreasss. |

The thermo=electric power measurements in the previous chapier showed
that the value measured along the ¢ axis is more popitive than that
measured along the & axis. In both cases the effeoct is small and
this may be attributed to approximately equal numbers of holes and
elsctrons producing effeots in opposite directions which tend to cancel
one another ouk. (23).

The fact that with well orientated graphite the thermo-electrie
effect was positive along both a and ¢ axes may be attributed to
impurities in the material increamsing the contribution of holes by
depleting the [T band. The ash content of this graphite was about
5% by weight and purification was not attempted in case the erystallinity
was destroyed ih the process.

If g axls and 8 axis graphite are considered to represent two

different materials the anisotropic thermo~electric can be simply
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interpreted as due to differences hetween the helghts of the topmost
fi€fed electronic levels in each. The more positive value found for
the ¢ axis quoimens suggests that by analogy with bromine graphite
the Fermi level in this material is depressed to a greater extent.

If a junction is then made from these "difforent" materials it will
bshave like a juncilion of two dissimilar metals. As the tampeéature
of the Junetion is raised electrons will flow from the a to the o
specimens because the work function is less for the g apeoiman.’ The
work funotion is the energy required to remove an electron from a point
inside (ecorresponding %o the Fermi level) to a point ouﬁsids the material.
The work funetion will therefore be greater for the material with a lower
Fermi energy.

The above remarks were made on the assumption that g and g axis
graphite are different materials. However it is meaningless to speak
of two different band systems within a homogenous orystal. The inter-
pretation can be rationalised by dispensing with this "double band"
syateérgzstulating only one band system in which the behaviour of electrons
is very dependant upon orystal orientation.

This is what is implied by Johnson (69) - goe Chapter 8 = when he
states that in hexagonal erystals the effective mass and mobility of the
charge carriers will be different along different orystal axis. If will
be true in any erystal in which the constant energy surfaces in momentum
space are not spherieal. Asymmetriecsl E v k relationships are not
unusuale In a particular crystal direction there may be energies

permitted to the electron which in another orientation are forbidden.

This results in band overlap, a common feature in metals. The



183

effective mass m* of an electron is intimately associated with the

E v k relationship. It is defined by (see Chapter I)
L B
ar? %
dk2

In systems where E v k relations are very anisotropic the effaotive-’
mass of the carrier (electron or hole) will depend in a maried manner
on orystal orientatioh.

The Brillouin gone of graphite is very compressed along the
hexagonal axis (73), thus there will be different E v k curves for
different orystal directions. Only if the gone were a perfect sphere
yould the energy discontinuity ocour at the same value of k irrespective
of direetion. Variation in effective mass should be therefore expecied
in graphite.

The anisotropic orystal structure of hexagcnal crystals will also
lead to values of the carrier mean free path, considered as the path
beﬁveen two lattice scattering collisions, which also depend upon
orystal orientations This will lead to variations in mobility.

The anisotropic thermo=electric power of graphite is believed to
result from variations in the effective mass and mobility of the charge
carriers for the reasons given above.

It is worth noting that while variations in the magnitude of the
thermal EM's were observed in different samples (probably due to
variations in impurity concentrations) the ratios of the thermo~electric
power:. S, measured parallel and perpendicular to the a axis, were

nearly the same, in agreement with the formula given in Chapter 8.
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Sy = (L =M (0 + 1)

S——

S (€ + %) (€ + 1)

where C is the ratio of the electron to hole S mobility.

rom Figss 51 v 52
5, + +2 /%
il

1

= 389

and from Migs. 53 + S&

S.L

51 W

As a development of this work Ubbelohde Blackman and Dundas (70)
have recently constructed & graphite thermocouple using & and ¢ axis
specin ns of pyrol¥tic graphite. This graphite was highly orientated
and was obtained in a high state of purity by craocking methane.
Representative values for the thormo-electric powsr measured wore about

- 9uV/°C for a axis and + 6WV°/C for ¢ axis spocimens.

The Effect of chemical attaclk on the gelf thermo EXF in praphite.
From Figs 56 it cen be seen that thereis a maximum in the EfF curve

and that it declines thereafter eventually changing sign. Thisg is most
lilkely due to chemical attack on the junction. TWhen the junction was
protected by nitrogen the decline of the EUF was postponed to higher
temperaturess although even with nitrogen present there would appear
t0 be o sufficient concentration of attacking groups present to kink the

EIF curve.
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The maximum in the EMF curve observed probably marks the onset
of oxidation and the possibility thus arises of measuring rates of

carbon or graphite oxidation by changes in thermo=-electric power.
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PART III

THE PREPARATION AND PROPERTIES OF SOME GRAPHITE COMPOURDS,
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CHAPTER 12
PART III s INTROCDUCTION

1

In 1841 Schemfheutl (74) found thet graphite reascted with

sulphuric and nitric zcids. Since then it has heen found to react
with numerous other mzteriels vhich have widely differing chemical
properties. The reaction products are known as lamellar compounds
becsuse the foreign atom, ion or molecule is intercalated between
the lamellae (aromatic layer planes) expanding them to distences
which depend upon the nature of the reacting specles. This
expension along the hexagonal axie is the most charecteristic
fosture of the lamellar compounds of grephite.

The main types of lamellar compounds are those in which grephite
reacts with acids to glve scid selfs, 8«8+ graphite bisulphate (75)
(716) (17) (18)3 4in which halogens are intercalsted directly, e.ge
graphite bromine, (79)(80) (81), in which reaction with alkali
metel occurs, e.g. potassium graphite (82) (83) (84) (85) and where
reactions with metal halides such as ferric chloride tskes place in
which the whole halide molecule is intercalateds These lattier
compounds have been celled molecular graphite compounds (86) (87) (88
The compounds relevant to the work to be described are graphlte

bromine, the alkeli grsphite and the molecular compounds.

Graphite-Bromine.

In 1933 AJFrenzel (79) found that graphite took up 83.5% of

ite own weight of bromine if left standing in bromine vapour.

R;dorff (80) demonstrated that the limiting weight of bromine taken
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up corresponds ¢ an empirical formulas of CBBr. The X~ray
diffrection pattern of this compound yielded only ool lines and the
inter~-lemeller spacing suggested was 7.052 units. Table XVIII.

Hennig (81) found that "residue" compounds of graphite bromine
could be prepered by first szllowing the graphite to take up the
maximum amount of bromine end then standing it in zid. Most of the
bromine was desorbed in this way but a small amount of it remained
firmly held. The X-rgy diffraction pesttern of thias compound was not
different from that of graphite and Hennig concluded as in the case
of his bisulphate residue compound that the trapped reactant was

located gt lattice imperfectione.

The Alkeli CGraphitss.

Fredenhagen and Cadenbach (82) prepared compounds of graphite
with potassium, rubidium and ceasium and observed that although
sodium will not react with graphite, 1t will react with smorphous
carbon.

Schleede and Wollman (83) end Rudorff and Schulz (84)
investigated the structure of the alkali graphite compounds gnd their
values of the interlamellar spacings are given in Table XV
They found the bronze compound of potassium graphite to have the
formula 08k and two blue compounds corresponded with the formuleae
024k and 036 .

In the work to be deseribed as unsuccessful attempt was made
to prepare sodium graphite from an smalgam of sodium and potessium.

Recently, a rcaction between sodium and graphite has been reported
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\

in which the product has the formuls 064Na~(85). "It was
prepared by heating graphite and sodium together for four hours

st 400°C.
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HOLECULAR COMPOUNDS OF GRAUHITE.

Pudorf? end Schulze(87) observed thet vhen grabhite wes hoated to
above 200°C with two or three times i%s own welght of ferrlc chloride
a dark green lamellar compound was formed. They found various
compounds could be prepared depending upon the temperature of the
renction. Two products corresponding to an empirical formula
C,,FeCl, and C_ . Fall

10" °“%3 30 V03
spacing was 9.37%, Teéble XVIII.

vere isolated, The expended interlamellar

Graphite-Aluminium Chloride.

It has been reported that graﬁhite does not react with sluminium
chloride (87). Croft, howover, found that a reaction did take place
and thal 2luminium chloride was intercalated by grapbite (88)s In
the present work &t was found that the aluminium chloride graphite
compound could only be prepared with natural graphite. Croft did not
attempt the preparation with artificial grasphite. His compound and
the one described in the present work were prepared by heating
aluninium chloride and natural grephite together under vacuum at 260°¢C.
In both cases, the compound conteined 25% aluminium chloride by weight
corresponding to an empirical formuls of 033A1013. Croft made no
measurements on his product but in the work to be described estimates
of the interlamellar distances were made from Xe-ragy diffrection deta
and some information sbout the electronic structure of the compound
obtained.

Before this work was completed Rudorff and Zeller (89) and

Hennig (90) published other information about a graphite aluminium
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chloride compound. R&dorff concluded that oxygen or chlorine gas
was necessary for the formation of the compound. Hennig showed
that when artificial graphite and sgluminium chloride were heated

to 21000 in the presence of c¢hlorine, a blue compound having the
formula Gncl-3A1c13 could be prepared with n varying between 30 and
infinity. Rudorff (89), hovever, stated that the chlorine acts
catalytically and is not bound into the graphite with sluminium
chloride. His anelysis showed an exact chlorine to aluminium ratio
of 3sl, Oxygen acts, gccording to Rﬁdorff, by combining with some
Alcl3 to form Alocl cousing chlorine to be liberated which then
catelyses the intercslation of Alcl3 into grephite. His Xeray
evidence znd the results of his chemical analysis indicated that
three main compounds are formed azs the temperature of preparation
is raised progressively from 265° to 44060. These three compounds
were all prepared from artificial graphite in the presence of
chlorine end haed the following epproximate compesitions =

1) ¢,Alel, in which every lesyer contained sluminium chloride.

9 3

The colour of this compound was deep blue.

2) 018A101 in vhich every other layer contained cluminium chloride

3
and the colour was grey-black.

3) 036A1c13 in which sluminium chloride was in every fourth layer
and the colour was no different from graphite.

The inter~-lamellar distance estimated by Rﬁdorff for aluminium

chloride between two graphite lamellae was 9.9§3 in his 09 compound..
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In his C36 compound he found the distance to be 9.603. The velue
arrived at independently in the present work was 9.75ﬁ for &
033A1c13 conpound..

There are thus two sets of conditions under which a graphite
eluminium chloride compound msy be propered. In the one instance
there is the method of Croft using natural graphitc heated under
vacuun conditions with aluminium chloride at 26000. This process
produces a compound having the empiricsl formule 033A1013 (88).

The other method is that of Rudorff (89) and Hennig (90) which
mey be applied to both artificisl and natural graphite. In this case
the graphite is hebted with alumihium chloride mnd under free chlorine
at temperatures ranging from 265o - 40000. Three main compounds are
produced, the formulae of which RGdorff gives as C9A1013, 018A1c13
and C36Alcl3‘

It seems likely that these two methods lead to different typos
of compound. Rudorff has recently (91) sugmested that active chlorine
may be intercalated in the form of [Alclé]- groups although 4the

quantity of it is very difficult to esteblish.

The role of defects in compound formstion.

Before carbon lemellaze may be separated, some nonSgrephitic bonds
must be broken (89). These valency defects could be removed by
chlorine which might explain its function in the compound preparation.
In this connection it mey be relevant that naturzl graphite has s very
well developed crystal structure with erysitallites which are much

largor than those of artificial mraphite. With the more ordered
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structure of natural grazphite such non-grasphitic cross linking
bonds would be less common then in the case of ertificisal material.
The problem of bresking them as an essential preliminarxginter—
coletion may then he of little importance where nsturazl graphite

is concerneds This might be one explanation for the fact that a
graphite-gluminium chloride compound can be prepored in the absence
of chlorine from natural graphite, but that chlorine is necessary
where artificisl graphite is concerned. 1In the more familiar
compounds of graphite, e.g+ the alkali and halogen grephites, cross
linking defects can presumably be removed by bonding with the
ropctent itself.

There can be 1little doubt thet valency defects of the type
mentioned above do exist in graphite. In conjunction with other
defects such asscrew dislocations (63) they probably provide a path
slong which current may flow in single crystel grasphite. Varistions
in the extent of such defect structures coudd acecount for the
variations observed in measurements of the specific resistance
slong the hexagonal axis
Although their role in compound formation is still largely unknown,
they may be asssociated with the fact that while the compound c¢an be
decomposed & small amount of the reactant is firmly held and cannot

be recovered from the grephite (81).
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Bonding in molecular compounds of graphites

Oroft wes successful in intercalating a large rmumber of
substances into gra.pliite (92)e These were dhlorides of the Tranpe
ition and Group IXI elements. CuBr2 and AlBr3 were also found to
reacts He concluded that the valence state of the cation of a
fvanaition metel chloride determines whether or not = reaction with
graphite will occur. fThus Pt 014, Pd c14, Bb 015 and Cu cl2 are
readily oceluded but Pt c12, Pd cla, sb c13 and Cu cl do not reect
aven under a wide variety of experimental conditions., Ho suggestis
that two conditions are necessary for intercalation. Firstly
electronic interaction between a cation and graphite must be pomsible
and secondly the electron affinity of the cation must be sufficient
to promote such interaction. The metal ion of cupric chloride for
example possesses one pingly ocoupied 3d orbital in whioh an electron
transferred from graphits might be accommodeted. No such sccommo=
dation is available however in the saturated 3d shell of the cuprous
iron nor is it possigle to intercslate ecuprous chloride. VWhere the
chloride of iron are concerned only ferric chloride can be inter=
calated in graphite dthough both the ferrous and ferric ion could
acconmodate electrons trancferred from graphite 4in their unfilled
3d shells. The fact that ferric chloride reacts with graphite end
ferrous chloride does not is attributed by Croft to the greater
electron affinity of the ferric ion. 1In the cese of aluminium

3

chloride grephite he suggests that Sp~ bonding exists between the

cation and graphite, two electrons being donated by the graphite.
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This is the type of bonding which exists in aluminium chloride

dimers in the vapour state.

Table XVIII

COMPOUND INTER-LAMELLAR

DISTANCE
Cgl 5.40%
GgRD 5.65%
CgCy 5943
CgBr 7.053
CyoPecl, 9,372
09A101 3 9 » 523

+ -
Gy, HS0,2H,0 7.98%
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ELBCTRONIC PROPERTIES OF THE GRAPHITE COMPOUNDS.

G. Hennig (81) hes determined the electrical resistance, its
temperature cowefficient and the Hall co~efficient of graphite
bisulphate at various stages of oxidation. The resistence decreases
rapidly end the Hall co~efficlent chenges from negative to positive
as the concentrstion of ions increeses. The compounds were prepared
by electrolysis and reduction could be brought about by reversing the
electrodes. Hennig found however that rsduction was not complste
end some ions remained trapped presumably at lattife imperfections.

Hennig snd his coe-workers however carried out their investigations
on the so-called "residue" compounds of graphite. In these compounds
the carbon to reascting specles atom-ratio was very lerge. The
foreign atoms were present in little more than {trace amounts. Hennig
utilised this type of compound to avoid the crumbling of the graphite
which generslly occurs as the concentration of occluding specles
increases. This crumbling is associated with the considerable ¢ exis
expension which takes place when grazphite forms & compound. However
because of the very small amounts of foreign eclements present in the
"pesidue” compéunds, a definite stoichiometry 1s difficult to ascribe
to them and indeed it might be srgued that they sre not compounds in
the exact sense of the word,.

McDonnel, Pink and Ubbelohde (36) in studying the electronic
properties of the potassium graphite prepared the fully intercalated

material CBK. This substance having an exact stoichiometry end a
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unique structure is a true lamellar compound of graphite. Because

of the problem of crumbling, Ubbelohde et al used graphite powder as

e starting material snd compared the electrical resietance before and
after compound formation. They found that reaction with potassium
produced = merked decrease in electrical resistance. The temperature
compfficient of resistance of the compound waes observed to be positive,
suggesting metellic behaviour. On the basis of this low electriecal
resistance and positive temperature co-efficient the same suthors
postulated a pseudo~-metsllic hypothesis whereby potassium donates an
electron to the aromatic pool of graphite.

In view of the lerge decrecase of electrical resisimnce observed
on forming 08k from graphite it was important to establish whether the
erystalline powder of the starting material exhibited large inter-
particle resistance as with smme metal powders dus to impurity films
on the surface, If this were so, compound formation might merkedly
reduce this contact resistance and the effects observed might be
explained in this way. In Pert I of this work experiments were
described which showed that the inter-particle resistance in graphite
powders depended simply on the area of contact. The low electricel
resistance of 08k powder as compared with graphite powder is therefore
an intrinsic feature of the compound. Ubbelohde et al {36) also
showed thalt a large decrease of eslectricel resistance occurred when
graphite powder was gllowed to take up bromine. They suggssted that
graphite could behave in an amphoteric mannery accepting an electron

from potassium and donating one to bromine.
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The electronic properiies of the molecular compounds hsave
received 1little attentlon. In what follows some results are

described for sluminium~chloride graphite.
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CHAPTER 13

PART III ¢ BXPERIMENTAL

The pluminium chloride-graphite work to be described was
embarked upon soon after Croft published the first paper describing
the successful prepsaration of the compound. The main features of
his preparation were conflrmed and thon the compound was investigated
with the gim of determining ites structure from X-ray messurements and
geining information about its electronic properties. Thermo~electric
power and electrical resistance messurements were carried out.

In gll the work of this section Xeray diffraction plgyed a mejor
perte The criterion of compound formation wes slways thet the
reaction product should have a unique structure, Thus for example
it will be shown that when a sodium-potassium alloy is reacted with
graphite, X-rgy diffraction photographs of the product showed pstterns
corresponding to potaessium graphite and to metallic sodium indicating
that only the potassium of the alloy formed o lamellar compound.

Because of the scarecity of information about the structure of
Bromine graphite an X~ray diffraction investigation was mede of this
compound prepared from highly crystselline ngtural material. Some
preliminery measurements were made on the resistance changes which
take place along the a and ¢ axis of ghkaphite when bromine is sbsorbed.
Thermo~electric power measurements were also carried out on a highly
orientated sggregate of natursl graphite orystals after exposure to

bromine vapour.
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A Graphite Monochrometor for X-rays.

It was found that a specimen of natural graphite when
exposed to Xe-rsys gave an intense 008 reflection, See Appendix I,
Thie reflection hes a high ® value (66.81°) and in subsequent work
use wag made of it to provide monochromatic radiation. A fleke
of Travancore graphite was mounted on the platform of a "Unicem®
filter and the plstform adjusted until the high angle reflection
was obtained. The advantage of using graphite wes thet it did
not undergo chemical change as readily as other crystal mono-
chromators and was thus more suited to long exposurs work, The
monochromator was mounted between the window of the Z-ray mechine

and the collimator of the camera.
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The Preparation of aluminium-chloride graphite.
Yaterials.

High purity aluninium chloride was obtained from B.D.,H. Graphite for
the preparation was supplied by the Natural History Museum, South
Kensington. It was natural graphite from Madagascar and consisted of
plateleta about 2 mm. in diameter. The ash content of this material
was reduced from 5% to 1% by refluxing with concentrated hydrochloric
acid. The preparation was also attemptsd with articiclial graphlte
powdsr (passing 300 mesh) supplied by A.E.R.E., Harwell,

Procedure.

The glass apparatus is shown in Fig. 58 1i. The graphite was put into
compartment D and & cone inserted in K. The system was then evacuated
through B and the graphite baked a:: 400°C for five hours tc expel moisture
and adsorbed gases. Nitrogen was then admitted and the cone removed.
Aluminium chloride was introduced into H in a flow of nitrogen. The
quantities used were T g. aluminium chloride to 2 g. graphite. The cone
at X was replaced snd a furnace placed around H.

The systen was evacuated and a seal made at I, The aluminium ohloride
wag sublimed over into F and then inte D. D was removed by seals mads
at £ and C. The graphite and aluminium chloride were heated in a muffle
furnace to 260%C and kept at that temperature for 24 hours. XAt the end
of this period the tube was partially removed from the furnace and the

exocess aluminium chloride condensed in the cold end.
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An‘lzﬂiﬁo
The aluminium chloride=graphite was fumed with concentrated
sulphurie acid and then heated gently to expel &xcess acid. I{ was

finally ignited and the aluminium chloride estimated as the
The compound was Investigated by Xe-ray diffraction,
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The Preparation of Bromine Graphite.

Materials.
Analar Bromine was obtained from M. & B Chemicals Ltd,
Natural Madagascar graphite was obtained from ths Natural History

Museum and Ceylon graphite from the Morgan Crueible Company Idimited.

Proceduss.

The compound was prepared by allowing the graphite to stand over
bromine in a dessicator at room temperature.

In an attempt to obtain a wsll defined X~-ray diffraction photograph
a crystalline fibre of Ceylon graphite was inserted into a thin walled
oapillary tube and dipped in liquid bromine. Both ends of the tube

wore then sealed in a flame.

ngiﬂo
The bromine ¢ontent of the e¢ompound was determined by dirdot weighing.

The compound was investigated by X-ray diffraction.
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FIG. 51
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Eleotrical resistance measurements on Bromine-graphite.

In an attempt to measure the influence of bromine on the slectrical
resistance of graphite measured along the g and ¢ axie of the same orystal
the apparatus without the graphite crumbling, bromine was dissolved in
carbontetrachloride so that a controlled partial pressure could be employed.
A well orientated block of natural graphite carzying four electrodes - two
for each orystallographic axis - was enclosed in a glass vessel over the

bromine/oarbon=-tetrachloride solution.

Materials,

A highly orientated aggregate of natural crystallites was supplied by
the Morgan Crucible Co. It measured 2 mm. x 0.3 ome x 0.2 cm.
Analar Bromine was obtained from M. & B. Chemicals and Analar carbon

tetrachloride from Hopkins & Williams,

Progedure.

Experiments were carried out using the apparatus shown in Fig. 59. The
graphite A was mounted between four electrodes such that each pair lay along
a main orystal axis. The electrodes were thick copper rods whieh terminate
in thick platinum stirrups. These stirrups B were inserted into holes
drilled in the graphite. The electrode assembly was mounted in the pyrex
vessel F fitted with a B55 cone and socket joint and a side axm E. The
electrodes were sliding fits in the four glass tubes D and were sealed at
the exit by black wax. A solution of bromine in carbon tetrachloride at
the temperature of melting ice was pourad into the vessel through E.

The reaction was carried out at this temperature my immersing F in a

Dewar vessel containing crushed ice. By +this means in was hoped to obtain
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electrical resistance measurements under various partial pressures

of brominc.
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The reaction between graphite and a sodium-potassium alloy.

Uaterials,

An alloy of sodium and potassium containing 52.8% potassiup by
weight wes ebtained from Imperial Chemical Industries. This alloy
is liquid at room temperature and was supplied under nitrogen in pyrex

glass smpoules, A.E.R.E, Harwell graphite (10 mesh) was used.

Procedure.

The apparatus for carrying out the resction is shown in Fig. 60.
A scratch mark was cut on the ampoule A with a file and a plece of eoft
iron wrapped around one end. The other end was held in a teflon washer
wedged iﬁto the eone B« A side entry C was positioned so that when the
cone and ampoule were inserted into the tube D it was directly above the
scratch mark. » stopper was inserted in the side entry and the system
evacuated through E with the vessel J repla.ciné the vessel N. Flg. 64.
Nitrogen was admitted and the stopper in C removed. A glass rod was
heated in an oxygen flame until the end was white hote It was then
inserted info the side entry and pressed hard agsinst the scratch mark,
The top piece of the ampoule cracked and fell off and was towed away by
a magnet to the further end of the tube D¢ The nitrogen flow wam
stopped and the stopper re-inserted in the side entiry. The mystem was
then evacuateds The tube D was turned, swiveliling on the cone and
socket F and the alloy flowed down through the internal seal G to
protect it from the grease of the Joint, along the tube H and i;zto the
vessel J» A seal was then made at K and J removed. The vessel J

consisted of two ampoules conneected to one another. Before attaching J



to the vacouum system a weighed quantity of graphite was introduced into
one of the ampoules via W to permit the formation of a C 41\( compound.
where M represents one mole of alloy, and a seal made at R.

Vhenn J had been removed from the vacuum system it was tilted so that
the allow flowed over into the graphite ampoule. When sll the alloy
had bheen $ransforred o seal was made at L,

The produot was examined by X-ray diffraction,

Potassium graphite.

This compound was prepared in order that its thermal expansion might
be measured and also that its X~ray diffraction pattern should serve as
a reference for the work with the sodium/potasaium alloy.

The preparation followed the well established method desoribed by
Fredenhagen and Cadenbach (82). Details of the method are given in
Appendix 2. The compounds prepared were identified by their X-ray
diffraction diagram,

Menipulation of Unstable Materials,

The Nitrogen Dry Box.

The Box C is shown in Plate I It was constructed in order that
pyrophoric materials could be handled in an oxygen free atmosphere.

It was made from wood and consisted of an immer and outer chamber.
B.0.C. "White spot" nitrogen which had been further purified by passing
if through a heated tube containing potassium graphite was admitted $o
the imner chamber and nitrogen not purified in this way was admitted

to the outer one, The pressure of the nitrogen in the inner chamber

21
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was maintained slightly higher than that outside so that any leakage
which occurred would take place outwards, Having two chambers
congiderably redused the chance of ocoygen contemination from the
atmosphere of the laboratory.

The two ¢hambers were geometrically similar. The interior could be
viewed {through perspex windows in Woth. Access to {the interior was by
elbow-length surgiecal gloves sealed to the outside walls. Two holes
in the inner chamber wall were covered by sheets of thick rubber. Baech
sheet had a8 slot rumning down it and when the gloved hand was thrust
through this slot the rubber sgheet firmly gripped the forearm. Vhen
the gloved hands had been inserted into the inner chamber the two
chambers became effectively semled from one another. The rubber gloves
were attached to the outside walls by first sealing them by means of
Tubber solution to thiok rubber washers. These washers were then
placed over holes cut in the wood and held in place by brass rings
placed on top of them and sorewed into the wood. The rubber sheet
covering the holes in the inner chamber walls was held in place by the
same means.

Nitrogen wae admitted through tubes in the corners of each chamber.

A small elecirie fan was installed to facilitate eirculation of nitrogen.
The inside chamber also contained a stripe-light for illumination and s
small electrically heated eoil of wire fpr éealﬂng off glass eapillary
tubes. The lids of each chamber could be removed for the insertion of
senled capsules of unstable materials and any other apparatus that was

required. A dish of phosphorous pentoxide was set in the inner ¢hamber
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%o remove moisture from the walls. Resistor units were installed so
that the box eould be heated and moisture in the wood expelled. The
interior of both chambers was painted with white hard gloss paint to
faeilitate 1llumination and to seal cracks in the wood. All the connee~

tions through the walls were sealed with "plastie wood".

Vacuun transfer of unstable materials.

A smample of unstable material such as potassium graphite whicl; had been
prepared under vacuum conditions was opened either in the nitrogen box
or under vacuum by the following method. This method was mainﬁy

employed to divide & specimen among a number of sample tubes.

Procedurs, ‘

The tubs oontaining the wmstable material was opened in the same way
‘ag the ampoule of godiuwmepotassium alloy already deseribed. In this
case, however, the vessel J, Fig. 60, was replaced by the vessel N as
shown in Fig, 61, This was a pyrex flask fitted with a B19 socket K
and four "fingers" each terminating in a B19 cone. The sample tubes L
were comnected to those cones and sealed with Apiegon black wax, VWhen
the tube had been opened and the system re-~evacuated the powder could
then be admitted to each of the sample tubes in turn by rotating the
vessel about K. In some cases one of the fingers was fitted with a
glass tube whioh had been drawn down to a caplllary at one end and when
powder was admitted a number of speeimen tubes for X-ray diffraction
could be obtained by sealing off different sections of ‘he caplllary,
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When the powder had been distributed between the sample tubes, they
were sealed off under vacuum at the constriction M.

The wmethod deseribed above proved satisfacoty except fur the
preparation of X-ray specimen tubes. Besause the syetem had to be
evacuated the caplllary walls were of necessity thick. The absorption
and scatter of X-reys which resulted from this, and the fact that the
powder in the ocapillary could not be tamped, greatly inoreased the
expogure time. More usually, X=ray specimen tubes were filled in the

Nitrogen box.
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CHAPTER 1

PART IIY ¢ RESULTS

Aluminium chloride~graphite.
The compound obtained on heating natural graphite with aluminium

ohloride showed no apparent differsence to the original graphite. The

colour and shape of the flakes did not appear to be altered in any waye.

However when heated above 280°C these flakes rapidly expanded along
the hexagonal axis and then disintegrated to form a material of sooty
texture. Plates III and IV show photographs of flakes befdre and
after exfoliation. When the exfoliation was carried out in a narrow
glass tube, aluminium chloride oondensed on the walls.

Analysis.
Aluminium chloride wag estimated as ‘&120'3 in the manner desoribed

in the previous saction.

A1,.0.
23 _ xt.of oxide . dot.
2Alol, wt. of ohloride "286.94

266.94 x wt. of oxide
101.94

wt. of chloride =

wt. of compound « wt. of chloride = wt. of carbon

Moles carbon - wt. of carbon x 133,41
Holes chloride 12 x wt. of chloride

wt. of cpd. | wt. of exide | wt. of chloride | wt. of carbon| Moles C
e Moles Alc

!

0.1590 0.0165 0.043 0,116 30
0.1864 0.0184 0.047 0.139 33
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PLATE III

Aluminium-chloride-graphite flakes

PLATE IV

Aluminium-chloride-graphite flakes
after exfoliation,
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The Inter-lammllar distance in Aluminium chloride graphite.

- An Xeray diffraction photograph of the compound 0'3'3.&.14313 is shown

in Plate V together with one of the orbginal graphite and a platinum
reference. The reflections were measured and the corresponding spacings
caloulateds It was found that the specings could be ascribed {o the
following indices.

TABIE XIX

Sin § a Visual Index

R Intensity hk1l
0.1942 50959 8 005
0.,2396 | 3.217 V8 006
0.5624 2.127 fs 100
0.3738 | 2,062 fs 103
0.4236 | 1.819 fs 0011
0.4454 |1 .730 W 106
0.4792 | 1.608 8 0012
0.6278 |1.227 w 110
0.6615 iln165 fs 1114
0.6897 |1.17 | W 0018

8 = strongt VS = very strongts fs « fairly strongs W e weak,
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The "a" dimension of the Unit cell was taken to be 2.45%, i.6.
the same as that of graphite (this is true for all tho lamellar eompound)
and from the ool reflections the "e" dimension wae calculated as 19.808.
The "o" dimension of the unit cell can then accommodate three
wnexpanded graphite spacings of 3-353 and one expended spacing of

9 .753 s vig.

GIEA = — — = = AL .

3)‘3353{ — — ‘
N
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Thermo-electric power of aluminium chloride graphite.

The aluminium-chloride compound was prepared from ladagascar flake
graphite. The thermo-electric power of this grarhite was +7pv/°0

and that of both the Oy, and c3‘3 compounds was +32uv/°C, Pig. 62,

The effect of flgsh sintering on the sleetrical resistance and on
ite temperature variation of aluminium chloride-graphite.

The irregularities in the packing of the flekes made acourate
determination of the specifie resigtance of aluminium echloride~graphite
impossible. This was the same effect as deseribed in Part I.

However the order of resistances obtained was such as to suggest that
there was not a marked difference between the specific resistance of
natural flake graphite and its compound with aluminium chloride.

Specific resistance =

1 Repslatance in ohms x oross sectional area in em.
specific conductance ¢olum height in cm.

For Madagascer graphite Table ¥ Part I the scatter of results lay

1

between the 1imits 5.3 x 10~3 ohmecms (94 ohm.~Vom.™?) and

2°hm.0m¢ (184 Ohm.-10mo-1)o

1.0 x 10"
For sluminium chloride-graphite (033A1013) the results lay between

1.2 x 10~ 2ohm.om. (83.5 ohm."Vem.™!) and 1.86 x 1072 (53.7 ohm"%m'”).

(The results comparsd ars those obtained after flash sintering.)
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Flagh sintering decreased the elecirical resistance of compacts
of the compound in a very marked way. Tigs. 63 and 64 show two of
the curves obtained. Total resistance decreases in the rénge 40 =
85% were observed. The temperature variation of the electrical
resistance was diffiocult to measure before flash sintering due to
drifting values, Fig, 66. After flash sintering, however, the
rosistance consistently incregsed with increasing temperaturs.

Fj.gﬂo 65 and 67.
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The change in electrical resistance of "a" and "e" axis graphite

when exposed to bromine vapour.

‘l‘aﬁla XX summarises the results obtained using the apparatus shown

in Fig. 59. The original graphite resistances measured were

8 axis 9.9 x 10°% ohm.em, Conductance = 1000 ohm™ em '
o axis 4.4 x 10"! ohm.om. econdustanee = 2.5 ohm lem )
TABLE XX
t Pa ) Mole fraction bromine
min, | Po [ in CC1
Po 4
1 0.806 0,02
36 0,740 0.65
82 0.697
240 0,680 0.60

Po is the initial resistance before exposure to bromine.
P is the resistance after time 't!

% is therefore the relativf resistance after time 't' min,

After 240 minutes the graphite orystal aggregate crumbled and the
experiment had to be diseontinued.

As a development of this work Blackman Mathews and Ubbelobde (93)
have recently suoceeded in measuring the resistance changes along the
two main axes of highly erystalline pyrolytic graphite which take place
in bromine and potassium graphite formation. They found the resistance
along the ¢ axis in bromine graphite to be about two thirds the original

resistance while the resistance along the g axis fell to about one tenth
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its original value.

Where potassium grachite was concerned their results showed that
the & a:ﬁ.s exhibited approximately the same decrease as in the oasge
of bromine graphite, but the ¢ axis resistance decreased by a faotor
of 200.

Bromine Graphite.
Bromine graphite was prepared from natural graphite and analysed

by direct weighing.
wt. of graphite 0.9835
wt. of Bromine graphite 1.8528

Moles Carbon 0,983 _ 80
Toles Tromine = 12 X70.8293 = 19

From the inorecase in weight the formula was taken as 0831'

Inter~lamellar distance in Bromine=graphite.

Plate VI shows the X-ray diffraction photograph of bromine graphite
Only ool reflections were obtained, vix.

Spacing hk1l
2 \
1“0.‘38 002
5417 004
3.46 006

1.74 0012
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The 10,38 epacing may be represented by one unexpanded graphite

spacing and one expended to 7.033 {0 acoommodate bromine, viz.

N
/\ °
! o To3A
° Br Q ° d e !
la-38A4 >j.\ »
! 335A
N

Exfollation of Bromine Graphite.

When heated o 150°C & flake of bromine graphite expanded rapidly
along the hexagonal axis. This expension is some cases was over
fifty times the original thickness. A feature which distinguished
the exfoliation of bromine graphite from that of the aluminium chloride
compoundpwas that whereas in the latter case the flake was completely
shettered in the case of bromine graphiie when heating was disoontinued,
the expandel lamellae slowly clozed until the original gige and shape
were regeined. Plate VII shows a flake before heating and Plate VIII

a flake in the process of exfoliation.






230

Thermo=electric power.

The thermo=-electric power of bromine graphite in the form of
powder and flake has been investigated by licDommel Pink and Obbelohne
(36)s In the present work thermo~electric powsr wes measured along
the plane of a highly orientated aggregate of natural graphite
crystallites which had been exposed to bromine vapour. A large
positive EUF of 200uv/°C was obtained, Fig. 68,
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The reaction between sodium=-potassium alloy and graphite.

When the sodium-potassium alloy was poursd into the graphite
compartment, Fig. 60, heat was immediately evolved and it was observed
that the 1j.quid alloy "wet" the graphite. The graphite becams silvery
white then blue-green and finally a dull brown colour. The product
was not however homogeneous. Some particles of powdsr had a dull white
coating. The tube containing the product was sealed under vacuum and
heated %o 250°G for five hours. The tube was opened in the nitrogen
box and some brown particles hand picked for examination by Xeray
diffraction and thermo~electric power measurements.

Nitrogen oonnections to the cell shown in Fig. 14 were made inside
the box and when some of the brown material had been poured in, the cell

wag removed to the thermostat.

The X~ray diffraction patterns of the product of the reaction.

Plate IX shown the X-ray photographs obtained. Potassium graphite
081{ and platinum photographs were also taken for comparison and reference.

The gpacings observed were =

CgK Na/K graphite
A hk1l d
540 004 540
4.19 101 419
3.02 105 3.01
2.04 116 1.99
1.23 220 1.23
1.12 228 1.12

3.07
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It can easily be seen that with the exception of th@ 3.073
spacing all the others given by the product of the alloy = graphite
reaction correspond to those of potassium graphite. The 3.07 spacing
is one of pure sodium (041 Index) which is further borne out by the

spotty nature of this reflection. Plate IX.

The thermo~elestric powsr of the reaction product.

Flg. 69 shown the thermal EMF curve obtained. The cold junction

#as negative and the thermo-electric power taken as the slope of the

1ine was = 16uv/°C.
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CHAPTER 15

PART IITs¢DISCUSSION

Aluminium chloride-graphite

The fact that after heating graphite with slumininm chloride
wnder vaocuum an X-ray diffreaction pattern was obtained from the
matoﬁal which ocould be consistently indexed on the basis of an
expanded graphite ¢ spacing was positive evidence that reaction
had ocourred. |

The above evidence, taken in conjunction with the faot that
the flakes oould be made to exfoliate on heating, liberating
aluminium chloride was proof thet an aluminium chloride-graphite
lamellay compound had been formed,

The ¢ dimemsion of the unit cell obtained from Xeray data was
19.802. This distance ocan accommodate one expended spacing of
9.753 and three normal graphite spscings of 5.3SX each, In the
pure orystalline sﬁte, aluminium chloride is laid down in a layer
structure with hexagonal symmetry. The ¢ dimension of the unit cell
1s 17.928(49) with a distence of 1.343 between the chlorine and
aluminium layers.

The sum of the carbon-chloride~aluminium-chlorine-carbon
distances works out as 9.65A) taking the distance between carbon
and chlorine to be the sum of the van der Waal's contsot radii
1e 1.6754(half the graphite wing thiokmess) 1.80A(the padius of
a chlorine atom,--C1 hms effectively the same radius--(%) ).

This is close to the observed value of 9.75A and lends support to
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the Aypothesis that aluminium chloride is laid down in graphite in
much the same way as in the pure crystalline state.

The type of bonding involved in this compound cannot be completely
specified at this stage. The evidence of the thermo~electric power
however shows that the contribution of holes to econduetion processes
hag been inoreassd, the vaelue of the thermo~slecirie pewer changing
from +7pv/°c for the original graphite %o +§a1v/°0 in the compound,
This oould be brought about by transfer of charge from the graphite
7T eleotron system to the aluminium chloride molecules. .

The fact that the compound exfoliates violently and gives up its
aluminium chloride on heating to 280°, i.e. only some 20%C above the
temperature of preparation suggests that the forces stabilising the
compound are not very great and that the dissociation vapour pressure
of the compound at a temperature '1‘2 is equal to the vapour pressure of
aluninium ohloride at the preparation temperature ?1 where
Te - ‘1‘1 + 20°%. In this respect the compound approximates to a
s0lid solution and may be compared with bromine graphite when a solid
solution is wwen more 6losely resembled. The latter compound is only
stable in the presence of bromine vapour but if it is allowed to stand
in air, bromine i1s steadily given off until only a "residue" compound
remains. (84).

The weak bonding between graphite and aluminium chloride is further
indicated by the fact that the inter-lamellar spacing calculated from
X-ray diffrastion results is not much different (0113 greater) from
the sum of the bond distances aoross sn mluminium chloride layer and
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the sum of the repulsion radii of two graphite carbon atoms.

If appreciable electron interaction took place between aluminium
chloride and the carbon lamellas the inter-lammilar spacing caloulated
from X-ray data would be expected to be mmaller than that estimated
from a stralght sum of inter-atomie distances.

Ib peems likely that aluminium chloride and the carbon layer planes »
form bonds of the polarisation type found, for example, between bromine
and smaller ring systems (94). The proximity of electro-negative
chlorine atoms to the easily polarised 7 elestrons of the aromatic
ving system could lead to some transfer of charge to the chloride
molecule. Weyl (95) and Hennig (96) suggest that charge transfer
interactions can take place over considerable distances by way of
aasociated anions. In the crystalline state of aluminium chloride
the chlorine atoms are ootahedfally co~ordinated 4o the aluminium in
3s 3pB3d2 orbitals and long distance charge transfer of the type
mentioned above might ocour from the graphite to the vacant d orbitals
of aluminium through the ohlorine anions., Charge transfer inter-
actions of this type would ocreate electron traps in the carbon layer
planes, sites in the vicinity of which eleotrons oould reduce théir '

potential energy and so tend to become localised.

Eleotrical Resistance and flash sintering.
Flash sintering had a marked effeet on the electrieal resistance of

the compound. Before flash sintering drift{ of reslatance was very
prohiounced and a reproducible temperature variation of resistance

could not be measured because of it. Fig. 66. Figs. 63 end 64 show
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the change of resistance observed om flash sintering, Resistance
decreases of the order of 80% were obsoxrveds compare the 40% decrease
of the original graphite, Table V. Part of the large resistance
decrease of the compound on flash sintering is possibly due to removal
of aluminium chloride adsorbed on the contact surfaces of the graphite
flakes. Although precise valueg gould not be obtained it seems likely
that there is no great difference between the speoific conduotince of
natural flake graphite and a compound of this material with aluminium
chloride. Tho seatter of speoific conductances for the compound and

1 1

the original graphite lay between 54 and 84 ohm. om. = and between

94 and 180 ohm."'em.™! respectively.

From the previous remayrks concerning the weakness of eleotron
interaction between the intercalated aluminium chloride molecules and
the graphite layer plenes, in this compound intereoalation may be
anticipated as having only a slight influence on the electrical
conduotivity, In polyorystalline graphite, electrical conduction is
mostly "a" axis conduction (45) and this will be especially true where
ageregates of natural flakes are concerned. In Part I san instance
was observed where the electrical resistance of a natural flake graphite
inoreased with temperature like s metal. This is the type of
variation observed along the "a" axis in single crystals. A similar
4ype of variation was observed in the aluminium-chloride eompound.

In "a" axis conduoction the ourrent is borne along the layer planes

and with only slight eleetron interaction betwesn the aluminium
chloride moleoules which are between the layers litile ohange might be



237

expeoted on compound formation.

The thermo-slectric evidence suggested that the sontribution of
holes to the conduction process had been indreased. An increase in
the number of holes would inerease the total nmumber of carriers and
henoe the electrical eonduetirity. The results obtained from condustivity
measurements did not enable small changes to be detected but they did
suggest that the electrical conduetivity of graphite is not greatly
affected by forming a lamellar compound with aluminium chloride.

The ferrie chloride-graphite compound has also been reported as having
& conductivity 1ittle different from that of graphite (87). Cenduotion
processes in graphite are not simple. In the first instance graphite
is a two carrier system and the total conduetivity thus depends upon
four faetors
1) The number of eonduction electrons
2) The mobility of eonduction electrons
5) The number of eunduoction holeg
4) The mobility of conduction holes
i.e. the eonduetivity 6 is given hy

6§ = ngel, + noen
where "uU" represents the kobility and "n" the number of charge sarriers.
K Sunseripts s and p refer to electrons and holes reapec;tively and 8" im
'~ the electronic charge (61). Secondly the marked differences in '
oonductivities along each of the major graphite axis makes interpretation
of conductivity changes on compound formation diffieult. Recently
Ubbelohde Blackman and Mathews (9;‘5) have shown that ¢ axis eonduetion
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oan be increased by a factor of 200 in the case of potassium~graphite
while the @ axis conduetivity increases ten times.

With regard to the molecular compounds aluminium ochloride-graphite
and ferric chloride graphite, it is possible that if intercalation
increases the number of holes in tne 77 band the effect of thim increase
in inoreasing the oonductivity is offset by greater scattering caused
by the presente of bulky molecules between the layers. Thoe increased
positive thermo~electric power which augge‘sted. the presence of extra
holes in the 7 band and which raised the quesfion of why the condiotivity
was not increased can be interpreted however in terms of & reduced
electron mobility, (Chapter 8 ). This latter interpretation may be
of partioular relevance where the ac;xaptor molecule in question utilises
weak charge transfer bonds as has been suggested earlier in the case of
aluminium chloride«graphite. 1In the case of these weak bonds it may
be no longer true to assert that an acceptor molecule ereates holes in
the 7 band since the new energy levels associated with the charge
transfer bond may lie sufficiently far above those of valence electrons
to ensure that electrons will not be removed from the valence levels,

A pimilar situation occurs in Germanium where Read and Schoikkely have
shown (97) that plastic deformation may lead to a dislocation in the
interior of the orystal and a row of what they ¢all "dangling" bonds
along the edge of the dislocation. These dangling honds oonstitute
acoeptor sites but the atiractive forces associated with them are not
strong enough to breek an electron pair bond between atoms., The energy
levels of these acceptor sites lie mich closer to the conduotion band in

Germanium and so it is the conduction electrons whioch are removed to
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pair with dengling bonds, This Teduces the conductivity.

The main effect of such an acceptor molecule may be to cause
polarisation of electfons which would reduce their mobility, It is
possible that while graphite compounds containing "excess" electrona,
represented by potassium grophite and those compounds containing "excess"
+ holes »epresonted by bromine graphite are well established, a third
group of compounds, represented by aluminium c¢hloride=graphite, exists
in which the total number of charge carriers with respect to the
original graphite is unaltered and the mcbility of electrons reduced.
Such a group of coppounds would be expeeted to show enhanced hole
contributiong to the thermo~electric power and Hall cowefficient

while exhibiting a somewhat reduced slectrical conductivity.

The graphite compound with chlorine and aluminium chlorids.

In a paper published coneurrently with this work (89) Rudorfs
found that graphite woulid readily react with graphite if chlorine gas
was present, He found that a number of different compounds were
formed sach containing differing amounts of aluminium chloride.

He was not ablejhowever, to determine the amount of active chlorine.
Hennig then investigated the effect of chlorine and oonecluded that
it was bound in stoichiometric amounts with the gluminium chloride
molecules in the ratio of 1:5 (90). Hennig postulated a complex
" of the form
6,701 3a101,

in which the negative charge is associated with chlorine and n variss
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between 30 and infinity. He measured the Hall effect of the
compound snd fognd that it indicated increased hole conduction.

Most of Hennigs measursments werc performed on compounds containing
very little Alcl3 esZs on compound in which the ratio of carbon
atoms to aluminium chloride molecules was of the order of 200sl.

For these délute compounds he found an inorease in slectrical cone
ductance. It seems fairly certain that the gluminium chloride
compounds prepared in the presence of chlorine and the ones described
in the present work are distinct from one another. Hennig's dilute
compounds do not represent true equilibrium compournds beilng prepsared
eimply by allowing decomposition to proceed for different periods of
time. His teschnique was to prepare a compound at 210%¢ by heating
ertificiagl graphite and alumiﬁigm chloride together under one
atmosphere of chlorine for 24 hours. The compounds he chose for
measurement were prepared from this compound by heating it to 45000
under vacuo and holding that temperature for different times. He
points out that some decomposition was observed at 150°C but does
not state whether his compound exfoliated or not. In the present
work the compound prepared exfoliated violently at 280°C.  The
megsurements of Hennig undoubtedly show the effect of incorporating
chlorine and aluminium chloride into graphite but the observations
might be better attributed to the "lmpurity" effect of chlorine and
gluminium chloride in grephite rather than to compound formation

involving these molecules.
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In Radorff's X~ray investigation of his compounds he observed
that the etructure of the 036A1013 compound was such that the unit
cell consisted of one occupied layer with an expanded spacing of
9.603 and three normal graphite spacings of 3.353. This mey be
compared with the strucfure deduced for the compound 033A1c13 in
the present work in which the unit cell consisted of threoe normsl
graphite spacings and one expanded spacing of 9.753. Measurements
of the electronic properties of Radorff's lemellsr compounds would be
interesting to compare with the results obtained in the present work,
since they might UYe expected o show differenced due to the presence
of gctive chlorine in his compound. It is known thet chlorine itself
cen form & lamellar compound with graphite (98) the formula being
0801 and with aluminium chloride and chlorine both present, the
primary bond is probably between the carbon macro-molecules and
chlorine, electron transfer in which the chlorine becomes negatively
charged largely determining the binding energy of the compound.

The bonding between the active chlorine and aluminium chloride may
be due to charge transfer interactions in which the d ordbitals of
aluminium ere involved.

From the evlidence obtained in this work, it mey be said that
1) Natural flake graphite forms & compound with aluminium chloride
when the two are heated together in vacuo at 260°C.  The empirical
formula oorresponds to 033A1013.

2) From X~ray diffraction measurements the C dimension of the unit

cell of this compound is 19.80% long. This corresponds to one
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oxpended graphite spacing of 9.753 end three normal graphite
spacings of 3.353. Thus the inclusion of aluminium chloride
expands the graphite lamellae from 3.35 to 9.752.

3) The slectrical conductence of the compound is of the seme order
as the origlnal graphite.

4) The thermo~electric power of the compound is significently
more positive that the originsl graphite indicating that zluminium
chloride acts as an acceptor molecule.

5) The carbon lamellas rapidly expand and the whole structure
disintegreates when & flske of the compound is heaited to 280°C in
air or nitrogen when aluminium chloride in given off which will
then condense on a cold surface.

6) The bonding between aluminium chloride and the graphite carbon

is wesk and probably corresponds to polarisation forces,
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Bromine~Craphite.

In a bromine stmosphere grephite takes up bromine and releases
it again in an gtmosphere of air. Trace amounts of bromine,
however, are retained in the grephite, e.g+. flakes of bromine
graphite which were left in air for two weeks still exfoliated when
heated to sbout 150°C. Plates VII and VIII. These trace smounts
probably correspond to bromine which has been bound at imperfections
or substituted st sites where hydrogen was still present. However,
the large diamagnetism of graphite is destroyed vhen bromine is inter-
calated (36) indicating significent interaction between the bromine
specles and the graphite 77 electrons. In the present work it was
observed when a graphite bar was comnnected in series with a galvono-
neter using platinum leads, and one end of the bar was wet with
bromine, a current was produced in the eircuit. Thie current
quickly fell but it stroﬁgly suggeste that bromine negative ions
are formed in graphite and that they diffuse rapidly throughout
the material.

A well orientated piece of crystalline graphite did not yield
en X-ray diffraction pattern capable of supplying much structurel
information once it had been exposed to bromine., The material had
been prepared for examination by allowing 2 sliver of natural gresphite
contained in a specimen tube and with its a exis lying parallel to
the specimen tube to take up bromine before sealing the tube.

However, the bromine must have destroyed the oyystallinity of the
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graphite for most of the refiections obtained were weak. A8 was
n

also obgerved by Rudorff, only ool lines were obtained. The C

dimension of the unit cell was found o be 10.38% corresponding

to one expanded spacing of 7.033 and a normal graphite spacing of
3.35%3.

Llectrical reslistance of bromine graphite,

The influence of bromine on the electricsl resistance of well-
aphte

orientateeﬂcan be seen from Teble XVIII. IcDonnell Pink and
Ubbelohde (36) first showed that bromine decreased the electrical
resistance of powdered graphite. In this work it hses already been
demonstrated that this must have been a true intrinsic effect of the
s0lid and not due to & decrease in the inter—crystalline resiestance.
It was then of importance to know which orientation in the crystal
wag most affected by compound formation. The results given in
Table XVIII give some indication of the effect. They are not
conclusive but it must be stressed that it is extremely difficult

to obtain specimens of well orientated graphite large enough to
permit this type of investigation. The specimen had to be large
encugh to permit electrodes to be ettached along sach main crystal
orientation.s The results obtained before the specimen crumbled
were not numerous but they are considered to be of interest since
the effect of bromine was measured in the two main crystal directions
on the same specimen., It was intended to study the effect of
bromine at different partial pressures by using different mole

fractions of bromine in carbon tetrachloride. Teble XVIII shows
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shows that immediately the bromine/carbon tetrachloride mixture
was edmitted to the vessel the resistance of the graphite began
to falle But after 240 minutes the specimen crumbled and
electrical contact was lost. Up to then it could be said, however,
thet the resistance contimually decreased and that the relative
decrease slong the ¢ axis was somewhat geeater than that obsexrved
along the g axiss The ¢ axis resistence after bromination was
ebout two thirds the originel resistance. The decrease of
electricel resistance along the g axls of the crystel is considered
to be due to an increase in the total pumber of current carriers,
brought about by s bromine atom removing an electron from the
band of graphite and thusinecroasing the mumber of holes in that
band, while by scting as a bridge structure between two adjacent
carbon lamellae it might also provide a path across which electrons
might flow in ¢ axis conduction, thus reducing the ¢ axis resistance.
This work on bromine graphite described in the Chapter
was the beginning of an investigation in which it was hoped to
clarify the influenfe of compound formgtion on the anisotropic
properties of single crystal graphite. It was severely limited
by the fact that good graphite crystals are very difficult to obtain.
However, by the use of pyrolytic graphite which can be so well
crystallised thaet it exhibits all the known anisotropic effects of
single crystal graphite, Ubbelohde, Blackman and Mathews (93) have
recently succeeded in measuring accurately the electrical resistance

changes which take place on compound formation. They found that in
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bromine graphite the ¢ axis resistance was reduced by about one
third and the a axis resistance fell to about one tenth its originsl
value. They also observed that most of the total resistance
decrease occura in the preliminary stages of bromination. This
confirme the effects observed in the present work where the
resistance was found to decrease immediately on the introduction of
& bromine/carbon tetrachloride mixture in which the bromine mole

fraction was 0.02.

Thermo~electric power measurements.

Fige 73 shows the results obtained when the thermal EBMF of a
well orientated piece of brominated natursl graphite was measured
along the a axis. The EMF was strongly positive and equal to

+-2og@v/°c. This is clear evidence -of hole conduction.

Conclusions.

The intercalation of bromine between two carbon lamellae involves
sn expansion of ithe interlamellsr distance from 3.35 to 7.03%.
R&dorff quotes g value of 7.051.

The electrical resistance of graphite zlong each main crystallo=
graphic axis decreases immediately on exposure to bromine vapour,
In bromine graphite, a axis conduction is mainly in the ™ band by
holes; ¢ axis conduction tekes plece possibly by means of bromine
bridges and msy be compared to long range charge transfer whereby
charge is transferred to cations, in this case the graphite lamellag,

by associated anions.
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The bond between bromine and graphite in the lemellar
compound does not appear to be a strong ones. Bromine will,
however, be more firmly bound at defect sites and edge atoms and
this bromine probably represente the small frection or residue
elweys retained by grephite. Although dbromine is readily given
off and the compound resembles g s80lid solution, elactron transfer
from the carbon macro-molecules to the bromine in the lamellar
compound is significant, This is indicated by the fact that the
marked dizmagnetism of graphite is destroyed (36), the thermo=
electric power becomes markedly positive and the slectrical
conductivity is increased on compound formagtion. The evidence
suggests thaet bromine in dbromine graphite consists of ionized
bromine atome Br and bromine molecules scting as spacers between
these ions, only two out of every eleven bromine atoms being
ionized (Q6 )» This observation could be used to reconcile the
epparent weakness of the bonding between graphite and bromine with
the fact that considersble electronic interaction takes place.
The bromine "spacer™ molecules ars probably not signifiﬁantly
bonded to graphite. Their main function is to keep the Br ions
apart end by reducing the repulsion forcee keep the potential
energy of the system to a minimum. VWhen the external bromine
pressure falls these "spacer" molecules might evaporate leaving
the more firmly bonded bromine fons behind. In the absence of
"gpacers” however inter-fonic repulsion forces may cause the
potentisl energies of the system to inerease resulting in the

expulsion of most of the ionized bromine.

!
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The reaction between sodium potessium and graphite.

No lamellar compound of graphite with sodium gt the time of
this work had been prepared. Recently (85) a claim has been made
that smell quantities of sodium can be occluded in graphite, however
the fact still remains that sodium does not react with graphite with
anything like the ease of podwssium, rublidium or caesium. By
presenting sodium to graphite in intimate association with potsssium
it was thought that potassium by reacting with graphite first would
separate the lsmellae and maoke possible the intercalation of sodium.

The alloy when sdmitted into the grephite compartment wet the
graphite immediately. It was a most interesting reaction to watch.
A considerable quantity of heat was given out and as the resction
proceeded the graphite changed colour frequently passing from silver
through green and blue to dark brown. This colour sequence probably
represents the formation of intermediate lamellar compounds. It was
also observed that a dull white lumpy solid was deposited throughout
the powder, This was assumed fto be unreacted sodiume.

The X-ray diffraction photograph of the dark brown product is
shown in Plete IX. Potassium graphite (CBK) prepared and photo-
graphed for comparison is shown as well, With the exception of one
spacing all the others correspond to those of the potessium compound.
The exception is & spacing characteristic of pure sodium. It would
appear then that potassium reacts with graphite end leaves sodium

sdsorbed on the outside of the powder.
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There is no obvious reason why sodium and graphite should not
react or only reasct with extreme difficulty. In the smaller arometic
molecules, adducts are formed with lithium, sodium and potessium (99)
(200); no other alkali metmle appear to be investigated, and the
type of bond formed is generally taken to be of the N'Ar  type.

This is moet probsbly the type of bond formed in the compound
prepared from the sodium/potassium alloy. The thermo-electric
power was negative indicating transfer of charge from the metal to
the aromatic network as found also for potassium graphite (36).

Ubbelohde (63) by comparing the alksli graphite with the alkall
fluorides, F is gbout the same size as C , could find no clear
thermo~dynamic reason why a sodium-graphite compound should not exist.
The greater ionization energy of sodium with respect to potassium,
rubidium, and caesium, would be compensated for by the greater crystal
energy of sodium—-graphite were it formed. VWhile the electron
affinity of fluorine is sufficient to form fluorides with all the
alkali metals, where carbon macro-molecules are concerned the energy
terms involved in compound formation are more nearly in balance.
Ubbelohde thus concluded that the free energy of formation is small
end that varisbles such as the extent of defect structures present
could determine whether in the case of sodium~graphite the free

energy of formation was positive or negative.
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APPENDIX I

The Thermal Lxpansion of Graphite.

The thermel expansion of graphite was measured concurrently
during the work described in Part III. It was hoped that by
comparing the expansion of graphite along the hexagonal axis with
that of potassium graphite in the same direction some information
might be obtained about the type of bonding between potassium and
the carbon layer planes. However, potmssium graphite required too
long an exposure time for a liquid introgen "drip" to be practicable
and the investigation had to be sbandoned. The apparatus used and

the results obtained for graphite are recorded below.

Experimentale.

The graphite measured was a piece of natural Trevancore
materiale It was not purified in any wey in order to preserve
crystallinity end hence shorten the exposure time. X-ray
diffraction photographs were taken at room tempersture and —19600.
Details of the apparatus used in carrying out the liquid introgen
"drip" are shown in Fig. TO. The container for liquid introgen
was g large Dewar vessei with a hole at the bottom in the middle
of which a hypodermic needle was loceted by means of a cork. Thés
vessel was clamped over the specimen with a fine wire passing down
the needle end poised sbout 1 mm. gbove the capillary. I is the
film holder. The "@rip" was commenced some 15 minutes before

starting the low tempersture exposure in order to ellow thermal
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eguilibrium to be atteined. TFor each measurcment, two low
temperature and two room temperature exposures were taken. Two
diffraction photographs of & platinium rod were also included in
eech filme The position of the graphite reflection chosen to
indicate expansion wasrthen measured by celibrating the film in its
vicinity from the'known © velues of the nearest pletinum lines.

The filme were messured using the instrument described in Part III,

A nickel filter was employed in some exposures.

Results.

The reflections obtalned from the graphite flake were so intense
due to its high degree of crystellinity that exposure times were of
the order of 1 minute. The preferred orientation of the individual
crystallites mede it possible to set the flake so that only certain
reflections were obtained. Heasurements were made on the 008
reflection since:this had a2 00l indices and therefore represented the
interlayer spacing uniquely. Its high 6 value meant that for a given
expansion its movement was consideradly greater than those ool
reflections of lower orders and could be expected to give more
accurate results. Previous published results hed all been made
using the lower orders of ool since the intensity of the 008 had not
been found high enough to permit accurate meassurement.

The results obtained are shown below, Piffraction photographs
sre reproduced in PLATES X and XT

The vealues for the Y“c" dimension represent the mean of four sets

of doterminations. The mean deviation was 1 x 10™5 for the room
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temperature exposures and for those made at liquid introgen

temperatures was 4 x 10-4.

]

Reflection Temperature < dimension A
008 20%¢ 6.7028
-196°¢c 646708

| =% X%

=]

=2,21 x 107
Fige 71 shows these results and the resultes of other workers for

the change of the ¢ spacing with temperature.

Discussion.

The thermal expansion of graphite is much greater along the
¢ axis then parallel to the basal plane. This mey be readily
understood because of the lack of sitrong binding forces between
the layerss It is of interest to enguire into the nature of the
inter-layer binding forces when intercalsted species are present.

Measurements of thermal expemsion along the ¢ axis of a
legmellar compound will give some information about the strength of
bonds between the intercelated species and the carbon macro-
molecules, & reduced expansioé as compared to the original graphite
suggesting that the foreign s?ecies serves 28 a link holding the
layer planes more strongly toéather. Variations in thermal
expansion values throughout afseries of compounds involving foreign
electron acceptors and alectr%n donors will give a comparative

measure of the extent of electron interaction in each case.
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APTENDIX IX

The proparation of potaessium graphite,

iatorialce FPolassium was oupplied hy BeD.H. and graphite by
fieleLisEe Harwolls The grapvhito wes cuppliod as powder sicved

between 60 and 120 mesh.

Purification of Potsssium: Hethod deseribed by Lewis (101)

The potassium wes suppliod undor oil and was purified by first
discolving off most of the o0il with potroleum others The noxt
stego in the purificaetion was cerried out using the apparstue
4llustrated in Fig. 68 (i)s After weshing with petroloum ether
the potucsium wes introduced into BE. Tube B wss then draswn off

at A with nitrogen floving until Just before the final senl was mede.
The pystem was then evecunted by meoans of 2 tvo stage rotéry pump
end a solicone oil diffusion pump. The potassium in B was melted
down ithrough D into F, 1l.,c. through two succeesive crpilleries €
and De A eeal wos mede et I, and B end D drawn off, A furnace
vas thon placed around F and st e low tempersture eny remoining oil
distilled dnto He Tube F waes £inally wanmoved by seanling off ot G,
Bafore the next staze the potassium was molted into one end of the

gmpoule e

Procedure.
Apperatus for carrving out the reapction was similsr to that used in
the sluminium chloride-graphitc preparstion shown in Pig. 68§ .but

wes constructed from ono cone of X8 G.02.C. soda glass which had 2
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flashed~on inner layer of Na10 which is resistant to attack of
alkeli-metal vepour. This was sealed at J to a socket K tapered
and ground from the same glass. An gmount of graphite, sufficlent
to form & GBK compound, was tapped into compartment H. The inside
of the socket was kept covered to avoid contact with graphite. The
tube was then connected by a wax meal to the vacuum train. Nitrogen
was pasged through and the potassium ampoule bréken gnd inserted into
B, open end first, The tube was then sealed at A and the system
evacunted as before. The graphite was then degassed by heating to
500°C.  The potassium wes distilled firet into B and then into D,
*hese compartments being removed in turn, The potassium was then
in P and the tubes F and H with the capillary separating them st G
were removed by sesling off at I. F and H were held in a metal
cradle as shown in Fig. 72. A coil of michrome wire was joined to
A and B such that about 10 turns were in the centre of the capillary.
The cradle was then placed in a furnace. The furnasce consisted of
two windings of equal resistance with a centre tepping. The
asbestos washers C.D. Oon the ends of the cradle closed the furnace.
The furnsce was electrically heated using constant voltage and Varisec
transformers. The part of the furnace surrounding the graphite was
held at 400°C end that surrounding the potassium et 360°C.
Temperatures were measured by Anschutz thermometers inserted into
pockets in the furnace.

The reaction was completed in 24 hours, the product being a

bromze coloured compound, A blue compound of potassium with
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grephite was prepared by a colleague using a similar technique
but lower temperaturess le.s. the graphite was maintained at 400°C
and the potessium at 284°C.

The structures of the potassium graphites are well established
end in the present work the compounds prepared were identified by

X~ray diffraction.
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ANISOTROPIC THERMO-ELECTRIC
“EFFECTS IN GRAPHITE

By Pror, A. R. UBBELOHDE, F.R.S., and J. ORR

Department of Chemical Engineering, Imperial College
of Science and Technology, London

ITHIN recent years the concept® that graphite

presents & transition between aromatic and
metallic electrons has been elaborated mn a number
of theoretical and experimental studies. Various
considerations suggest that graphite 18 much moro
markedly metallic in one principal direction in the
crystals, along the a axis, than perpendicular to this
direction, along the ¢ axis. Structurally, apart from
lattice defects graphite presents infimte planes of
conjugated aromatic electrons along the & axus,
whereas along the ¢ axis the macro-aromatic mole-
cules are merely bound by van der Waals types of
forces, with a distance of separation of around
3-356 A. This weaker interaction is accompanied by
marked anisotropy of a number of physical properties
related to the electromic interactions. Thus the
thermal expansions are respectively 6-6 x 10-% along
the metalhc and 26-0 x 10-¢ along the non-metallic
directions® in the orystals, compared, for example,
with about 14 x 10-* and 65 X 10-® for zinc. The
hardness is > 6-5 Mohs along the ¢ axis and about
0-5 Mohs along the a axis®. Relative rates of oxidation
along the a axis and ¢ axis are i the ratio® 17 : 1.
Magnetic anisotropy is shown by the marked die-
magnetism along the ¢ axis!. Thermal conductance,
which is mamly due to lattice vibrations, is about
4-0 watt cm.~* deg. C.m! along the a axis and 0-8
units along the ¢ axis?®,

These differences are perhaps no larger than
may be expected for anisotropic crystal structures
generally. However, a new and striking group of
phenomena appear when electronic properties are
examined. The specific electrical resistance has been
previously measured® and found to be about 3-9 x
10-% ohm cm. along the a axis and about 0-01 along
the ¢ axis. It is most significant that the tem-
perature coefficient of resistance along the ¢ axis is
metallic in character, and is about 0-009 deg. C.-!,
whereas along the ¢ axis the crystals behave as semi.
conductors, with a temperature coefficient of — 0-04



deg. C.-1. (Some theoretical interpretations® regard
even the conductance along the @ axis as of semi-
conductor type, but with zero activation energy.)

These findings lend particular interest to other
anisotropic electronic properties of graphite, By
courtesy of the Morgan Crucible Co., we have been
able to cut appropriate sections from comparatively
large blocks of material in which the alignment,
though not perfect, is not far from that for single
crystals. Using sections about 1-5 cm. long by
3 mm. square, 1t is readily shown that the thermo-
electric power of graphite against copper along the
¢ axis is about + 30 pV./deg. C. compared with about
+ 11 pV./deg. C. along the ¢ axis.

Measurements of thermo-electric power against
copper cannot be conveniently extended to very
high temperatures, for various reasons. However, 1t
18 perfectly possible to measure the self thermo-
electric power of graphite to quite high temperatures,
by forming thermo-junctions between blocks cut
along the a and ¢ axes respectively. This has now
been done. The blocks were mounted in electrical
contact in impervious tubes of mullite with copper
electrodes at the cold junctions, which were water-
cooled. Various exploratory researches showed that
above about 250° C. the presence or absence of even
traces of oxygen had a critical influence on the
self-e.m.f. (a/c) of graphite. Using ‘B.0.C. white spot’
nitrogen with less than 10 p.p.m. of oxygen to
exclude air, the self-e.m.f. of graphite has been
measured up to about 1,200° C. Temperatures were
measured by chromelfalumel couples in the lower
regions, and by pyrometry in the higher regions.
Results up to about 700° C. are quite regular, and
are illustrated in Fig. 1. Above this temperature,
despite all precautions, a falling off in thermo-electric
power was generally observed. There are reasons to
believe that this falling off was due to adventitious
oxidation, despite the protective stream of nitrogen,
since values of thermo-electric power were occasion-
ally obtained which lay on the prolongation of the
curve at lower temperatures (not shown). Deliberate
injection of oxygen into the nitrogen stream depresses
the e.m.f. The point is possibly of some technical
importance, since if the self thermo-e.m.f. of graphite
in the complete absence of oxygen continues to follow
the low-temperature curve, then af¢c combinations of
graphite could form wvery useful thermo-electric
junctions at very high temperatures. They might
even be used for forming micro-power units in special
circumstances.

Interpretation of these findings must necessarily
be provisional at the present stage, but it accords
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with the general view, also based on other anisoiropic
properties, that graphite behaves as a metallic con-
ductor along the ¢ axis and as a semi-conductor with
finite energy gap along the ¢ axis, The fact that the
¢ blocks are positive relative to the & blocks can
porhaps be explamed as follows :

The electronic levels along both axes may be
represented as m Fig, 24.

In the combination described, a ‘¢’ block/‘a’ block
junction behaves like a semiconductor-metal contact.
provided no n-type impurities are present in the ‘¢’
block to donate electrons to the vacant conduction
bands or that there are few such centres compared
with the number of electrons in the conduction band
of the ‘@’ block. The topmost filled levels-of the ‘a’
block will be higher than those of the ‘¢’ block.
When eontact is made, these levels will be adjusted
until no difference exists.

As the temperature of the ‘¢’ block/‘a’ block june-
tion is raised, electrons will flow from the ‘¢’ to the
‘¢’ gpecimen because the work function 18 less for the
‘e’ spectmen {Fig. 2B),
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The thermo-electric power agamst copper shows
that in both blocks the conduction appears to be
mainly by means of holes in the valence band, with
a greater number of holes for movement in the ‘¢’
direction than in the ‘a’. The origin of these holes
need not be discussed here,

In the hght of this tentative interpretation, the
influence of oxygen 18 significant, ~It seems highly
probable that oxygen attaches itself in the first
ingtance to all defect sites and free valencies in the
macro-aromabic moletules which form layers in the
graphite crystals. As a result, at each group quinone
electrons are withdrawn from the co-operative
aromatic pool in each macro-molecule, in & manner
well known when smaller aromatic molecules form
qunones. This raisés the work funciion of the
macro-quinones in the planes of the macro-aromatic .
molecules so that the thermo-e.m.f. of ‘@’ block
against ‘¢’ block 18 reduced.

This interpretation of the effect of oxygen throws
an interesting light on relative rates of oxidation
along and perpendicular to the @ axis, quoted above.
The effect of oxygen on the thermo-electric power of
graphite concords with previous interpretations of
the effect of electron acceptors in lamellar compounds?
as in bromine graphite.

1 Ubbelohde, Nature, 182, 1002 (1933).

* Beckhurst, 1., Proe. Roy. Soc., A, 102, 340 (1923). Erfling, H. D.,
Ann. Phys., 34, 136 (1939).

* Values depend somewhat on_methods of measurement, Those quoted
are given by Grisdale, Pfister and van Roosbroeck, Bell Systi.
Tech. J., 30, 271 (1951).

¢ Krishnan, Phil. Trans. Roy. Soc., A, 231, 235 (1933).

*¢ axls, Washburn, Ann. Phys,, 48, 236 (1915). Krishnan and
Ganguli, Nature, 144, 667 (19391) a axis. Pirani and Fehse, Z.
Elektrochem., 29, 168 (1923), Nishiyama, Sci. Rep. Tohoku. Imp.
Tniv., 81, 171 (1032). -

¢ Coulson, Nature, 159, 265 (1947). Wallace, Phys. Rev., 71, 622 (1947).

? McDonneli, Pink and Ubbelohde, J, Chem. Soc. (89), 191 (1951)
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Contact Effects resulting from Compression and Flash Sintering
in Graphite Powders

By F. A. LEWISt, J. ORR axp A. R. UBBELOHDE

Department of Chemical Engineering, Impenal College

MS. received 13th March 1957, and in final form 27th Fune 1957

Abstract. Experiments are described on contact resistance effects in graphite
powders : (i) as these are progressively compressed up to 3600 kgem™ in the
cold : this produces a marked decrease of electrical resistance, though it seems
unlikely that much compression of the actual crystal lattice of graphite is effected ;
(ii) when loosely pressed powder is subjected to flash discharges from a bank
of charged condensers (‘flash sintering ’) : this is in order to explore possible
mechanisms of sintering that avoid any prolonged heating of the graphite at
high temperatures.

In the case of powdered polycrystalline graphite, both (i) and (ii) lead to a
marked lowering and stabilization of the electrical resistance. Their influence
on the thermoelectric power is discussed. ‘Flash sintering’ promises to be a
useful and accessible technique in studying the conductance of crystal compounds
of graphite. The results throw a significant light on the nature of the conductance
barriers in graphite powders.

§ 1. InTRODUCTION

REVI10US work (McDonnell, Pink and Ubbelohde 1951) has shown that the
Pformation of crystal compounds has marked effects on the electronic pro-

perties of graphite. Such effects have been interpreted on a model which
attributes both electron donor and electron acceptor properties to the amphoteric
layers of fused carbon rings. Intercalation between the layers of acceptor
groups such as bromine or aluminium chloride (Orr and Ubbelohde, to be pub-
lished) reduces the number of electrons in a full band in the carbon macromolecule,
whereas intercalation of donors such as the alkali metal atoms injects electrons
into the empty band lying just above it. Either process greatly increases the
electrical conductivity, and also influences other electronic properties, such as
the thermoelectric power (McDonnell, Pink and Ubbelohde 1951) and the
Hall effect (Currie et al. 1956).

In pursuing this line of investigation on the chemical physics of aromatic
systems, one major difficulty springs from the circumstance that most methods
yet evolved for preparing lamellar crystal compounds of graphite lead to powders.
When properties such as the electrical conductance are studied, it is necessary
to determine how far these are influenced by contact effects between particles
of the powder, and surface and edge effects between individual erystallites in
each particle. Interpretation of such contact effects in terms of fundamental

electronic processes in disordered crystals is of considerable theoretical as well as
practical importance.

+ Now at Department of Chemistry, Queen’s University, Belfast, N. Irelan.d.
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In powder metallurgy the process of inducing true lattice joins between
particles of powder is known as sintering ; this may also induce crystal growth.
Conventional procedures for sintering particles of graphite would require the
use of a high temperature, often exceeding 1500°c. Apart from other objections
this makes conventional high temperature sintering inapplicable to crystal
.compounds, which would decompose at much lower temperatures. The present
paper records studies of two possible alternative routes for removing uncertainties
arising from contact effects in powdered graphite, with the object of extending
suitable techniques to the crystal compounds in due course.

Compression in the cold to high pressures can increase the bulk density of
powdered graphite to values approaching and exceeding that of the original
polycrystalline block from which the powder was prepared. A parallel increase
in electrical conductance is found, as is described below. 'The extent of the
change indicates that electron contact barriers between crystallites of graphite
are comparatively unimportant and that increasing the density mainly serves
to decrease the effective path of flow of the current. This behaviour contrasts
with certain other metal powders in which particles may be coated by skins of
oxide which have considerably higher resistance than the metal.

Flash sintering appears to remove certain reactive regions at contact points
between the particles, probably by inducing local bond rearrangement leading
to welding. This has interesting consequences for the electronic properties
of loosely contacted graphite powder and suppresses the drift of these properties
with time.

§ 2. EXPERIMENTAL
2.1. Materials

For measurements under pressure, a block of polycrystalline graphite kindly
provided by the Atomic Energy Research Establishment, Harwell was powdered,
and the fines passing a 300 mesh sieve were used. 'The original cylindrical block
graphite had a specific resistance along its extrusion axis of 1 x10-3Q c¢m and
across the extrusion axis of 3 x 10-3Qcm. Its apparent density was 2-00 g cm™3,
determined by flotation. The bulk density was 1-68gcm=2 This powder
was also used for many of the flash sintering experiments. In addition, raspings
from a rod of Acheson graphite were used for some of the measurements of
thermoelectrical power.

Air was not excluded during powdering, so that any free valencies produced
by disrupting carbon macromolecules would almost certainly oxidize to peroxide,
quinone or OH groups.

2.2. Pressure Measurements

Previous studies of the effects of compression in the cold on the electrical
conductance of powders have not been extensive, and have frequently been
limited to particles coated with skins of different chemical composition and con-
siderably lower conductance. When such skins can be avoided, as appears
to be the case in the present studies, the effects of compression on the electronic
properties are of considerable fundamental interest. There is, however, a
technical difficulty in applying high pressure to powders. If a fluid is used to
ensure uniform application of pressure on each particle of the powder, films of
the fluid can creep between contacts and influence their electrical properties
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by their own resistance. If dry powders are compressed, non-uniform pressures
on individual particles tend to be built up by a system of forces and by friction
at the walls of the container used. These forces involve proportionately more
serious lack of uniformity if the pressure is exerted on small areas and long lengths
of a column of powder, as is desirable with a good conductor in order to attain
conveniently measurable electrical resistances. Ways of meeting these difficulties
in the case of powdered graphite are described in what follows.

Figure 1 shows the resistance cell used for definitive measurements, evolved
after many exploratory trials on powdered graphite. Measurement of electrical
resistance and apparent density could be carried out simultaneously with this.
apparatus.

L e

Figure 1.

‘The cell into which the powder was compressed was a close fit in the top of a.
high pressure cylinder. The lower end A of a copper cylinder formed one
electrode of the cell. 'The top electrode B was a disc at the end of a copper rod.
The electrodes were insulated from one another and from the steel cylinder walls
by thin tubes of ethoxyline resin (silica filled). The outer insulating tube C
fitted tightly into the lens ring I} which helped to align the cell. Both electrodes.
were shouldered so that the high pressure thrust was transmitted, through insulat-
ing washers E, also made from silica filled ethoxyline resin, to the screwed plug F.
Above these shoulders the electrodes consisted of a coaxial cylinder and rod.
Soldered connections were made to these above the plug F after the cell was in
position.  Electrical resistance was measured directly by a Smith’s low resistance
bridge. In order to vary the column length of powder, the maximum length
of the cell (5-0 em) could be reduced, by screwing further short copper cylinders
of the same diameter (0-75 c¢m) into the top electrode.

The cell constant and the resistance of the leads were first measured using-
salt solutions and mercury. Any changes of cell dimensions before and after
application of pressure were measured by the cathetometer and by recalibration
of the cell constant with pressures below 3000 kg cm™2.  Any irreversible changes
in cell dimensions led to errors in the electrical resistance measurements of less
than 19%,. Corrections for reversible volume changes of the cell materials were of’
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the same magnitude. Errors of this order do not affect the conclusions discussed
below.

The powder under investigation was pressed into the cell by a piston G
moving in the high pressure cylinder. A vernier on this piston moved against a
graduated scale and was viewed by a remote optical system. The volume occupied
by a known mass of graphite (usually about 15 g) could thus be calculated. For
each measurement the given pressure was alternately released and reapplied
until the electrical resistance had reached a limiting value indicated by no change
in resistance on further application of pressure. This operation is analogous
to that of tamping. By this means greater reproducibility of results is ensured.
Moreover, if the pressure was steadily increased in one single thrust without
tamping, damage to the lower electrode and insulating sleeves of the cell resulted
due to the powder becoming densely packed at X (figure 1) before the space
between the electrodes was filled uniformly.

Because of the uncertainties in the packing of the powder, the usual plot of
resistance against column length to test for any appreciable contact resistance
between the copper electrodes and the column of powder (McDonnell, Pink
and Ubbelohde 1951) cannot be very precise. However, the ratio of the resistance
to length of column was found to be practically independent of column length,
indicating that any contact resistance between copper and graphite powder could
be neglected in the present experiments.

In the course of cycles of observations on electrical resistance and on pressure,
which were measured simultaneously, it was noted that as the total compression
increased fewer tamping thrusts were necessary before the electrical resistance
at the given pressure reached its limiting value. Values of the electrical resistance
for unit length were reproducible to within 5%, at any given pressure, for different
samples of the same powder. Hysteresis was observed in both volume and
resistance readings when the pressure was released.

2.3. Results for Powders under Pressure

Figure 2 (a) records a typical run of pressure measurements. Volume changes
were recorded simultaneously. Volume changes at higher pressure (which
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would have destroyed the resistance cell) were determined in a parallel run after
removing the cell electrodes and insulation, and are recorded in figure 2(b).
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2.3, Flash Sintering Experiments

Figure 3(a) illustrates the apparatus used for measurements on the electrical
resistance and on the thermo electric voltage of columns of powdered graphite.
The material was packed in a Pyrex tube A and was maintained between two
cylindrical copper electrodes B1, B2, of cross sectional area 0-085cm?.  These
electrodes were asliding fit in the Pyrex tube and were faced with thin platinum
sheet, hard soldered to the copper, so that the barrier contact was between bright
platinum and graphite. Each of these copper electrodes formed one arm of a
copper-graphite thermocouple. To measure its temperature by means of a

()

Figure 3.

copper—eureka thermocouple the top electrode carried the eureka wire down its
centre and was insulated from 1t by a glass capillary. A section through this
electrode is shown in figure 3(b). For resistance measurements, most of the
apparatus could be immersed in a bath with thermostat control to +0-05°c
and no heating coil was used. For special purposes, the sample in the Pyrex tube
could be maintained under oxygen-free nitrogen, but this was not found necessary
in the experiments described below.

To measure thermoelectric power, a heating coil of ‘brightray’ wire was
wound on the outside of the glass cell in the vicinity of the top electrode so that a
controlled temperature difference could be maintained between the two electrodes.
The powder column itself and the lower electrode were at the temperature of the
thermostat bath in which the cell was immersed. A lead weight C exerted a
pressure of 13kgcm2 on the upper electrode.

The thermoelectric power between the two copper electrodes was measured
on a Doran potentiometer to 0:005 mv.

The columns of graphite powder represented in figure 3(a) were not tamped
but instead the electrode and weight were gently set on top of the powder immedi-
ately after it was poured into the cell. Reasons for avoiding tamping were :

(1) when the columns of powder were tamped, the resistance of any given
column height could not be easily reproduced. This was attributed to variations
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in the degree of tamping and possibly in the preferred orientation of particles ;
these were difficult to eliminate. There was also a prolonged drift of resistance
with time after tamping, which made measurement very inconvenient. The
resistance decreased progressively, suggesting slip followed by welding at points
of contact between particles.

(ii) By using untamped columns the effect of flash sintering on poor contact
points of high resistance could be more readily followed. Figure 4 (a) records
measurements of resistance plotted against column length for untamped powders.
A curve is obtained instead of the straight line plot normally expected for uni-
formly packed columns. As the column height increased the packing became
progressively less close, and the effective resistance per unit length increased.
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With the packing precautions as described, quite steady readings of resistance
were, however, obtained. After obtaining the highest resistances and column
lengths recorded in figure 4(a) the temperature coeflicient of total resistance
was determined for the longest columns, to minimize any leads effects. Thermo-
electric measurements were also made at various bath temperatures. A plot
of thermo-e.m.f. against temperature interval between the two carbon—copper
junctions gave a straight line (not shown). From its slope the thermoelectric
power was obtained as recorded in the table.

2.4. Effects of Flash Sintering

The column lengths of graphite powder (figure 4 (2)) packed as above were
subjected to flash sintering, by discharging a bank of condensers through them
of progressively increasing total energy starting with various initial voltages.
At first the resistance of the column decreased progressively. A stage or plateau
was then reached, after which little further change could be effected by repeated
discharges of the same energy or by increasing the total energy still more (figure
4(b). For long columns of large resistance the discharge energy available to
us was insufficient to reach this stage. Finally, for discharges considerably
more powerful than the plateau values the resistance increased again, due to
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Electronic Properties of Graphite before and after Flash Sintering

Sample (A.E.R.E) (1) (2) 3)
Compact block graphite
parallel to extrusion axis. 1000 1-2 —0-1

Compact block graphite
perpendicular to
extrusion axis. 333 1-2 -+1-9

Compact block graphite
powdered before flash
sintering. 62-5 14 +23-0

Compact block graphite
powdered after flash
sintering. 140 1:2 -+20-0

(1) Specific conductance (2! cm—1); (2) Temperature coefficient of conductance X 103;
(3) Thermoelectric power (v deg=?1).

scattering of the carbon from contact with the platinum, and some vaporization
of carbon.

Photomicrographs of the polished platinum caps before and after flash
discharge failed to reveal any change of contact surface with the graphite powder,
which might help to explain the decrease of resistance. Measurements of
resistance are also plotted in figure 4 (2) against column length for samples sub-
jected toflash discharges. Calculations of the temperature coefficient of resistance
arealso recorded in the table. After flash sintering, the graphite itself when
tipped out showed no obvious differences from the original powder.

§ 3. DiscussioN

Various findings recorded in this paper can be discussed conveniently on
the basis of the contacts between edges and corners of small ¢ perfect * crystallites
of graphite. In the particles of powder these may be only a little thicker than
macro-aromatic molecules of fused carbon rings forming each layer of the perfect
crystallite. Various chemical differences may be expected at the edges of such
crystallites or macro-aromatic molecules.

(i) Free carbon valencies may be bonded to oxygen atoms. An analogy
is when hexaphenylethane interacts with atmospheric oxygen. Bonded oxygen
may be present as peroxide bridges or quinone groups. There may also be OH
‘groups if the hydrogen which is often present in graphite has not been completely
expelled during its original baking, or if water is absorbed chemically from the
atmosphere when the polycrystallme lump is ground and sieved.

(ii) Neighbouring macro-molecules may be jointed by actual carbon bonds,
probably under considerable strain, again as in hexaphenylethane and similar
molecules. More than one bond may join macro-molecules of carbon in favour-
able cases. o

~ The effects of cold pressing on the bulk density of graphite powders suggests
“that random stackmg of the crystallites in the original powdered sample appears

to be modified to give a very considerable degree of alignment at high pressures.
Figure 2 (b) indicates that the maximum apparent bulk density achieved in the
cold was higher than that (1-68 gem3) of the block with preferred orientation
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from which the powder was prepared. Considerable strain energy appears
to be stored in the compressed powder, which expands again on releasing the
pressure. Detailed examination of the hysteresis curves in figure 2 indicated
that actual compression of the crystal lattice is unlikely at the pressures achieved.
This concurs with estimates of the compressibility of graphite (Riley 1945,
Basset 1941).

The effects of cold pressing on the resistance and volume occupancy of
graphite powders can be summed up by the conclusion that any electron barriers
at contact points between neighbouring crystallites in a particle, or between
particles, are only small, and are much less, for example, than between particles
of metal where skins of oxide intervene at contact points. Though the electron
barriers are only small at contacts between graphite particles, the crystal
disorder leads to a scattering of electron waves and thus increases the resistance.
Compression probably aligns the crystallites somewhat and reduces the current
path ; this factor lowers the resistance to some extent. Detailed comparison
with the original extruded block graphite was not feasible because of its
preferred orientation. Allowing for this, the conductance of the cold-
compressed powder is of the same order as for the original block.

Flash sintering permits local rearrangement of disordered atoms at the
scattering points. Practically all the energy dissipated in a discharge with
plateau voltage and capacity is liberated in a very short time, of the order of
5 microseconds. If heat conductance during this interval can be neglected,
contact points of high scattering resistance will be raised to very high temperatures
for a short period. Assuming all the electrical energy is liberated at the contact
points, and that these points are thereby raised to 4000°c, it is calculated from
the heat content of graphite that the carbon undergoing sintering around these
contact points forms 0-19, of the total mass. This could well correspond with the
-extent of change occurring in actuality.

The flow of graphite powder under pressure shows certain analogies with the
discharge process, since mechanical strain energy is probably released by sudden
slipping at contact points, which thereby become momentary hot spots. The
drift of resistance in tamped columns under light pressures can in fact be compared
with a progressive chemical polymerization, in which the macro-molecules of
graphite weld together at the hot spots each time a slip occurs.  This corresponds
with the melting and solidification in other frictional processes ; the high melting
point of graphite around 4000°c permits hot spots to attain exceptionally high
temperatures.

These conclusions about the contact in graphite powders can be further
elucidated from a consideration of the aromatic character of the macro-molecules
in graphite. At the edges these cannot hold more than one or two impurity
groups such as =0, —OH, etc. By analogy with the behaviour of smaller
aromatic molecules, such groups will form part of the aromatic ensemble of the
macro-molecule, by electronic conjugation. Unlike powdered metals, powdered
graphite cannot therefore readily form thick barrier layers of low conductance,
separating individual crystallites. This conclusion is- highly important-in
developing the study of crystal compounds of graphite obtainable only in powder
form,

The effects of flash sintering on the electronic properties give additional and
more detailed information, particularly in the case of electronic properties of the
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macro-molecules which are more sensitive to edge effects than the overall conduct-
ance. In a model of graphite discussed by Mrozowski (1952) it is pointed out
that valency defects at specific carbon atoms in graphite remove corresponding
electrons from the full band of the perfect crystal, to lower energy levels. Such
valency defects if not too numerous increase the conductance, and affect other
electronic properties of graphite correspondingly.

The present experiments are primarily concerned with edge defects. The
first point to note is that whilst the thermoelectric power of the original block
graphite against copper lay between —0-1 and +1-9uv deg! according to the
orientation, the same material in powdered form in a lightly packed column
shows a thermo electric power of +23-Ouv deg™. This comparatively large
change would be expected if a large increase in edge defects and possible edge
oxides occurs on powdering, thus depleting the band in the graphite crystallites.

Because of the increased conductance path in the powder, direct comparisons
of the conductance in block and powder do not give immediate information about.
changes in the II bands. However, differences between the temperature co-
efficients of conductance for block and powdered graphite again indicate a greater
depletion of the II band in the powders.

The length of column was not found to alter appreciably after flash sintering.
But the effective conductance paths are probably shortened by the elimination
of electron scattering at contacts between impurity groups and by the direct
formation of carbon-carbon bonds. Flash sintering removes a considerable
proportion of defect sites, as is confirmed by the changes in electronic properties
in the table. The temperature coefficient of resistance drops to the value for
block graphite and the thermoelectric power becomes less positive, as defects
which deplete the II band decrease in number.
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