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The types of carbon formed on iroa and n

-

surfaces from gaseous precurscrs have been invesii-zted,
At 700°C three cstegories of carbon were distingvished.
Flatelet grapihite crystals up to 10/u/ in exueny
were the initial carbon product of the hydrocsartor =nd
acetone decouposition. They were qeposited with Tzsal
planes parallel to the substrate surface and X-rary
measurerents of the inter-iayer spacing showed thzt 100
svacking order prevailed. Srmall metal particles wers

present throughout the grzphite latifice in & fine,
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possibly atomic, dispersion and i% i:
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particles were the active catalysts in promoting the

production of the highly crysfalline platelet grerziite =z
such a low temperature.

YWhen the platelet grophite had covered the whole of
the metz2l surface the crystzl edges were observed <o

distort in order that the basal planes could externi in =
non-horizontal direction. This corresponded tc ths onset
of formatiorn of the second type of carbon, termed nere |
"' non-oriented carbon" , which gave rise to randomly
érlented polycrystalline aiffraction patterns.
With unsaturated hydrocarbons at high pressure (6C0 torr)
this maverial resembled non-catalysed solid-phase ceﬁbo .
At the point of intersection of several plaieslet
crystals gaps in the graphite matrix often ocCuirei,
Surrounding these areas were regions of graphite containing
vertically oriented basal planes. It is thought that these

el

sites were the nucleatlﬁn 901nts of fibrous: graphits, the
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thiird type of carben deposit, which was observed to grow
after the deposition process had continued for some time.
The fibres had an ezternal carbon wall of coustant
thickness, whose lagyer planes were aligred parallel to the
| fibre axis, surrounding an inner region also ¢f comnstant
diameter contzining one or more netal catalysf perticles.
Minute particles of metal which individually were not
visible in the electron microscope even under high
resolufion conditions were seen to agglomerate during
oxidation of the fibrous graphite.

A novel mechanism for the growth of the fibrous
material has been presented. It is based on the surilace
diffusion of individual metal atoms outwérds from the
central metal particle along the growing tip of the fibre
wall. The theory accounts for the presence of metal within
the carbon wall of the fibre and also for the observed
arrangement of the graphite lattice planes.

At Iower temperatures the carbon product of the
pyrolyses was less ordered. Smaller crystals of graphite
with nodular outcrops of material were formed and thin
non-graphitic filaments of carbon often grew out from the
nodular deposit.

The kinetics of the reactions were studied and the
gaseous products of several interacticns were identified by
mass spectrometry with a view to obtaining moré information
on the mode of breakdown of the hydroéarboné‘on the metal

surface.
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1. I TRODUCTION

1.1 Carbon

1.1.1 Structure: Perfect graphite comsists of

layers of hexagonal networks of carbon atoms.

The layers can be zrranged in the form ABAB...
corresponding to hexagonal packing (Hassel'and Mark,
1924; Bernal, 1924) or in the form ABCAEC...
corresponding to rhombohedrél packing (Lipson and
Stokes, 1942). Both forms exist in natural graphite
(Pinch and Wilman, 19363 Boehm and Hofmann, 1955)
and can be easily interchanged (Laidler and Taylor,
1940; Bacon, 1952) because of the low stacking
fault energy of 0.5) ergs em™? involved {Baker et al,
F961). The distance between the layer planes at
room tenmperature was measured by Nelson and Riley
(1945) and found to be 3.3538 3 for matural graphite.
However, it is known that basal plane dislocations
in graphite corresponding to misalignments between
successiYe layers, can increase the value of this
(0002) spacing. Frankiin (1951) related the exact
value of the spacing to the percentasge of disordered
Iayers present; the (0002) spacing varies between
3.35 K and 3.44 K as the fraction of disordered
layers present, the p factor, waries between O and 1.
Bacon (1951, I958) concluded that in graphitic

carbons four different environments could exist, each



with its own characteristic c-spacing: (i) betwee=n

two oriented  layers, 3.35 X; (ii) between iwo
non-oriented layers, both being adjacent to
non-oriented layers, 3.44 R; (iii) between two
non-oriented layers one having en oriented layer
adjacent to it, 3.408 Z; (iv) between two non—or:ented
layers both being adjacent to oriented layers, 3.275 Z.
The (0002) spacing measured by X-ray or electron
diffraction is determined by the relative ambunts of

the four types of arrangements in any given form oI

carbon.

1.1.2 Non-Catalysed Carbon Depcsition

When a carbon bearing gas is heated to a
sufficiently elevated temperature it will decompose
and a carbon deposit will result. Studies of the
‘types of carbon formed under a wide variety of

reaction conditions are summarised in Table 1l.1.

l.1.2.1 Gas Phase Carbons It is found thst

carbons formed by homogencous deoomposition of gases
(gas phase carbons) can be clearly distinguished from
those deposited heterogencously on. surfaces (solid
phase carbons). Iley and Riley (1948) described z=s
phase carbon formed at 800-1300°C as a soft,
velvet-black pulverulent material whose propérties
were independent of the hydrocarbon and the formaticn

temperature used.  The inter-layer spacing, dpoz,
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was as large as 3.60 K and the crystallite dimensions
were L, = 12-17 X and L, = 29-36 A.  Kinney (1956)
obtained gas phase carbon at 90C~1400°C and Conrocy
and cc-workers (1959) also found that the gas phase
carbon black formed szbove 900°C was independent of
the structure of the original hydrocarbon reagent

but was determined by the species intermediate in

the carbon deposition process. The review of carbon
deposition by Palmer (1962) concluded that gas phase
soot-like carbons had low adherence with dimensions,

Q
dyop = 3.61-3.70 A, I, = 12 A, I, = 42 A, Further

A
discussions by Palmer and Cullis (1965) oﬁ carbhon
formation in flames stated that the extent of earbon
deposition depended on the type of hydrocérhon being
“burned. Soot formation increased with degree of
unsaturation and with chain branching but decreased
with molecular weight except for paraffins. Gomer
and Mayer (1955) found, as would be expeéted, that no

gas phase carbon was produced at 1000-2300°C at very

low hydrocarbon pressures (below 10~ torr).

l.1.2.2 Solid Phase Carbons Iley and Riley (1948)
described the two main types of solid phase deposits
formed at 800-1300°C as shiney, vitreous, columnar
carbon and filamentous carbon. The filamentous
material was also detected by Tesner et al (1952RB)
around 1200°C but in general it is a minor product in

these reactions. As noted for gas phase carbon, the

(@)



properties of the solid phase deposits (Iley and Riley,
1948) were independent of the nature of the hydrocarbons
used, but the crystallite size increased as the
depdsifion temperature was raised, Ig from 16 E to 29 Z
and L, from 31 A to 42 e Conroy et al. (1959) and
Austin (1959) discussed the properties of pyrolytic
carbons and Kinney (1956) classified the types of

carbons which are produced:

Type A is a hard, brittle, lustrous material adhering

well to surfaees.

Type B is a sooty,poorly adherent gas phase carbon.

Type € is a mixture of types A and B.

Type D is a grey, feathery material appearing to grow

out of type A.

Type E occurs with type D but has a brownish, spongy

character and is located on its downstream side,
Melik-Zade et al.(1960A,B,C, 1961A,B) have

observed that the amount of carbon formed on SiOa/kloz

surfaces at 450°C is dependent on the hydrocarbon used,

ease of carbon deposition increasing with molecular

weight for paraffins and with degree of unsaturation.

Conroy and coworkers (1959) indicated that only below

500°C is the structure of the decomposing gas important

in determining the type of carbon formed but Cullis

et al, (1959) showed that the presence of chloride in

reagent molecules caused a reduction in orientation

and in crystallite size of the resultant carbon deposit



at 850-950°C because of the decrease in carbon atcx
mobility. Oxygen-rich chars produced totally
amorphous deposits below 1200°C (Gibson et al, 194%;
proving that the product was determined by the
chsracter of the starting molecules. It is evident
that only for hydrocarbon decomposition is the
structure of the carbon independent of the starting
material above 500°C.

Cullis and Norris (1970, 1971) discovered that
the silica surface often used in reaction vessels Is
not completely inert during the pyrolysis process exd
up to 1% Si can he detected in the carbon deposits.

If SiCl, is added to decomposing CH,, silicon can
form B SiC in the deposits. At 900°C silica readily
diffuses into graphite and even just about 65C°C

some diffusion is evident during prolonged experiments
(Fryer, 1970).

The nature of the intermediates formed by
hydrocarbon decomposition is of crucial importance in
determining the mechanism of pyrolytic carbon formsiion.
It has long been thought that polymerisation of C,
species was involved (Smith, 1940). Gaseous additives
are known to affect the chemical reactivity of
deposited carbons (Frazer et al, 1959) probably
because of the resulting free radicals. Thomaszs (2732)
suggested that free radical polymerisation of C, ard C,

species to form conjugated polyene and polybenzencid
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radicals was a stage in the huild up of crystallites.
The review by Palmer (1962) considered that below 800°C
cyclisation and condensation of aromatic molecules
resulted in the formation of reagent-dependent carbons.
At higher temperatures aromatic rirngs decompose and
hydrocarbons tend to form reagent-independent carbon
by the reaction sequence:

C,H, C,H various radicals

‘” e.g. acetylenic
hydrocarbon-)+ Hz—% C4H4_}+ Hé-—é C¢Hs; ,C; species etc. > C

1.1.2.3 Investigation of Pyrolytic Carhons It was

reported by Debye and Scherrer (I917) that carbons
formed by low temperature pyrolyses gave three
diffuse bands in X-ray powder photographs. These

. were recognised tc be related to the graphite X~ray
~pattern and it was suggested that carbon black was
similar to graphite but existed in a finer state of
subdivision. Warren (1934, 1941), proposed that
hexagonally arranged crystals were present in carbon
biack among disorganised carbon and Hofmann and Wilm
(1936) observed that the temperature of formation of
the carbon above 1400°C determined the LA and LC
values and inter-layer spacings of the crystallites.
At a deposition temperature of 1000°C no interlayer

. order was detected (White and Germer, 1941) and hence
Biscoe and Warren (1942) used the word " turbostratic"

to describe a substance such as carbon black which has

only two-dimensional order. The work of Hall (1948),



¥izushina (1959) and Grisdale and coworkers (1951,
1953) established that the crystallites in carbon
black had a tendency to rientate with basal planes
parallel to their surfaces. This was variously
regarded as ‘' tangential layer plane orientation®
or " concentric crystallite orientation" .

The most recent studies (Ergun, 1968; Heckmann and
Harling, 1966, 1969) have determined that the
crystallites are in fact arranged approximately
parallel to the particle surface but with a range
of possible deviations on either side of the mean.
This is known as the ' curving ststistical crystalliite
orientation' model. /

The observaticn that pyrolysis temperature
determines to a large extent the crystallite dimensions
in carbon black particles (Hofmann and Wilm, }936) led
to experiments which showed that heat treatment caused
a decrease in the value of inter-layer spacing
towards that of natural graphite (Biscoe and Warren,
1942; Bacon, 1951, 1952).  Pranklin (1950, 19514,3)
proved that the course of this graphitisaton could te
followed quantitatively by measuring changes in the
observed dgy,, values. She related thesé values to

the p factor (see earlier section) by means of the
equation,

dpps = 3.440-0.086 (1-p ).



Later, HMaire and liehring (1960) correlated dg,p, valuss

with the degree of graphitisation, g, as defined .,

and Pitzer et 2l.(1965) used the increase in Lc.valaes
as a criterion for graphitisation, rather than d,,.
values. The ultimate perfection which can be
achieved by graphitisation was shown to be limited

‘by particle boundaries (Pinnick, I1951) anéd by
internal perosity developed during heat treatﬁent
(Imperial and Walker, 1957).

Recent work has been concerned with the eatalrytic
effect of electron bombardment (Mackowsky, 1956) =axrd
metals (Schwartz et al, 1967; Weisweiler, 19703
Gillot et al, 1969; Oberlin et al., 1971) on the
graphitisation of compact, soft (graphitisable) certons
and porous, hard (non-graphitisable) carbons.

A review of the catalytic graphitisation literature is
given by Marsh and Warburton (1970).
Table 1.2 sumrmarises the investigatibns discussed

in this section.

1.1.3 Catalysed Carbon Deposition

1.1.3.1 Introduction

Much work has been carried out on the carbon
formed by the breakdown of gaseous molecules on metzal
surfaces. As early as 1871 Bell realised that iron,

cobalt and nickel were particularly suitable for this
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TABLE 1.2

Investipgations of Pvrolytic Carbons

Authors

Debye et al.

Warren

Hofmannm et al.

White et al.

' Warren

Biscoe et al.

Gibson et al.

Hall

Bacon

Year

1917

1934

1936

1941

1941

1942

1946

1948

1950,
1951

Results

X-ray examination of carbon black
suggested that it was essentially
similar but more finely divided
than graphite.

X-ray results showed that hexagonal
crystallites were present among
disorganised carbon in carbon blsck.

Properties of charcoals were
discussed. Above 1400°, {ormation
temperature determines Lg and Ly,
which increase as the (0002)

value decreases.

Carbon black formed at 1000°C was
shown by electron diffraction to
contain crystallites in which carbon
atoms are arranged in hexagonal
layers. KNo interlayer order found.

Theory of X-ray diffracticnm in
random layers as in C black.

Carbon black has a 2 dimensional
structure identical to graphite but
with a larger turbostratic
inter-layer spacing. Heat treatment
causes graphitisation around 3000°C.

The turbostratic theory of carbon
blacks does not apply to carbons

formed from oxygen rich chars at

1200°¢C.

Dark field electron microscopy
showed that some carbon blacks
have crystallites whose layers are
approximately parallel to their
particles surface.

Graphitisation causes an increase
in Ly and L, and a decrease in
interlayer Spacing, due to a
reduction in non-orientated layers.



Authors

Franklin

Pennick

Grisdale et al.

Mackowsky et al.

Imperial et al.

Mizushima
Maire et al.
Fitzer et al.
Heckmann et al.

Notz

TABLE 1.2 (contd.)

Year Results

1950, Quantitative study of

19514,B ation denoted by changes
the fraction of non-orieniad
layers. Graphitisable =zx1
non-graevhitisable carhbons viers
differentiated.

1952 Graphitisation at 300°C Zed <o
crystallites of agbout ornz-thirg
of the overall par ticle sizeg
graphitisation is limitec by
particle boundaries.

1951, Carbon formed on ceramic sand

1953 surfaces has basal plenes approxX.
parallel to the substratfs surizsce.
Carbonisation and carborn
deposition compared.

1956 Graphitisation of c¢¢al psrticles
by bombardment with an interse
electron beam in the eleciron
microscope.

1957 Carbons heated at 1C atmcspheres
to 3600°C contain residusl 1C#
turbostratic character because of
porosity.

1959 Discusses the competition between
2- and 3-dimensional groewih of
crystallites during grarritisgticx.

1960 Discusses 2 and 3-~dimensicngl
growth in terms of g, tke degrse
of graphitisation.

1965 Use Ig as criterion for graphitis-
ation phenomena rathsr than thre
(0002) wvalue.

1966, Discuss the carbon black

1969 " statistical crystallite® model
and earlier models.

1967 Carbon particles separated by

thoria treatment and exs~ined
by electron microscopy.
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TARTE 1.2 (contd.)

Authors Year Resul s
Schwartz et al. 1967 Graphitisation of carbons is

catalysed by 5-7% titanium.

Rudee 1967 Domein structure of carbhon
blacks studied.

Ergun 1968 Carbon vlack model developed
similar to Heckmann.

Maahs 1969 Relationship hetween L, end
dgo02 Obtained for grapnite.

Reiger 1970 During graphitisation Lg
increases with time, and dgqas
improves with temperature,
in general.

Weisweiler 1970 Carbon from polyfurfuryl alcohol
' ' - graphitised in contact with a
Ni/C melt at 1360°,

Roscoe et al. 1970 Carbon stress recrystallised at
3000°C can be grown to ?Q/&.

Marsh et al. 1970 ‘Review of the catalytic
- o graphitisation literature.

OberIin et al. 1971  Tron added to hard carbons
treated at 1600~1800°C sllows
graphitisation.:



-

purpese. Later workers (Tropsch et al., 1925
Baukloh et al, 19413 Olmer, 1942; Kehrer et al.
1954; Hughes et al, 1962) have considered the effect
on the carbon deposition process of a wide range of
metals and have shown that iron, cobalt and nickel
give optimum results.

A variety of gases have been used for the studies.
Bannerjee et al (1961) deposited carbon from carbon
suboxide, C50,, at 713°C and found that good quality
graphite formed on nickel whereas amorphous carbon
accumulated on platinum, copper and porcélain
substrates. Most earlier experiments uged carbon
monoxide, as its use in the Fischeg/%rogsch synthesis
of hydrocarbons had become familiar. Fischer et al.

-+ (1926) used iron, cobalt anéd nickel to eatalyse the

- conversion of hydrogen/barbon monoxide mixtures to
hydrocarbons and suggested that the metal carbides

were the active species. Further work (Fischer et al,
1928A) indicated an order of activity: Fe>Ni>WYMo> C.
Bahr et al.(1928A) showed that Ni,C could convert

CO/H2 mixtures to CH, at 250°C. However, later work

by Weller et al.(1948) and Kimmer et al.(1948A and B)
cast doubfs on these earlier ideas. The most recent
studies have been performed using a variety of

hydrocarbon recagents.

1.1.3.2 Carbon Deposition from Carbon Monoxide.

Types of Carbon Formed. Essentially three classes of
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i

carbon deposits can be obtained from gascous

pyrolysis: filamentous carbon, single crystal grarpzite
and polycrystalline carbon. There is a continucus
gradation between the single crystal and polycrystalliine
forms of deposit as the temperature of reaction, ges
pressure and other variables are gradually altered.

At lower temperatures, usually below 600°C but
depending on the conditions, vermiculag/filamentary
carbon is formed often along with polycrystalline
carbons resembling carbon black (Radushkevitch et ai,
1952). At 390°C Hofer, Sterling and McCartney (1955)
found that PFPe, Ni, Co gave vermicular deposits
containing metal among the carbon and Davis et al.
(1953, 1954, 1957) examined filaments formed in blast
furnaces around 450°C.

At temperatures above approximately 600°C single
crystal or platelet graphite is formed as well as
filamentous carbon. Akamatsu et al. (1954) showed by
electron diffraction the existence of three-dimensicnal
order in the carbon. At 550°C on iron Ruston and
co-workers (1969) obtained filamentous carbon grown
from Fe,C, crystals and lamellar (platelet) graphite
formed by the decomposition of FeyC. Renshaw et al.
(1970, 1971) using iron, nickel and cobalt single
crystals also obtained platelet and filamentary carbton,
the larger platelets being formed especially at 80C¢C,

the highest temperature used.



Leidheiser and Gwathmey (1948) have shown that
carbon is deposited preferentially on the (111) fzce
of nickel from a CO or CO/H, atmosphere. Further work
by Kehrer and Leidheiser (1954) indicated for iron,
cobalt and nickel that minor faces,; especially ones

around the (111) are the most active.

The Catalyvst in the Carbon Formation from Fe/CO.

The most common substrate used in carbon mornoxide
pyrolyses is iron. Table 1.3 sumnarises the conditions
which have been used to study this system and gives
the most important results obtained from them.
Jt can be seen that there is a wide range of suggested
catalytic species.

Many workers have shown that free iron is
necessary for carbon deposition from CO (Chatterjee
et al, 1954; Olmer, I1942; Juliard et al, 1948).
Others have suggested that an iron/iron oxide
interface is the actual catalyst (Chufarov, 1946;
Chufarov et al., 1947; Taylor, 1956).

Akamatsu and Sato (194S) showed that at 500°C
iron is first converted to FezC before being coated
with carbon. A similar sfudy by ﬁerry and co-workers
(1956) on catalysis by iron oxide indicated that the
oxide had to be converted to a carbide for the reaction

to take place. Between 400°C zand 565°C Hagg carbide

(Fe,C) was believed to be the catalyst and between

565°C and 700°C a cementite (FesC) with an abmormally



*pPo310339p OpIQIBO Y OSsTe

pouxoy plea‘pCegl ofey €0 % ,02E46L2
sapIXo ou ‘pewxog plog‘pfedq o 000L=~059
igfogipfogfoyg oulos ‘pauwiIoy Q0d+D aJ ,069~-06Y
*plogfeyg o1331T ‘powxog "ofeyg+Dd oq 0 0SH~00% 0618261 T2 39 uuBwIOl
uotytsodop Furtanp ‘og ¢ ¢olay €o%ayg 069 moTeq L26T wyoyusIney
‘paATOAUT a826T
3ou st TAuoqaeo ‘qshreied st Ofey uoxT afuea 9zZ6T‘Ge6T 1e 3® JI8YyosTty
‘UQT]O'AI O] sOSATEIEVO YOSTUM SOPTX0 UOIT .
‘uoat 03 poonpdx ST OPIXO pue uoxt 0008-0G% €261 T® 39 ®'I®H O
AtmoTs “De0D 0066
gs{1rreo 1sey ‘0%ed+0¢00 0048 .
s1 0 %oy 3sey Lxsa ‘D00 €oeyg 0008 MoOToq ST6T T® 39 3aadiTH
pajoadsns TAuoqaed y TO6T‘d“‘VOO6T
‘poTPnN}s umTIqQTTTNDS 04+ 200 ¢00 SOPTXO UOIT 0G2C6-5hN Jd-V668T pIenopnog
2,06h-00 °dwej3 umwrjdo SOPTX0 UOXT a8uex TL8T 1124
s3pTasax TeTI9jeuw aanjexadway Ieak sxoyjiny

5}7

Spunoduio) UOd] Pue UOXf U0 0D JO Ustjisodwodoq oql,

s i




0 TPOULIOT
i wpuedy ) opdpy i puy opdup

*yloqsnerduoqgaruo
MO CO04 PV v Inut X i
suuum o]l 03 Jeptwts sjonpoxd

“(o€6TezeT)

1e 39 uuBwWIO) 03 IBITWES sjonpcxd

*pPBUIOY SIUSWBTTY UOQIBD
juesaad TTe 9prqIred ‘uoqxed ‘uoaTy

*SUOTFOITIOX Aﬁxas soATd uUoqIeO
3sd1e3ed st pfed‘pne plegd-og

‘uoriorvsx sasdATeliwo oJg LTuo
*SWI0Y 9PTQIBD IATFOBUT
*UCTZBUIOI UOQILD sasATejiwo ag Ajuo

*swrIoj 9y aoqFe AJUo swIoJ uoqaeod
*ogé0ad & "o fege ooy

0,084 =‘'dwey umwrido

awpwgﬁﬂﬂww.dwo 8Jge s$90erJaI93UT
ﬂOwar.H\dOﬂ@(.quoner_H\GaH
° OOOT\ ST @.HSP,E.HQQE@@ EﬂHE.ﬂPQ.O

*uotrtgrsodwodap
00D ©9Yy3 s3sdtezeo ag ATuo

‘uotrjoeaa Juranp JHlage—=tolay
*9pPIXO UOIT ST 9pIqIed X

. ] )
isfyeseo st pfay ‘aouop g3sfiezed st oy

Uodg

uoxT
SWITJ UOXT
uoa Ty

UOXT

apTqIRd
pue uoxTt

OPTXO0 UOJT
pue uoxTf

uoIF

S8JX0 UOXT
apTqIed pue

9pTxo‘uoar

od

0 0UY

s002T-061
0 008-06¢
. L06€

0 008~00¢

0 00%

006 ¢ *xoadde

s8uea

008

0 06L-05€

e3uex

0 006-00%

[9F 4
N
Cn
-

€561
0'a‘vVIgeT
g‘voset

GG6T

6h61

hG6T
0S6T‘2H6T

THET‘OH6T‘9€6T

861t
Lh61

9461

ch61

a‘voceT ‘6261

1TU 46 YO Lavsiipng

neaanoy

Te 39 3eIITIL

Te 3® xa8Joy

T1e 39 nsjeweny

Te 398 ®9fae328yUD

1e 39 yoiynesq

1 38 pIieting

1e 39 Aoaeynys

Aoxegnyd

JauWi(Q

eATINg



19

saou st fQtouw *8aAN}ONIYS 309J0P
s31T 03 onp 3sfrezeo st fpleg A

*0319 S309JJ9 90BIXSGUT
*WTTJ opIxo uo juapuddep L3TaTjioe

‘nlog Aq poesdyrezeo ) aelTaweT
*fnisg Lq posdTesred ) Arejusweltt

*asATe3©0 ST UOJT

‘dws3 uo juspusdop 8jex
*3sLfeleo

quads sT pfegfarsdTeleo sT 94

*SUOTLGFTPUOD YJITM ) JO UOTFETIBA

‘asf1ereo st pfeyg Tewxouge
15123 €0 ST opTqIes I8ey

‘28473 EO ST 90BIIDIUT mm\¢0n0&

‘DOUTWEXS SUOQIBO JO sBaJe
S0BJINS pue SISATRUB JUDWSTO

*PauI0o SproauU} ) UT punoy sT
YOoTyM ‘9pPTIQIED & UOIT ¢ SPTXO

‘5 2xoJyeq suxoJ O feyg

ooy Te2sixo uo spusdap vjzex

sTe}sdAxo o13urs
®I/TS pue o4

s1sdTele0 TeIiIoads

uoxT
gpa91T19d UOXT

ﬂo@h@o\nONQh

uoIT

9PTXO0 UOIT

9PIX0 UOXT ‘uoat

UOoXT

9PIXO UOXT
pue uoxt

.ﬁowﬁ
Te1sLxd a18utrs

0008-065
,008 _

0055
+GLOT=00%

0054

00GL-05"

2 00L-G9¢

.omwmlOOd

o000T-00%

0 00%

006G 1

0 08¢

0L6T
0L6T

6961
896T
0961

gv6sSe6T

9G6T
9¢6T
GG6T
LG6T
HGETCS6T

he6T

T® 39 Meysudy
Te 39 Io3Tep

Te 39 uozsny
1ie 219 seeqy
Te 38 Yuayog

Te 3o xo3TEy

Te 39 Axaosg

Io14Ae],
Te 39 JI9ATO2K
Ie 319 sTaA®R(q

_Hm 39 I83IYdy



20

Yow Curie Point was responsible for the carbon
depositién.

Against this evidence for catalysis by iron
carbides Walker, Rakszawski and Imperial (1959A and
B) showed that loss of catalytic activity by iron
was accompanied by a gradual conversion to FezC.
Upon additicn of hydrogen, which restores the FezC to
iron, the activity was regained. This finding is
in agreement with earlier conclusions by Baukloh et al.
(1936, 1940, 1941, 1942, 1950). These authors used
iron and iron oxides and discovered that the oxide
was reduced to the free metal which then catalysed
the carbon formation until it was gradually
carburised. Regeneration occurred, as with Walker
et al.(1959A and B) whenever hydrogen was added to
the inactive carbide. Other workers, including
Trillat and Oketani (1951A) also found that the
presence of hydrogen aided the carbon deposition
‘process.

Walker and Thomas (1970) realised that some of
the conflicting ideas as to the active species in
the F%/CO reaction were due to the critical dependence
of the iron's activity on the thickness of any iron
oxide film present and on the exact nature of the
iron/iron oxide interface. The observation by Bauklch
et al.(1950) that the activity of iron formed by

reduction of oxides is dependent on the temperature



2.

at which the reduction is carried out is interesting
in this respect. The lower the temperature of
formation of the iron the greater the defect
concentration in its lattice and the higher fhe
activity found. Recent viork by Renshaw, Roscoe and
Walker (1970) on Fe and Si Fe single crystals has
reasoned that Y Fe,0; due to its defect structure
(see section 1.2.1.) is catalytically active whereas
aFe, 05, formed in their system above 550°, having a
lower defect concentration is less active. In support
of this theory they have found that the rate of carbton

deposition decreases above 550°C.

Comparison of Iron, Nickel and Cobalt as Catalysts

for CO Decomposition.

There is no general agreement in the literature
on the relative efficiencies of the three main metals
used as catalysts. Boudouard (1899A) said that
cobalt and nickel oxides were much superior to iron
oxide as catalysts. If the reduction of some metal
oxide to metal is necessary for carbon formation to
occur, as was suggested by the work of Juliard et al.
(1948) for nickel and iron, this would explain the
order of catalysis found by Boudouard since iron
oxide is the most difficult to reduce. Schenck (19274)
reported thgt cobalt was' better than iron and probably
was present during the reaction as mixed crystals of

cobalt and cobalt carbide. He found that above 688°C
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the carbide was the catalyct, and even below 668°C

it appeafed to be involved in the mechanism of
carbon deposition. Baukloh and co-workers (1950)
found that nickel had lower activity than iron or
cobalt and that its optimum efficiency was at a
lower temperature than thbse of the éther two metals.
Walker and Thomas (1930) used a wide variety of iron,
rnickel and cobalt catalysts using as an atmosphere a
CO/ﬁé mixture and found the order of activity to be
Fe> Co> M.

In summary, the more recent findings appear té
indicate that iron is the best catalyst for the
conversion of CO to carbon in the conditions normally
employed. This is particularly true when hydrogén
is added to the CO presumebly because this suppresses
the formation of more than minute traces of oxide.
The major results achieved by workers in the field
of carbon monoxide decomposition over metals are

listed in Table 1.4.

1.1.3.3 Carbon Deposition from Hydrocarbons

Types of Carbon Formed. In general, similar classes

of carbon can be formed from decomposition of hydrocarbon
molecules as have been described for CO pyrolysis.
Table 1.5 summarises the carbon products obtained by
reaction of hydrocarbons over metal substrates.

Several early workers (Robinovich et al, 1959

Nemetschekt, 1959) detected carbon filaments in the
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product of hydrccarbon brezkdown reactions.

Roberteon (1968, 1969, 1970, 1972) studied the

carbon fibres produced from CH, decomposition on

Fe, Co, Ni foile &t 650°C and 75¢°C. His work
iﬁdicated that formstion of this materigl is caused

by metallic catalyst particles which are extruded

from the metal subsirate and maintain a position at
the fibre tip as it grows from the depcsit surfeace.
Normally an cuter coating of crystalline carbon was
observed with a hollow inner region containing the
catalyst particle. The outer carbon layer was
concluded to be'non—graphitic (Robertson, 1970) as

no general (h,k,E;E,l) refiections were observed, but
it was discovered that the (C0002) planes were
preferentially orientated perallel to the fibre growth
axis [as was found by Davis et al. (1957) for fibres
formed by CO/Fe interactions]. An attempt to classify
the fibres was made (Robertson, 1968) according to
whether metal occurred only af the tip of the fibre

or throughout the fibre leﬁgth.

Karu and Beer (1966) demonstrated that it was
feasible to grow single crystals of graphite by
passing methane at low pressures over a nickel foil
heated to between 800°C and 1050°C. At methane
pressures greater than 10"% torr no graphitic £film Was
obtained and at lower temperatures, 700°C to 800°C,

polycrystalline and single crystal deposits formed.



Presland and Walker (1969) were able to show that
graphite'films formed by pyrblysis of acetylene over
-nmickel at 1000°C were oriented with their basal
planes parallel to the metal surface. Later work
(Presland et al, 1970) proved that a surface oxide
coating inhibited the formation of this laminar
graphite although a less ordered carbon continued to
be deposited. A prior anneal (in vacuo, hydrogen or
nitrogen) removed any metal oxide present and
prevented impurity affecting the course of the

deposition process.

"Kinetics of Carbon Deposition from Hydrocarbons.

The work of Cunningham et al. (1957) has suggested
. that there afe major differences between the mechanisms

of carbon monoxide and hydrocarbon décomposition over
metals. They found that for the formation of carbon
by C,H, decomposition over nickel single crystals the
(111) planes were least active, in contrast with the
results for CO decomposition over nickel mentioned
earlier (Leidheiser et al, 1948; Kehrer et al., 1954).
This may be due, as Walker and Thomas (1970) have
suggested, to the dependence of the CO pyrolysis on
the pfesence of trace amounts of oxide.

The kinetics of the breakdown of hydrocarbon
on iron, cobalt and nickel depend on the mode of
heating used in the reaction system. Lobo and Trimm

(1971), using a furnace which heated the gas,found that



after induction and écceleratory pericds the rate
of carbon formation from nickel/olefin and nickel/
acetylene interactions was constant for long
reaction durations. The rate of reaction increased
as the temperature was raised until a maximum around
500°C wss reached, after which the rate decreased to
a miminum about 550° and increased thereafter.
The first region (below approximately §OO°C)'had an
activation energy of about 30 Kcals/mole, independent
of the hydrocarbon used and was believed to be due
to heterogeneous decomposition of the gas on nickel.
Above 550°C the activation energy corresponded to
that expected for homogeneous pyrolysis and the rate
of reaction of acetylene in this temperature region
was proportional to the square of its pressure.
This is clear evidence for homogeneous decomposition
occurring above 550°C on this system. Some work on
ethane decomposition on nickel (Lobo, 1971) indicated
that the rate rose with temperature between 500°C
and 650°C and perhaps increased with reaction duration
and hydrogen presence. Haddon (1972) found on
heating a tapered nickel foil in a butadiene
atmosphere that the areas of thickest carbon deposit
occurred at approx. 450°C and at the hottest region
of foil which was at 700°C.

Tesner and co-workers (1970) obtained large

quantities of carbon fibres by heating nichrome wire



in acetylene at 450-700°C. The rate decreased
slowly as the reaction proceeded after a fast initial
increase due to the auto-catalytic behaviour of the
carbon product, which was also mentioned by Lobo
(1971). Gilliland and Horriott (1954) found that
the rate of decomposition of CH,, C,H,, and CO on
nickel/silica surfaces at 600-1000°C decreased with
time because the exposed nickel was gradually
covered by depositing carbon. Tesner et al. (1970)
also showed that the rate of reaction, as measured
by the increase in weight of carbon, increaséd if
the partial pressure of C,H, was raised or if
hydrogen was added rather than nitrogen. They
detected a rate maximum about 600°C when a CzHejH2
mixture was employed. It was observed that the
diameter of the fibres increased with temperature as
well as with pressure and time.

The decomposition of methane at 900°C and 300 torr
was studied by Tamai and co-workers (1967) and the
catalysis of the reaction by metals was shown to
be dependent on the metal-carbon affinity. The work
(Tamai et al, 1968) concerned the effect on the
rate of carbon formation on nickel and iron surfaces
of altering several parameters, On iron, using
methane and ethane, the rate was proportional to
pressure at 900°C and at low pressures at 1000°C;

using ethylene the rate was independent of pressure



and decreased rapidly with time. Under conditions
giving a ratée of CH, decomposition proportional to
pressure the activation energy was 100K calstole,
equivalent to CH, isothermal decomposition, but in
the higher temperature and pressure region the’
activation energy was 53K cals.mole. On nickel for
all three gases the rate was independent of pressurs
in the range studied. This led the authors to
conclude that in the presence of nickel surfaces
nucleation and growth both occurfed in the solid
phase whereas with iron nucieation in,some‘céses could

take place in the gas phase.



1{2 Materials
l1.2.1 Iron

At room temperature iron exists as a body—
centred cubic metal, aFe, with unit cell dimension
a = 2.8664 A (A.S.T.M. 6, 696). At 916°C pure iron
changes to a face-centred cubic structure, Y Fe,
with a = 3.6394 Z, which on further heating returns
to the body-centred cubic structure, § Fe, at
1389°C with a = 2.9256 A (Basinski et al, 1955).

The transition temperatures can be altered by the

addition of alloying agents such as sulphur; chromium

or phosphorpus which cause a contraction of the y’ Fe
region and an enlargement of the § Pe region until
they are no longer separated by a phase boundary.
The presence of carbon reduces the temperature of
the o = Y transition to 723°C (Parkes and Mellor,
1951) and 3.5% silicoﬁ completely represses the o — ¥
transition (Renshaw et al.,, 1970).

It is now generally recognised that a metal
can recrystallise at a temperature below half that
of its melting point in °K. Olmer (1942) observed
that iron catalysis of the reaction CO — C was
diminished above 580°C due to sintering of the
catalyst particles. Work carried out in pért 5)
of this thesis has indicated that the degree of

crystal growth is very much dependent on the gaseous

2
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atmosphere present during heating. Polycrystalline
iron suffaces heated to 600°C or above will
necessarily experience sintering and the
interpretation of any chemical reaction of them

will be further complicated. To minimise this
effect the metal foilsemployed in these studies

were normally pre-annealed.

Chemical reactions carried out in a
conventionally clean apparatus contain appreciable
amounts of impurities. Iron is particularly
gsusceptible t¢ oxidation by traces of oxygen,

partial pressures of approximately 10™'2

torr being
enough to convert Fe — Fe,0; at 700°C (Richardson
and Jeffes, 1949). Iron has three non-hydrated
stoichiometric oxides: FeO, Fe;0, and Fe, 0.

FeO at room temperature and above has a face-
-centred cubic (NaCl type) structure but below
200°K it$ lattice becomes rhombohedral due ta
Jahn-Teller distortion (A.S.T.M. 6, 711).

Its molecular formula is more accurately represented
by Fey.e530 (Chemical Rubber Co., 1969-70) and it
therefore has an associated defect structure.

Fey,0, has a spinel lattice, the oxygen ions

being arranged in close-packed cubic structure.

Two iron atoms are contained in octahedrally

coordinated sites in the lattice and the third is in



a tetrahedrally coordinated site. The crystal
geometry is described by the molecular form,

II ion preferring to

FeIII(FeIIFeIII)O4, the Fe
exist in the octahedral site because of the
increase in crystal field stabilisstion energy.
Fe,0; can occur in two crystallographic forms:
aFe, 0, is thermodynamically more stable and has a
rhombohedral, ilmenite-~type structure. The oxygen

. . 3+
ions are hexagonally close-packed with Fe ions

present in the octahedral sites in the Ilattice.

Y Pe,0; has a tetragonal structure which is best

regarded as an Feyz 0, spinel lattice with a fraction

of the FeII

sites vacant. This gives the crystal
a large number of defects with renders it meta-
stable with respect to aFe,O5.

The reduction of iroﬁ oxides by carbon and
carbon monoxide has been extensively studied
(Tutiya, 1930A; Juliard et al., 1948; Berrj et al,
19563 llcRae, 1965) and it has been shown to

proceed by a gradual decrease in the oxidation state

of the iron:

Colombo and co-workers (1967) followed the reduction
of several oxides below 400°C and determined that

the reaction pathway was,

J

"/,'l



aFe, Oy _
9 K
Fez04 — Fey 0, —> Fe,
Y Fe, 05 >Fez_50,4

1
where z & % y wl 1. They deduced that the

kinetic behaviour during reduction of oxides was
caused by differences in the degree of crystall
order and grain boundary area of the oxides.
The range of compositions for which a spinel

structure is possible is Fea_%_04 to FegiwOy4

The ability of iron oxides to exist in
compositions which vary from the stoichiometric
formulze has been put forward by a number of
people as an explanation for the catalytic behaviour
of the substances (Renshaw et al., 1970).

In particular, the interfaces between lattices in
which iron has a different oxidation state are
regarded as active sites (Chufarov, 1946;

Taylor, 1956; Venkatachalam et al., 1971).

The solubility of hydrogen in iron is 10~*¢
at 600°C and 4 x 107%% at 1000°C (Sidgwick, 1962).
Carbon solubility in aFe is very low, 0.003% by
weight at 20°C rising to a2 maximum of 0.036% at
723°C (Parkes and Mellor, 1951). The solid solution
formed, with a heat of solution of 21p3k cals{mole

(McLellan et al., 1970), is known as ferrite.

Calculations indicate that the interstitial carbon is



prcsent in octahedral holes in the aFe lattice
(Plocken, 1971). In Y Fe the carbon solubility

is 0.87% at 723°C, the A, transition point, and
increases to a maximum of 1.7% at 1130°C, the
resulting solid solution being austenite. The higher
golubility is due tc the larger volume available for
interstitisl atoms in the octahedral sites in the

X’Fe lattice.
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A wide range of iron carbides and solid soluticns

of carbon in iron are known. -Many, however, only form

under unusual conditions. The carbides Fey ;055 FegC
and Fe,C, occur in special steels (Taylor, 1961).

The formation of FegC and Fe;4C, (Kuc, 1959)

and probably the carbide " FeC" reported by Eckstrom
" and Adcock (195C) have been carried cut only in the
presence of nitrogen. The compound Te,C was
prepared at 400-480°C from CO/Fe intersctions and
decomposes fO»Feac (Pinsker et al.,, 1957) but neither
FeysC nor the carbide, Fe, ,Cs have been detected in
carbon deposition studies (Allen, 1965).

Several phases, mixtures of Fe and FezC are
known to separate in the manufacture of steels under
a variety of conditions (Barrett, 1943). Figure 1.1
represents part of the phase diagram for the iron-
—-carbon system (from Parkes and Mellor, 1951).

The equilibrium form below 723°C is pearlite and

other forms such as martensite, a body-centred
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tetragonal iron lattice containing interstitial

carbon atoms (Hagg 1934A, Ron et aL,>i968) can be
converted to pearlite by tempering. The intermediates
sorbite and troostite forﬁzxddecoﬁpose during this
process. Other phases such as bainite, a lower
temperature form, are produced by the conversion of
retained austenite to cementite and ferrite

(Kuteliya et al, 19694,B,C).
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The carbides most frequently encountered during
carbon deposition experiments on iron surfaces are
cementite-@FezC, Hagg carbide -XFe,,Cy and € Fe,C.
Of these carbides FeyC is the longest known and the
best established. Schenk et al. (1903, 1926, 19274
and B) have studied the production and decomposition
of PegC in several different systems and the Fe-0-C
equilibrium at various temperatures. Lipson and Petch
(1940) proved that the FezC lattice was orthorhombic
with unit cell dimensions a = 4.5234 A, b = 5.0883 A,
¢ = 6.7426 A. Fruchart et al. (1963) discussed the
Fey;C lattice in terms of the radius ratioc of the C
and Fe species and explained thé structure as
consisting of prisms of Fe atoms, each alternate prism
" having a central C atom. Cementite is thought to
decompose to graphite and iron via an unsitable ¢arbide
and Shalashov et al. (1968) have.obtained evidence that
at 700°C in vacuo FezC forms ferrite by going through
a meta-stable austenitic phase.

Both Hofmann et al. (1930) and Tutiya (1930B)
obtained a second carbide during the decomposition of
CO over Fe and Gluud and co-workers (1929) showed that
at 275°C Fez;04 was reduced by CO giving rise to a
phase of constant composition equivalent to
approximately Fe,C. Hagg (1934B) obtained an X-ray
powder photograph of this compound and was able to

show that it was unstable above 225°, completely
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decomposing to FezC at 500°C. Later work (Jack, 19456,
1948) determined that this material, now known as Hagg
carbide, contained 30.5-32.1 atoms %C and crystallised
in the orthorhombic system with a = 9.04, b = a /3 =
15.66 K, c = 7.92 K. Trillat and Cketani (1951 4, C)
suggested that experimental observations could equally
well be explained by a primitive hexagonal lattice with
a' = 2a,.c' = ¢ or by monoclinic or triclinic systems.
Pichler and lMerkel (see Hofer et al, 1949)
reported the existence of twec carbides of general
formula Fe,C having different Curie Points and Halle
and Herbst (see Hofer et al., 1949) claimed to have
détected a hexagonal carbide of iron. Hofer and
co-workers (1949) established that one of these.-
" reported carbides with a Curie Point of 247°C (+3°C)
was Hagg carbide and the other with a Curie Pcint of
380°C was a hexagonal carbide now known as &€ TFe,C
having unit cell dimensions, a = 2.754 K, c = 4,349 4
(A.S.T.H. 6, 670). This compound was prepared by
treating powdered Fe at 240°C with CO for more than
500 hours and decomposes above 300°C to give Hagg
carbide. Nagakura (1959) has obtained € Fe,C from .
polycrystalline aFe films but not from single crystal
films, the € Fe,C having a similar crystal size to
that of the original aFe. This supports his mechanism
that € Fe,C forms by diffusion of C atoms into the

aFe lattice via dislocations without any recrystallication.




Allen (1966) discussed the structure of iron
carbides. in terms of defect models based on the relatively
stable Fe,C lattice. Compounds of composition FeXC,
with x < 3, could form either by replacing Fe with C in
the FezC lattice or by placing excess € atoms in
interstitiél positions in the Iattice. The latter would
explain why graphite is formed during FezC decomposition |
but not by XFe,,C, decomposition as too little energy is
released by the removal of an interstitial C atom from
XFe,qCy to form a graphite lattice.

The catalytic intervention of iron carbides in
the Fischer-Tropsch synthesis of hydrocafbons was rulep
out according to thermodynamic and C14 tracer éevidence
from Kimmer et al. (19484, B), Kryukov et al. (1970)

. found that Fe,C formed by the action of CO/H2 on Fe
diffused into the Fe granules taking no further part
in the reaction sequence. Podgurski, Kimmer and
co-~workers (1950) have studied the interconversion of
iron carbides and supplied information on their
adsorptive properties. Hydrogen and carbon monoxide
are not chemisorbed by XFe,,C, at low temperatures and
at 100° and 200°C. However, CO chemisorbs on partly
carbided Fe at -40°C to -195°C, indicating that carbide
formation proceeds by the nucleation and growth of
indiﬁidual carbide crystals and not by the gradual thickening
of a uniform layer of carbide on the Fe surface.

They assumed that,‘since X, €& and & carbides

have similar ferromagnetic moments, & and @ carbides
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would have adsorptive properties similar to those of
XFepoCy

Chufarov and Antonova (1947) have studied the
effect of wvarious substances on the catalysis of the
Bell reaction (2005 C.+ €0, ) by iron.  The presence
of the relatively unstable sulphates of Cu, Al and Mn
in 5% concentrations stopped the reaction completely
at 450°C and retarded it by factors of 12 to 40 at
650°C-750°C. The more stable sulphates of Na and Mg
had less effect. Inhibition of the catalysis occurred
upon addition of sulphur-contsining decomposition
products, especially SO,. Berry and co-&orkers (1956)
also found that sulphur in the gas or solid phase
prevented catélysis of the reaction; as did small
‘doses of NHjz. However, these effects could be
offset by adding zinc or alkaline compounds, and the
presence of H, or H,0 accelerated the reaction.
Both Schenk et al.(1960) and Karcher et al.(1971)
divided iron and steel pcisbns into ones which led to
irreversible inhibition such as 50,, H,S, silanes and
ones which were effective only if continuously added
such as Cl,, nitrogen compounds. The adsorption of
sulphur on the (100) face of Pe was investigated by
L.E.E.D. by Margot et al. (1970). At 20°C and 5 x 10~° torr
H,S, a C(2 x 2) structure forms on the Fe surface due to
s*~ ions. The intensity of this adsorption increases

with temperature and pressure until 500°C and 3 x 10™% torr
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when a disordered structure results. At this
point the addition of H, and HE,S leads to completely

saturated adsorption.

1.2.2. XNickel

Wickel at 20°C has a face-centred cubic structure
with a = 3.5238 (A.S.T.M. 4, 850). Early preparations
of nickel films produced a hexagonel close-packed
lattice (Mellor, 1922) and this modifieation, though
not normally encountered, is known as aNi. The face-
-centred cubic structure is BNi. (Von Nostrand Ltd.,
1964).

Several investigations (Bollmann, 1958-1959;
Bartuska, 1970) have shown that polygonisation of
~nickel foils starts around 150°C and recrystallisétion
nuclei appear at 200-250°C in pure nickel. In lower
purity nickel (Larikov et al., 1965; Bartuska, 1970)
polygonisation and recrystallisation occur at about
150°C higher. Fuks and co-workers (1970) found that
in very strained nickel lattices such as thin films
deposited at low temperatures recrystsllisation can
take place below 175°C by a stress relaxation process
requiring a lower activation energy than normal
coarse grain formation. The presence of even trace
amounts (10"'7 torr) of adsorbed gas at 20°C helps to
release the compressive stresses in the nickel films
(Janssen, 1969). Small deformations in nickel can

lead to recrystallisation by grain boundary migration




(Bailey et al., 19623 Dubovitskaya et al., 1970).

Many nickel oxides were reported in the early
Titerature including Fi, 0, Ni,0y, NizO4, FiO, as well
as the fully characterised NiO. Nickel is mnore
resistant to oxidation than iron but will form KiO
fairly readily above room temperature. The oxide
K¥i0 has the same face-centred cubic structure as
nickel itself. The temperature of formation affects
its lattice parameters (Chambard et al, 1971) but the
unit cell dimension is usually taken as 4.1769 2

(A.S.T.1. 4, 835)., Fickel hydroxide, Ni(OH),, has

heO ()

well established hexagonal structure with a = 3.126
¢ = 4,605 4 (A.S.T.M. 14, 117). Apart from FiO the
only anhydrous oxide of nickel whose existence is
likely is Ni, Oy, nickel sesquioxide. Nickel oxide
prepared by heating Ni in oxygen at 400-480°C is said

to contain up to 3% Ni, 0, (Sidgwick, 1962) and Aggarwal
and Goswani (1961) have detected a phase which they -
identify as Ni,0; formed in an evaporated film of Ki

and Ni0 on rocksalt at 400°C. They suggest a hexagonal
lattice with unit cell dimensicns a = 4.861 Z, ¢ = &.81 Z.
Hydrated nickel oxides are fairly common. Glamser

and Einerhand (1950 A and B) reported a number of higher
hydroxides, of which the best defined is RNiOOH

(A.S.T.M. 6, 141) which can be considered as a hydra*

of NigOp: Ni, Oy + H,0 —> 2PNi00H




The solubility of hydrogen in Wi is relatively
high. At 25°C Ni absorbs 4.15 times its own volume
of H, (calculated at N.T.P.). At 600°C 5.4 x 107 %
and at 1400°C 1.54 x 1073¢ H, dissolve in Ni (Sidgwick,
1962). Nickel dissolves 0.23%C at 1000°C but no
carbide is stable at such a high temperature (Hansen,
1958). In fact only one carbide (hexagonal) FisC
has a completely establiched structure. Bahr et al.
(19288, 1930, 1933) formed KiC below 270°C by the
action of Ni or NiO on CO. The NiyC decomposed to
Fi between 380°C and 420°C and it was suggested that
this cccurred via a second carbide NizC,. Tutiya
(1931) claimed the formation of a percarbide at 270°C
which rapidly decomposed at 284°C to give Ki,C.
Jacobson and Westgren (1933) carried out an X~fay
analysis of N;sc and proved its hexagonal structure.
Their unit cell dimensions, a = 2.646 Z, c = 4,329 Z
afe similar to those accepted at present (A.S.T.H. 6,
697). It was suggested by Bromley et al.(1960) that
NiyC can be formed at relatively low temperatures
because it is an interstitial carbide, the C atoms
preferring to enter a partially constructed lattice
rather than nucleate a graphite lattice even though
NigC is unstable with respect to graphite and Ni.

In 1938 Kohlhaas and Meyef proposed the existence of
an orthorhombic NigC isomorphous with Co;C and Fe,C,

but this has not been substantiated.




Several other caribdes are known to exist;
Wi, ;C5, NiC and NizC are found in alloys’especially
steels and Tebboth (1948) has proposed that NigC is
van intermediate in the decompositiom of NizC.
Hofer and co-workers (1950) have rejected this
suggestion because of the observed kinetics in their
NizC decomposition experiments. ‘ Nickel acetylide,
KiC,, has been prepared (Durand, 1923) and Pugh et al.
(1961), during the synthesis of diamond at high
temperatures and pressures between Ni and graphite
blocks identified a percarbide, NixC (x)_é) by X—ray.
analysis (A.S.T7. 14, 20). Recently, Renshaw ét al.
(1971) have observed a lattice based on the normal
hexagonal Nigc structure but with the C atoms regularly
-arranged in the lattice instead of occurring randomly
in interstitial positioms. The unit cell dimensions
of the carbide superlattice were given by Nagakura
(1957, 1958) and are related to those of the normal
Ni,C unit cell according to a' = a 3 NizC, c¢' = 3c Ni,C.

The addition of H,S or C,H, to a Ni(111) face
was studied using L.E.B.D. by McCarroll, Edmonds and
Pitkethly (1969) and it was determined that the S
or C atoms formed, respectively, altered the
orientation of the top Ni layer to a (100) configuration.
Riwan (1971) found by Auger spectrometry that trace
amounts of § contained in nominally pure Ni segrated

to the (110) Ni face during thermal conditioning.
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The addition of (NH,),S to a Ni catalyst being used
for € deposition from C,H, was found (Shirasaki et
al, 1965) to selectively poison the metal grain
boundaries. Richardson (1971) investigated the
poisoning of Ni catalysts by H,S, CS, and (€,H;),S
and described the features of the nickel-sulphur
_interactions. The regeneration of S-poisoned Ni
catalysts by oxidation above 600°C was recommended by

Rostrup-KNielsen (1971).

l1.2.3 Catalyst Discussion

The importance of carbidic phases Iies in the fact
that they are inevitably formed in low temperature
(below approximately 600°C) carbon depogition reactions.
; Even at higher temperatures their transienf.existence
hés been postulated to explain carbon formation and it .
is widely recognised that the success of iron, cobalt
and nickel as carbon deposition catalysts is bécéuse
their carbon affinity is intermediate between that of
titanium and tungsten which form very stable carbides
and that of silver and gold which form no carbides
( Tamai et al., 1967).

Matsumoto et al. (1970) have shown that nickel
degrades hydrocarbons by a sciséion producing C, species,
whereas platinum acts by a B8 carbonium ion mechanism
and this may explain why nickel can cause the build up
of highly ordered carbon at much lower temperatures;

the C, species would be expected to easily slot into




position in the growing graphite lattice because of
their high mobility (see section 4.1) in contrast to
the larger hydrocarbon fragments from platinum.
‘The I.R. spectra of CO chemisorhed on Fe, Co and Ni
at 113°K under ultra high vacuum have been shown to
be similar (Bradshaw et al, 1970). Only some of
the adsorbed gas is responsible for the spectra
indicating the presence of at least two types of
adsorbed molecules. Bearing in mind the behaviour
found by Maire et al. (1970) and Edmonds, McCarroll
and Pitkethly (1969 A and B, 1971) by L.E.E.D. for Co
and hydrocarbon adsorption at comparatively low
temperatures, the complexity of the interactions with
Fe, Co and Ni becomes apparent, With Cu, Ag and Au
" Bradshaw and Pritcherd (1970) found much simpler and
totally reversible adsorption. These L.E.E.D.
studies have also shown that the presence of even trace
amounts of impurities such as sulphur, hydrogen,
carbon and oxygen (Portele, 1969) has a definite
bearing on the type of reaction which the metal
surface will undergo. It is becoming more evident
that totally reproducible results will only be
achieved with a complex system such as is used in
carbon deposition studies under ultra-pure conditions.
The correlation between the catalytic activity
of Fe and Ni with high energy centres such as

diglocation cores is uncertain. Miyazaki et al. (1971)




and Grenga and Lawless (19€38) found no preferred
depositibn at activated points on the nickel surfaces
and Renshaw et al.(1970) using Pe/Si single crystals
with dislocation arrays detected no improved catslysis.
However, Walker and Thomas (1970) stated that
dislocation cores in Fe did function as active

centres and Schrader et al, (1971) éuccessfully

employed mechanically activated Ni catalysts.

1.2.4 Hydrocarbons

The thermodynamic stability of paraffins
decreases with increasing chain length, all being
unstable with respect to carbon and hydrogen aboﬁe
room temperature except CHy, C,H;, C3Hy (Parks and
Huffmann, 1932). Relevant thermodynamic data is
given in Table 1.6, (from Kearby, 1955).

Table 1.6

Hydrocarbon Stability Data

: . Inversion Temp at which Heat of formation

Hydrocarbon temp. compound becomes of ¢ in K cals,
stable with g.atom of C at
respect to © 700°C
equivalent paraffin.

CH, 570°C - -4

C,oHg 200°C 730°C -

CsHg 100°C -14

below
CyHy 200(! 600°C -14
Cys Hy + below

20° 660°C -14
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Yt can be seen from the table given that while CH,

has a higher stability at 700°C the other hydrocarbons
employed in the present studies, Cz;Hg, CzHy and C,H,
(butadiene) are remarkably similar in this respect.

The breakdown of hydrocarbons to give carbon is
¥nown to be a complex process. Prey and Hepp (1933)
have listed the decomposition products at 400-575°C
and in.section l.1.2 the various possible hydrocarbon
intermediates were mentioned and their role in
determining the final cafbon product discussed.
Acetylene is the intermediate most frequently encountered
anéd it is practically unique in becoming less unstable
with respect to carbon and hydfogen with increasing
temperature. Above 1200°C it is thermodynamically’
even more stable than CH,. However, because of the
kinetically active triple bond it will still break
down rapidly to carbon at elevated temperatures.

In the presence of a catalyst the breakdown
patterns of the gases will be altered because the
catalyst increases the rate of formation and decomposition
of various intermediates to different extents.

For example, Frey (1934) has described the pyrolysis
of paraffins on catalyst surfaces. As has been
mentioned, nickel especially tends to form surface

C; species and it is likely that acetylenic species
are less imﬁortant. The metal catalyst may also form

secondary products such as carbides or oxides (with
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acetone, or if oxygen impurities are present) and these
may well interfere with the other chemical feactions
occurring. A Turther feature of solid/gas interactions
is the possible effect of physical processes such as
diffusion, solution on the course of the carbon
deposition. The oversll rate of pfoduction of carbon
will depend in a complicated manner on all of these
features and to understand the kinetics required a
knowledge of the relative importances of the individual
processes which can only be obtained by morphological

and analytical studies.,

o :w : B ¥ vl g




1.2 Transmission Electron Microscopy (T.E.M.)

1.3.1. Introduction

The use of electron microscopes‘to obtain
enlarged images of specimens dates from Knoll and
Ruska (1932). Early microsccpes (between 1932 and 1950)
have been described by various authors (Zworykin et al,
1945; Cosslett, 19513 Hall, 1953) and the theories
of electron optics (Heidenreich, 1964; Hirsch et al,
1965) and préctical techniques used in microscoby
(Kay, 1965) have been much discussed. More recent
reviews of tHe state of development have -been given by
Pisher et al. (1970) and Cosslett (1870).

The microscope used for most of this work, the
‘Siemens Elmiskop I, has been described in some detail
"by Hirsch et al.(1965). The beam of electrons
| accelerated from a tungsten filament by a potential of
40kV, 60kV , 80kV or 100kV is focussed on thevspecimen,
using a single or double condenser system, as a spot
whose diameter can be adjusted from 60 A 1o e M,
according to the degree of demagnification produced
by the first condenser lens. The image of the
specimen is magnified by three magnetic lenses, the
-objective, intermediate and projector lenses, and a
final magnification of up to 160,0C0X can be attained.
The ray diagram showing the formation of the magnificent
image using one condenser lens is given in Pigure 1.2

The magnification achieved by the objective lens was



Figure 1.2

Ray Diagrams for (a) Transmission Microscopy and

(b) Selected Area Diffraction.
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increosed by the use of an objective pole-piece of
focal length 2.1 mn. instead of the normal 2.8 mm.
(at 80kV) giving an overasll magnification increase cf

approx. 30% and an improved resolution.

l.5.2. Diffraction: The second major use of

electron microscopy, as an eanalytical tool, is
dependent on the ability of crystalline specimens to
diffract bveams of electrons. On going through a
suitable objéct electrons are diffracted at angles
determined by the lattice parameters of the specimen.
The beams are focussed normelly at the second focal
plane of the objective lens as indicated by FPigure
1.2. An image of the pattern at this plane is then

obtained by use of the intermediate and projector lenses.,

Selected Area Diffraction. The technique of selectsd

area electron diffraction, introduced by Le Poole (1247},
was employed frequently during the course of this work.
A diffractionm aperture is placed in the path of the
beam at the first intermediate image piane and the
strength of the intermediate lens is reduced until an
image of the seccnd focal plane of the objective lens
is projected on to the fiﬁal écreen.

From the resulting diffraction pattern the
particular lattice spacing, d, corresponding to a
reflection of radius R can be calculated from the

equation,



where K is the camera constant and is'given by the
product of the electronic wavelength,A, and the
effective camera length, L. The camera constant is
an experimentally determined quantity, its value being
found by measuring the R values of avknown specimen,
usually an evaporated film of thallium chloride.
Inaccuracies in selected area work have been discussed
by Phillips (1960), Agaf (1960), Rieko (1961), Alderson
and Halliday (1965), Hirsch et al. (1965) and Andrews
et al. (1967) and are due mainly to spherical
aberration and variations in the value of K.

The selected area technique is extensiveiy used to
identify the chemical nature of materials and to
supply crystallographic information about individual

. crystals.

Dark Field Microscopy. With a crystalline specimen
a selected area diffraction paftern can be obtained,
as previously described. If the objective aperture
is placed over a particular Bragg reflection and the
diffraction aperture and specimen image are focussed
at the first intermediate image plane then a dark
field image of the sample will be obtained. Areas
of specimen responsible for the given reflection will
appear bright against a dark background.
Spherical'aberfation errors are introduced by fhe_use
of electrons removed from the optical axis to image

the specimen. To reduce this effect and improve



image quality the illumination system can be tilted
abou®t the object until the decsired reflection lies
along the new optical axis. Dsrk field microscopy
is important in specimen orientation studies where
determination of the region of specimens cpntributing

10 particular diffracted beams is required.

l1.3.3. Contrast
Contrast in electron microscope images arises
from interactions between the electron beam and the

atoms of the specimen.

1.3.3.1 ZElastic Scattering

When electrons interact with the nuclei of the
specimen they do so elastically, without any loss of
energy. The resulting diffracteé beams of electrons
are coherent with respect to the transmitted beam and,
in crystals, diverge from it at angles determined by
the lattice parameters of the specimen (see previous
section). The overall elastic scattering cross-section,

Qel, was given by Hirsch et al. (1965) as:
o = ofep =T
Qe1r = '\P g| ? sin BdRda,
0/B =0 _ -

]

a

where, a is the angle variable about the optic axis,
B is the scattering angle,

\P & 1s the amplitude of the scattered wave.

The use of an aperture (the objective aperture)

near the second focal plane of the objective lens
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(Hiedenreich, 1964) makes it possible to separate
the contrast due to elastic scattering into
contributions from two distinct mechanisms, namely,

phase contrast and diffraction contrast. In the

equation,
a=2T, B:B b4 '
Qel =j; /y ° Jiqjg(a,ﬁ)!zsinsdﬁda' +
U.‘—-‘O B:O . ‘ . S
a=2r B:Tr .
/j’ ‘/{ l4’g(a,8) sinfdBda,
a=0 /B=Bqp

the first expression describes the scattering cross
section for phase contrast and is due to that

fraction of fhe diffracted electrons which pass through
" the objective aperture; the second expression computes
the cross-section for diffraction contrast and is due
to diffracted electroﬁs which do not pass through the
aperture and do not therefore contribute to the final

image.

Diffraction Contrast arises because of variations in

the orientation ¢f crystalline specimens. The electron
beam will be strongly diffracted by an array of lattice
planes at a particular orientation and if the diffracted
beam is removed by the objective aperture this area of
the crystal will show up in the final image as a dark

spot. Darker areas will also result from thicker



perts of the specimen due to their increased
diffracting ability (thickness contrast) and from
regions of specimen containing atoms of higher atomic
number (mass-thickness contrast).

The mathematical theory which attempts to explain
the electron scattering phenomenon and to calculate
the intensities of diffracted beams is known as the
Kinematical Theory (Heidenreich, 1964 and Hirsch et al.,
1965). It assumes that the diffracted intensity is low
and therefore neglects any further interactions of the
diffracted electrons. This assumption is valid, in
general, for thin specimens and the theory accdunts for
variations in contrast due to dislocations, buckling
contours and other features. The Kinematical Theory
in its original form does not explain the formation of
moire fringes and, for thicker specimens where its main
assumption becomes invalid, the Dynamical Theory was
introduced. This theory takes into account the
secondary effects produced by interactions of the

diffracted electrons within the crystal.

Phase Contrast is the dominant mechanism for the
production of contrast in electron images of specimens
o

less than 100 A thick when detail less than 10 K in sigze
is required (Heidenreich, 1967). Transmifted electrons,
of amplitude T, and diffracted electrons, of amplitude D

1 .
and phase ( -+ X) relative to T pass through

the objective aperture and b)by/
[ 4
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interference a combined electronic wave function,
4)' = T + i])e:LX ,
with intensity,
H/‘*‘:l-zm) sin X,
is formed. The maximum contrast is,
_ : ™ )
Gmax=4TD’ when sin X = 1 and X = — (4;+1 ,

where I is an integer.

The contrast produced here is phase contrast as it
depends on the phase difference, X, introduced into
the diffracted electron wave by the scattering process.
Most micrographs contain a phase contrast contribution
except at exact focus when phase contrast becomes zero.
The exact degree of defocussing, A L, , necessary to
produce maximum contrast in a given set of conditions
can be calculated. (Thon, 19664). A knowledge of
the value of A I, is useful when imaging features
less than I0 K in size. |

A series of intensity maxima are formed in the
second focal plane of the objective lens by interference
phenomena, according to the equation,
A
a

P = +1 Lo

b

where, P denotes the position of the maximum from the
optic axis, |
a is the unit cell dimension,

Lo 1s the object distance and
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I is the spectral order describing the phase
change on diffraction, X(I).

. L

(i) For I = 1, the phase change on scattering = re
giving rise to a half period image.

(ii) Por 1 = 0 and I = 1, the phase change, + TT ,
gives the true lattice periodicity.

(iii) For I = 0, a uniform intensity image is formed.

In general the greater the number of spectral orders
allowed to contribute to the final image the better
is the phase contrast. Recent workers (Thon, 1966B;
lollenstedt et al., 1968; Heppe et al., 1969) have
acted on a suggestion by Hoppe (1961 and 1963) that

'* zonal correction apertures".would increase phase
contrast in the image and facilitate interpretation
of high resolution micrographs. Alternatively, the
same results can be obtained by using an optical
diffractometer to filter and reconstitute the image

of an electron micrograph (Thon and Siegel, 1970).

1.3.3.2., Inelastic Scattering

When the electron beam interacts with orbital.
electrons from the specimen inelastic scattering occurs
and the specimen gains energy, causing an increase in
temperature and often resulting in damage to the
specimen., If the inelastic scatteriﬁg cross-section
is calculated it is found that most scattering occurs

within an angle, B < Bobj» but no improvement in



phase contrast results due to the incoherence of
inelastibally scattered electrons. Normally,
specimens of low atomic number, e.g. carbon, are
unsuitable for phase contrast because of the high
proportion of electrons which are inelastically

scattered (Crewe, 1970).

l1.3.4. Resolution:

Resolving power has been défined by Cosslett
(1951) as the closest distance of approach of two
point objects at which they can still be distinguished
as separate entities. However, a generally agreed
standard test of resclving power in electron microscopy
is difficult to achieve. Hillier (1945) suggested
as a criterion the highest useful magnification of
which a micrograpn is capable. Alternativel&, the
minimum separation between points in a micrograph
can be used or the measurement of the smallest
detectable opsque particle on a thin support film can
give estimates of ultimate resolution. A further
criterion due to Haine (1949, 1950, 1961) concerns
the width of Fresnel fringes at the edges of specimens.
The factor Iimiting the resolving power of an
optical microscope is the diffraction effect ocecurring
at the aperture of the lenses. This Iimits the
resolution to the order of the wavelength of the light
used (approximately 0.5 M ). If the ultimate resolution

in images formed by high energy electrons was determined
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by this same limitation then the observation of

atomic detail down to about 0.056 K in separation

would hte possible. Unfortunately, imperfections

in the electron optics, in the high voltage supply,
and in the specimen stability make this standard of
resolution impossible to attain. Some cf the more
important faectors controlling the amount of
information which can he retrieved from the diffracted

electron beams will now be considered.

1. ©Spherical aberration of the objective lens is

generally the largest single factor determining the
resolution I1imit in the electron microscope.

It arises because the power of an electromagnetic lens
is greater for rays further from the optic axis,

~with the result that the image of any point in the
object is a disc of finite radius, A rg.

To reduce this aberration avlimiting aperture is
placed in the second focal plane of the objective lens.
This aperture removes the most widely diffracted rays
but results in a reduction of the information content
of the final image. This aperture diffraction
aberration, Z&:PD, is given by Jenkins and %White (1951)

asse

Ary = QLA (1.1)

where a is the angle subtended at the specimen by the
~objective aperturce and A. is the electronic wavelength.

The radius, A rg, of the disc of cenfusion produced by



spherical aberration is given by,

3 .
Arg=Cga, B G )

where Cs is the spheriéal aberrations coefficient of
the objective lens. Thus, combining equations (1.1)
and (1.2), the optimum semi-aperture angle, aopt’

is given by:
1'_ - 4L
= )

aopt = A)\& CS

and the minimum aberrations, A Thin is,

3 L

min.
where A and B are constants, approximately unity.
Formally the objective aperture diameter lies between
30/0- and 50m , for work where diffraction contrast

is beneficial. However, if an increase in phase
contrast is desirable the objective aperture can be
removed completely. Because the spherical

aberration constant is proportional to the focal length
of the objective lens removal of the aperture can be
justified in microscopes having an objective pole-piece
of very short focal length. In the present case, és

previously mentioned, the focal length was 2.1 mm.

2. Chromatic aberration ariées if there is an energy
spread of the imaging electrons, producing alterations
in the effective focal length of the objective lens.
Electrons which have lost energy are bent more by the
objective field and lead to a disc of confusion in the

image plane. The chromatic aberration constant, CC’



like Cq usually have a value similar to the focal

length of the objective lens.

Oe Coherence of a beam of electrons in the electron
microscope is essential for the observation of
interference effects such as Fresnel fringes. If two
incoherent sources are observed in a microscope the
intensity at the image plane is the sum of the
intensities of each one taken individuaily (Hall, 1955);
if the two sources are coherent then the intensitj is
an interference pattern for which the two parts must

be added with due regard to relative phase.

Coherence is improved by use of a condenser aperture,
usually of diameter IGO/A or 200/A but SQ/& apertures

can be employed for high resolution studies.

4, Astigmatism in a lens causes a point object to be
imaged as two mutually perpéndiculaf lines at

different levels in image Spaée. Hillier and Ramberg
(1947) produced the first " stigmator" - an elliptical
field which can he adjusted in magnitude and direction
to compensate for the inhomogeneity of the lens.

In the Elmiskop I there are stigmators in the

illuminating system and in the objective lens.

S, Specimen Instabilities of several types can affect

the resolution attainable even under optimum
instrumental conditions. Chemical instability in the
form of beam damage can be reduced by memns of image

intensifier systems; physical instability in the form



cf specimen drift can be avoided by using correctly
supported objeqts. The prevention of contamination
build up on specimens is now routinely performed by
the use of liquid nitrogen-cooled jackets which
sﬁrround the specimen and attract the hydrocarbon

vapours which cause the contamination.

l.3.5, High Voltage Electron Microscopy:

Conventional electron microscopes use electrons
accelerated through potentials of 30kV to 100kV.

For certain types of work, however, electrons of much
greater energy (around 1 lMv) are preferable, the

advantages being two-fold:

1. A greater transmission of electrons through thick

. specimens at small angles of scattering is obtained,
enabling specimens of considerable thickness to be
examined. The information available from the study

of metal films in the electron microscope is of limited
help in extending our knowledge of bulk metal
properties because of the special effects encounfered
in films thin enough to be examined in a conventional
microscope. Much thicker metal gpecimens can be

locked at using a 1 MeV microscope.

2. A smaller absorption of energy from the electron
beam of the specimen takes place. This effect is
advantageous in the examination of biological

materials and other potentially unstable substances.

4

(A



In the present work a thick sample was examined

using the A.E.I. 1MeV microscope at A.E.R.E. Harwell

hod
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l.4. Other Physical Technigues

1.4.1+ Scanning Electron Microscopvy (S.E.1.)

Scanning microscopy is a technique for observing
the surface of samples toc thick for examination by
fransmission microscopy (T.Z.M.). Its resolution,
while not as good as a T.B.lM. is appreciably better
than that of an optical light micrescope (0.L.M.) and
ite depth of field is at least 300 x that of an O.L.IM.
(IS/M« at 10,000 x).. Recent reviews of_S.E,M. include
those of Cosslett (1970), Fisher et al. (1970) and
Kammlett (1971).

Figure 1.3 illustrates the components of a
scanning microscope. A heated tungsten filament emits
electrons which are accelerated under a positive
potentiai of 1 to 50 kV and are passed through a series
of two or three condenser lenses. Thus, a demagnified
image of the source is achieved at the specimen surface.
The electrons interact with the so0lid specimen and
generate a varicety of signals which can be collected,
amplified and used to control the brightness on a
cathode ray tube (C.R.T.). To obtain the signals the
electron beam is scanned in a raster fashion over a
chosen aree of sample by two pairs of electromégnetic
deflection coils. Because the C.R.T. scan is
synchronised with the beam scan the signals are
transferred with a one-to-one correspondence as an

image display of the scanned region. Changes in
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brightness represent changes in particular properties
of tihe specimen.

Wormz1lly the instrument is used in the emissive
mode, the secondary electrons emitted from the specimen
béing collected and utilised in the formation of a
specimen image. The reflected primery electrons can
be made use of but give less detail about surface
features (Everhart et al., 1959).

It is found that elevated regions of the specimen
will act as enhanced sources of secondary electrons due
to their greater irradiation and will appear bright,
whereas depressions will come up dafk,_in the final
image. Similarly;high atomic weight elements will
interact more with the primary electrons and will
appear as bright spots in the image. Howewver, their
electron scattering will be mainly elastic and if
inelastically scattered electrons are used to image
the sample these spots will not show up (Crewe et al,

1970).

Microprobe: The X-rays formed by electrons dropping

into lower energy orbitals during these interactions

are characteristic of the elemen%t involved. Hence,

if the X-rays are collected, an analysis of the elements
present in the specimens can be obtained. The collection
is performed by use of various analyser crystals which
diffract the X-rays at angles dependent on their
wavelength and therefore separate the X-rays according

to their source elements.



1.4.2. Mass Spectrometry

The gaseous products of many of the carbon
deposition experiments were gnalysed using an A.B.I.
M.S5.12 mass spectrometer, a diagram of wnich is shown
in Figure 1l.4. The sample gas is ionised by
electron bombardment in the ion chamber, the resulting
ions being separated according to mess to charge ratios
by means of the magnetic analyser. The étrength of the
meggnetic field is kept constant while the potential
through which the ions are accelerated is continuously
varied. The mass range of interest is then secanned
using the adjustable slit in the collector assembly.
Each focussed beam on passing through the slit strikes
the collector plate where it acquires an electron to
neutralise each positive ion it contains. This
produces a flow of current in the collector circuit
which is amplified and recorded as a peak on a moving
chart, the magnitude of the peak being proportional |
to the relative abundance of each ionic species

(Hil1, 1966).
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2o EXPERIMENTAT

2ol Apgaratus

2elels Reaction Vessel

The carbon deposition experiments were carried
out in the apparatus shown in Figure 2.1.
It consists essentially of a commercial coating ﬁnit
incorporating a bell-jar which encloses a reaction
volume of approximately 20 litres. The base-plate of
the bell-jar contaims numercus portals for the entry of
electrodes, vacuum gauges, gas sémpling bottles and
temperature monitoring units. - Reagent gases were
passed into the bell-jar via %‘" bore copper tubing
from their respective cylindérs or containers.
This design permitted interactions with more than one
gas concurrently without exposing the materials to the
atmosphere and also allowed an improved pumping speed
and better final vacuum in the apparatus. To obtain
a vacuum of better than lom6 torr the oil diffusion
pump was equipped with a liquid nitrogen cold trap,
the vacuum being measured using Pirani, Penning and
Ionisation Gauges. The amount of reagent gas in the
system was monitored by a Capsule Dial Gauge in the |
pressure range 5 torr to 600 torr and by a Pirani Guage
below & torr.

Also attached to the bell-jar base--plate are

gas sampling bottles for examination of reagent and
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vroduct gases by mass spectrometry. These attachments

to the bell-jar are shown schematically in Figure £.2.

2:.1.2. Heating Units

The metal used in the deposition experiments was
raised to the reaction temperature by resistance heating,
the passage of an electrical current through the foil.

A voltage stabiliser was used during the heating processes
tc improve the temperature measurement and cortrol.

The stabiliser, from Servomex Controls Ltd., type

A.C.2 Mark IIB, maintained a constent voltage supply

to an accuracy of 0.25%, equivalent to i 0.6 ﬁolts at

240 volts mains.

A diagram of the electrical circuitry contained
in the apparatus is given in Figure 2.3. Three sets
of electrodes are available for use in the bell-jar,
the power being taken from two 8 amp4240 volt varisc
units. Each output is converted by a step-down
transformer of voltage ratio 20:1, to give a final
power supply in thé form of 12 voltsIGO amps.,, suitable
for heating metal foils whose resistance is of the

order of 0.1aN.
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The method of resistance heating had the advantage
tnat very rapid temperature changes could be induced,
beecause of the low heat capacity of the thin foil,
less than 0.1 joules per®C being required.

The disadvantage of the technigue was that a temﬁerature'
gradient between the centre and the edge of the foil
inevitably occurred. Shaping the foil toAréduce this
effect was not undertaken because of the difficulty of
achieving reproducible results. Instead, it was
intended that selected experiments in which there was

a need for a constant temperature along the foil would
be carried out in a furnace designed and constructed

for this purpose.

The furnace consists of a cylindrical block
of stainless steel of height 5 cm. and diameter 7.5 cm.
giving a heat capacity of approximately 900 joules per
°C. The block can be separated into two equal parts,
each of height 2.5 cm. to allow the inséftionlof a
piece of nickel foil. A central, cylindrically-shaped
hole in the block of diameter 2 cm. permits gas access
to the foil and exposes an area of foil approximately
equal to that used in the resistance heating method.
The two halves of the block are clamped together
using three stainless steel screws ensuring that the
metal foil 'is held steady and that there is good
thermal contact between the two parts of the block.

The symmetry of the heating block is desirable to maintain



as evenly as possible the vemperature around the foil.
The heating coil was obtained from Heatrod Elements

Ltd. and has an output of up to two kilowatts.

A stainless steel shield confaining an inner film of

‘asbestos was placed round the fvrnace to reduce heat

transfer to the rest of the apparatus.

2.1.3. Temperature Measurement

In most of the experiments performed by
resistance heating the temperature of the foil centre
was monitored by a Pt/Pt 13% Rh thermocouple inserted
into & hole in the centre of the foil. Due to the
variable contact between foil and thermocouple the
inaccuracy was of the order of 5% or 35°C at 200°C.
Some later work employed én infra-fed detector to
measure and control the temperature of the foil.

Its intrinsic accuracy was much higher (+ 5°C) but the
need for frequent recalibrastion of the control~unit,
necessitated b& a graduzl accunulation of evaporated
metal from the hot foil on to the light pipe,

-Iimited thé usefulness of this method. A diagram of
the control system for the infra-red thelmomefer is
given in Pigure 2.4.

The temperature of the steel furnace is measured
by means of a Pt/Pt 13%Rh thermocouple tightly fastened
to the base .of the block. The output from the
thermocouple in the form of an E.M.P. is fed into a

unit which controls the temperature of the block via
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proportional, integral and differential monitors.
The accuracy of the temperature control is better
than 5°C at 700°C. A diegram of the control system

is shown in PFigure 2.5.

2e2a Materials
2" 2.A1- FOilS-

The metals used in these studies were iron and
nickel, the majority of the experiments being performed
with nickel. Both were in the form of thin poly-
crystalline rolled sheets. In the case of nickel
this meant that the (123) crystallographic plane was
preferentially exposed, whercas with iron the (100)
plane was thé one most commonly found at the surface
(Taylor, 1961).  The foils during reaction had two
exposed faces with dimensions 7 mm.x 40 mm, giving a
noninal surface area of (5.6 + 0.4)cn’ .

The purity of the foils is indicated below:
1. Nickel: +two grades were employed, both 0.1 mm thick.
(a) 99.9% pure, from Metals Research Ltd.

(b) 99.9% pure, from Johnson, Matthey and Co. ILtd.

Impurities: cu < 50 v { 50
(ppm) w < 20 B < 50
(Robertson, 1968) Co < 50 Pb £ 20
sn < 20 A1 £ 50

si < 100 Mn £ 40

P < 20 ¢ £ 90
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2 Iron: 99.95% pure, from letals Research Ltd.,

0.075 mn. thick.

Inpurities: Ag ( 1 Si < 2
(ppm) Mn = 3 . i < ¢
Mg { 1 Cu 1

2.2.2. Gases (or Vggours).

The following gas-phase materials were used

in this work:

Hvdrogen (Air Products Ltd.) 99% pure, and further
purified by the addition of an Engelhard catalytic

purifier which is specified as reducing the oxygenviv

content to below one part per million.

Me thane: two grades were employed
(a) Air Products‘- 99% pure |
impurities: ethane 6000
(ppm) propane 500
(Robertson,1968) n-butane 100
' i-butane 100

(b) B.0.C. research grade X - 99.99% pure.

3. Propane: two grades were employed

(1) Matheson Co., 99.9% pure

(2) Matheson Co. research grade, 99.99% pure
impurities: isobutane = €5 ethane < 15

5 methane { 5

(ppm) nitrogen

{
oxygen ( 5 butane ¢ 1

2]



4, Tropylene: two grades were employed

(1) HMatheson Co., 99.9% pure.
(2) lietheson Co. research grade, 99.99% pure.

The largest impurity is propane.

5. Acetone: Analar grade.

impurities: acetic acid 20 formaldehyde 20
(ppm) water 2000 methanol 500
alkalinity 12 reducing agents 2

non-volatile matter 5

The acetone before use was frozen in liquid nitrogen
and heated to room temperature several times while the
system was being continuously evacuated to remove oxygen

eand other dissolved gases from the liquid.

6. Butadiene: B.0.C., 99.9% pure

2.3 Proéedure

2.3.1. Deposition Procedure:

The metal foil to be heated was cut to size and
cleaned by ultrasonics in distilled water, ethanol and
acetone before being weighed. It was then placed in
position between a pair of eléctroées in the apparatus
previously described. The system was evacuated,
flushed several times with hydrogen and left
evacuating overnight. The foil was heated at 7CQ°C
in 600 torr H, for 2 hours. After the foil had

cooled the reaction chamber was again pumped out,
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fivshed several times with the reagent gas and the
evacuatiion proceaure continued overnight.

The reagent gas was passed into the bell-jar until
the degired pressure wes attained and left in

contact with the heated foil for the required length
of time. In experiments designed to study the
effect of the foil pretreatment on the final product
one or more of the stages just described were
onitted. After reaction the apparatus was allowed
tc cool to room temperature and the foil with deposif

was removed and weighed.

2e3.2 Svecimen Preparation for Transmission Microscopy

The deposit was preparedrfor examination hy
transmission electron microscopy in one of two ways:
1. ©Some foil plus deposit was immersed in
concentréted analar hydrochloric acid and left
overnight, at the end of which period part of the foil
had dissolved leaving a film of carbon floating on the
surface of the liquid. After washing in distilled
water the film was broken up into pieces suitable for
placing unsupported on a copper grid specimen holder.
Because no underlayer of supporting medium was
necessary specimens prepared in this manner were ideally
suited for high resolution microscopy. The acid
treatrent ensured that the topography of the deposit

remained intact and could be exzmined but no reliasble



information concerning the metal contalned smong the

carpon could be obtained.

2 Alternatively, a piece of foill with deposit was
placed in a test-tube in distilled water or cyclohexane
and subjected to ultrasonic disintegraticn. One drop
¢f the resulting suspension dried onto a silica
support film held on a copper grid or a platinum/
iridium mount gave a convenient specimen for
examination by transmission microscopy. This method
was particularly suitable for examining the thicker
products of longer duration experiments and was used

to complemeni the first technique in the study of

deposits.
2.4. Prodvct Examingtion
2.4.1. Transmission Microscopy Techniques

Several techniques connected with the examination
of particular features of the reaction products in the

transmission electron microscope are now discussed.

1. Shadowing. To obtain information on deposit

morphology specimens were shadowed by coating at an
angle of 15° with an evaporated film made from two

rarts nickel and one part palladium.

2. In Situ Oxidation. The Siemens Elmiskop I

microscope was used to study the behaviour of the
carbonaceous products of several reactions towards

oxidative attack. A special guas inlet attachment
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(Fryer, 1968) constructed from the objective aperture
drive allows the complete oxidation procesgs to be
obscrved and recorded. The specimen was maintained

at the desired temperature while the gas, normally
oxygen, was passed into the microscope column at a
rate controlled by a needle-valve. The gas pressure
at the Penning gauge head is kept at about I0™° torr,
low enough for the high voltage supply to function, but
because of the design of the gas inlet device this
corresponds to a much higher pressure (possibly I torr)

at the specimen.

2.4.2. X-Ray Powder Anglysis

A Phillips X-ray powder camera was used to give
information on the layer-spacings of the pyrolytic
graphite., Approximately 1 mg. of deposit was mixed
with an equal quantity of " Durafix" adhesive and
rolled into the form of a fhin film. It was left to
dry for four hours, positioned in the camers and
exposed to Co Ka radiation (protected from Co KB
rays by an Fe filter) for a suitable period, normally

about 6 hours.

2.4.3. Mass Spectrometry

The mass spectra obtained from the M.S.12
spectrometer were interpreted by comparison with the
breakdown pdtterns of the possible products (Dow,

Cornu and Massot). In general a number of gases were



identirfied in each spectrum and it was found necessary
to make a correction for the varying sensitivity of the
instrument towards differcnt molecular ion fragments |
(Otvos et al., 1956). This procedure made available

P

uantitative data on the product gas compositions of
a pL ‘

desired experiments.

2.4.4. Scanning Electron Microscony

Specimens to be examinéd by scanning electron
microscopy were prepared by attaching pieces of metal
foil containing deposit to specimen blocks using |
" Durafix'" adhesive. Electrical contact between
the block and the foil was ensured by smearing the

edge of the foil with colloidal silver in acetone.
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3.  RESULIS

Sele ‘Transmission Blectron ilicroscopy

3.1.1, General Deposition lorphology

Ifost of the carbon deposition studies were carried
out at 700°C. The overall appearance of the deposit at
this temperature depended on the rate and duration of the
reaction as well as on the particular metal grains on
wnich the carbon was formed. The interactions utilised
~to deposit carbon are indicated in Table 3.1, the most

frequently used one being the Ni/CH4 system.
Table 3.1

Reagents used for Carbon Deposition Experiments.

HMethane Propane Propylene Butadiene Acetone

Wickel — — - - =

Iron (g

In sections 3.1.1 to 3.1.7 the depeosits formed at the
foil centre are diécussed. The deposits from the
cooler edge regions are considered separately in
section 3.1.8. The conditions under which the most
important experiments were performed are listed in
Table 3.2.

In all cases carbon was preferentially formed at
the sites of the metal grain boundaries giving rise to a
series of thicker bands in the deposit film delineating

the shapes and extents of the metal grains.
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Table 3.2

Experimental Conditions for Carbon Deposition Studies

Experiment Pressure Time Comnents
L (torr) (hrs.)
1A 600 2
1D " ‘ 20
1E " 4
1F " ’ v Foii and powder used
16,1H " 2 |
11 " 0.5
1d " , '22
1K 20 7.5
IL 100 2
IM 300 ‘ " L )
1N 540 oo 60 torr H, also present
10 1 : "
1P 600 "
1Q,1R 60 n
15,17 20 .
1v,1w 1 30
1X 600 4 H, pretreatment at

room temp. only.

<:1Y 600 " 6. No pretreatment.
lz L 4 n [ ]

<:1AA " 6 Pretreatment in vacuo.
1AB L 4 " 1" 1"
1AC " " Normal pretreatment

< 1AD 1 n N 1

1AE " : " Foil etched in HC1



Tsble #.2 (contd.)

o)
el

Experiment Pressure Time Comments
(torr) (hre.)

1AF 600 33+5 Poil cooled after
reaction by
instanteneous removal
of heating current.

1AG " " Foil cooled slowly
over 6 minutes.

1AH T 0.25 Conditions as for IAF.

1AI " " Conditions as for 1AG.

1AJ " 0.5

1AK " 0.088

5D 600 1

S5E " 4

5F. 100 2

5G 300 n

5H 540‘ "

51 1 " 60 torr H, also present.

7A 600 2 Temperature = 600°C

7C " 4 |

7D,7E 10 "

7F,7G 4 30

TH 5 0.5 NiO coated

<:7I " 0.3 " )

7J,7K 0.02 4

7L 0.06 0.25 0, present

12A 600 5.5 Temperature = 600°C

128 " 0.5 " | "

12C 20 7 " Bl



Tsble 3.2 (contd.)

Experiment Pressure Time Comments
(torr) (hrs.)
12D 20 0.5
<:12E " 1.5
16A 40 3.5
1638 20 - 0.83
<\/160 " 0.5
23A,23B 20 2
23, 23D 1 2
23E,23F 1 0.5
23G,23H 600 0.5
231,23d 20 28
23L 0.024 0.5
<:23M n 2
23K 0.02 . 8.25 ,
230 " 0.5
23P n 2
In Table 3.2:

l. all temperatures are  700°C unless otherwise stated.

2. Experiment 1 refers to Ni/CH4.

" 2
" 7
" 12
Y 16 -
" 23

"

"

[}

1

Experiments grouped

simultaneously.

“ FelCH,.
"o K, .

" Ni/propylene.
" Ni/aeetone

" Ni/butadiene.

together were performed



Plate 3.1 from experiment L2C contains shadowed deposit
from seﬁeral grains, the thicker boundary material

heing apparent. Variations in the appearance of the
deposit were also dependent on the particular grain
examined. Often, regular features such as are

visible in Plate 3.2, from experiment 1AH, were observed
within individual grains. They are termed ' growth
fronts'" in this work and are perhaps suggestive of an
epitaxial relationship, though this was never proved.

Experiments were carried out to determine to what
extent the foil pretreatment affected the morphology
of the product of Ni/CH4 interactions. It was concluded
that annealing in vacuo was as efficient as the normal
pre-anneal in hydrogen for preparing the nickel for
carbon deposition éatalysis. When no pre-anneal was
employed carbon was deposited but at a reduced rate and
the resulting crystals were smaller and had a lesser
degree of orientation than those found in normal
deposits.

The addition of 10% H, to CH; for carbon deposition
on Fe and Ni did not significantly improve either the
rate of deposition or the quality of the product
contrary to the results of several other workers. If is
possible that H, helped the initial breakdown of the
hydrocarbon_species until more H, is formed by the
hydrocarbon-to-carbon conversion. If this is true then

the H, which will undoubtedly have been adsorbed on the



Plate 3.1

Shadowed deposit from experiment 12C showing the
thicker material formed on metal grain boundaries.
[1A 70 824]. |

-magnification = 17,200X.






Plate 3.2

Regular features present among the carbon deposit

from experiment 1AH. [NS 72 400].

magnification = 25,800X.
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metzl foil by the H, mnneal mey heve been suffi to
accelerate the commencement of the reaction, rendering
gny further 1, addition unnecessary.

The addition of O, to CzH, employed for carbon

deposition on Ni caused the formation of NiC and other

Wi compounds and partially inhibited carbon formation.

F.l.2. Flake Graphite

In all resctions at 700°C the first deposit was
a laver of fleke grephite on the metal surface.
The crystal size of this material was controlled by the
rate of resction, being largest for slow interacticns.
For this reason it was easier 1o obtain large platelets,
with LA up to 10m, at low pressures and with saturated
gases, An exemple of this single crystal grephite
from experiment 5F is given in Plate 3.3. The selected
area diffraction (S.A.D.) pattern from an individual
crystal had the appearance of Plate 3.4 in which only
lattice planes perpendicular to the basal (0002)
planes are visibls, indicating that the platelet graphite
has deposited with its basal planes parallel to the
metal substrate. This was true of all of the reactions
studied at 600°C and 700°C. Because of this no direct
measurement of the crycstal D dimension was possible
but from the thiclkness of +the specimens LC values over
1000 E were estimated. Due to the variation in

orientation of the crystals certain planes not guite



Plate 3.3
Single crystals of graphite from experiment 5F.

[1a 71 540].

magnification = 90,000X

Plate 3.4 (inset)

Selected area diffraction pattern from an individual

graphite crystal. [14 72 91].






nerpendicular to the (0002) planes often gave rise

to refleciions in the diffraction patterns of graphite

]

lakes. Such en S.A.D. pattern is given in Plate 3.5.
The lattice spacings obtezined from this pattern confirm
by the presence of the general (hkl) reflections that
the product had three-dimensional crder. Teble 3.3

liste the spacings from Plate 3.8.

Table 3.3

[¢]
d spacings of graphite platelet deposit (din A).

Plate 3.5 grzgiite Index Difference
3.383 3.355 0002 0.028
2.117 2.128 101G 0.011
2.045 = 2.032 1011 6.013
1.688 1.678 - 0004 0.010
1.229 1.229 1120 0.000

.1.160 1.153 - 1122 0.007
1.055 1.064 2020 ‘_ 0.009
0.997 0.990 1016 0.007

A common feature of the platelet graphite was the
presence of large arrays of moire fringes. An example
in Plate 3.6 was taken from experiment 1L. The moire
fringes are known to represent minor imperfections in
highly crystalline materials and ones in graphite have
been interpreted as twist boundaries between overlapping
crystals (Presland et al.,, 1969). The planes

Tresponsible for the moire patterns can be identified by



Plate 3.5

Selected area diffraction pattern showing the
(hkl) reflections of three-dimensionally ordered

graphite. [1A 70 1090].

b
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Plate 3.6

Platelet graphite from experiment 1L containing

large areas of moire fringes. [1A 71 514].

Magnification = 84,00X.
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Plate 3.7

Dark field (1010) micrograph of moire fringes from

a region of experiment 12C deposit.[1A 70 838].

magnification = 100,000X.

Plate 3.8
Dark field (1120) micrograph of moire fringes from
the same region of experiment 12C deposit as Plate

3.7. [1a 70 839].

magnification = 100, 000X.






Plate 3.9

- Shadowed deposit from experiment 12C containing a

network of graphite tilt boundaries. [1A 70 826].

magnification = 16,400X.






Plate 3.10

Graphite crystale of varying thicknesses from

experiment 1AD. [NS 72 72].

magnification = 33,8001,
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dark Field studies and from nezsurements of the moire
epacing, D, the angle of mismatch, «, can be determined
according to,

_Gnkl _
(44

D =

where dhkl is the sgpacing of the relevant lattice plane.
In Plates 3.7 and 3.8, taken from the same area of
experiment 12C product, dark field (1010} and (1120)
images respectively of moire fringes are shown.
The values of D are 466.4 R and 2%4.4 K and the
calculated velues of o are 1°55' and 1°51"' respectively.
The angle of twist in this case is therefore 1°53' + 3'.
Tilt boundaries in synthetic graphite have also been
reported. The shsdowed sgrea in Flate 3.9 from
experiment 12C resembles the tilt boundary networké
described by Presland and Walker (1969). Hence the
existence of overlapping sub-grains of pyrolytic graphite
is well establiched.

In this work there was some evidence that more
than one layer of platelet graphite could form and
Observations showed that variations in the thickness of
individual crystals could be very marked. Plate 3.10
exhibits numerous orystalé of‘widely differing thicknesses.
In several short duration experiments a very thin film
(< 100 K) of polycrystalline carbon was observed, along
With the f£1ake graphite, which was thought to have fofmed

by the carbon dissolved in nickel at 700°C coming out of
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solution on cocling to room temperature (Derbyshire
et al, 1972). Accordingly, experiments were performed
to determine whether the rate ol cooling of the metal
foil after reaction had sny bearing on the morpholog:
of this carbon film. An grea of film from experiment
1A is shown in Plate Z.11 and its polycrystalline
nature is reveazled. The crystallinity of these films
were not significantly improved by cooling over a
period of six minutes.

A further feature of the platelet deposit was the
bending often observed at the edge of crystals.
Whereas normally the basal graphite pleanes Iay
horizontally on the metal surface, dark field and S.A.D.
studies indicated that planes turned up at the edges
of crystals under certain conditions. It has been
suggested (Presland et all, 1969) that this effect is due
to differential contraction of the metal and graphite
lattices between 700°C and 20°C. On cooling from
700°C nickel contracts in length by approximately 1%
(Hampel, 1968) while the graphite dimension change is
negligible in comparison ( < 10‘5%). This explanation
is certainly adequate for the amount of lattice
distortion found with thinner deposits but in longer
duration experiments individual crystals curled up
beyond the 1% which can be accounted for by contraction

effects, This phenomenon will be discussed in

Section 3,1.3.
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Plate 3.11

An area of thin, polycrystalline film from
experiment 1AH with its diffraction pattern.

[Ws 72 393].

magnification = 84,000X.
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As well as the folding which occurred along the
graphite crystal boundaries zand sub-boundaries an

additional distortion of the lattice was often

observed at the intersection point of seversl crystlals.
A number of these features termed " diffracting edges™"

re shown in Plave 3.12 from experiment 1 O.

The diffraction pattern of the region around one of
. these gaps in the graphite metrix is contained in
Plate 3.13. Bordering the gap there is a region of
altered contrast denoting a bending of the (0002)
planes, accompanied by diffraction effects proved by
dark field studies to be caused by vertically oriented
(G002) planes. The presence of the (0002) ring in
Plate 3.12 verifies that the graphite around this
hole has been forced into adopting a vertical
configuration. The reason for this effect is

discussed in Section 3.1.4.

3.1.3, Non-oriented Carbon

As has already been mentioned, the first type of
deposit from the gas/metal intervactions being studiead
was platelet graphite. When this materisl had covered

the whole of the metal surface the L, dimension could

A
only be increased by distortion of the lattice at the
Crystal edges so that the grephite planes could extend
in a non-horizontal direction. After this stage has

been reached the carbon material can no longer be
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Plate 3.12

A number of diffracting edges formed in experiment
1 0 at the intersection of platelet graphite crystals.
(14 71 674].

megnification = 16,800X.
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Plate 3.13

An individual diffracting edge with its diffraction
pattern which contains strong (0002) reflections.

[14 71 662].

magnification = 110,000X.
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considered plaetelet graphite. The crystel size has
decreased and S.A.D. patterns have gradually become
polycrystalline, showing no preferred orientation and
for this reacson the materisl has been called here
'"non-oriented carbon''., Fon-oriented carbon of this
type was formed from 2ll of the interactions listed in
Table 3.1 when sufficiently long reactions were

carried out. An example from experiment 1AF is

given in Plate 3.14 eand its diffraction pattern is shown
in Plate 3.195.

Because of the faster deposition from unsaturated
gases (see section 3.6) it was easier to obtain
hon-oriented carbon from propylene and butadiene.

An extreme instance of its formation on top of a layer
of flake material, from experiment 12B at 600°C, is
shown in Plate 3.186. This latter example of
non-oriented material was fundamentally different fronm
the former one and appeared to be a non-catalysed
solid~phase carbon. The non-catalysed carbon only

formed at higher pressures (600 torr) and with the

unsaturated gases.

8.1.4.  Pilamentary Carbon

Filamentary carbons were observed in 211 of the
Systems studied though their exact morphology depended
on the individual reaction conditions. The features
common to all' types were: an outer covering of carbon

¢hclosing a region which was either hollow or contained
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Plate 3.14

Non-oriented carbon from experiment I1AF.

[Ns 72 343].

magnification = 84,000X.







Plate 3.15

Selected area diffracticn pattern of the material

in Plate 3.14. [NS 72 344].

1.0
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Plate 3.16 -

Solid-phase carbon formed during experiment 12B.

[Ws 70 949].

magnification = 148,00CX.

















































































































































































































































































































































































































































































