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SYNOPSIS .

During the firing of vitreous silicon carbide grinding wheels,
two defects can develop, viz. a resilient shiny black core, and a

frieble matt black core which seriously affects the strength.

The matt black core is probably due to the incomplete removal of
temporary orgenic binder but eariier attempis to study this aspest

have not been succesgaful.

From a 'rigorous thermodynamic treatment, which necessitated the

use of a digital compuber; silica was shown to be a likely predust

of oxidation. In the absensce of siliocon, earbon tends to form in a
closed systems A% 1400°% and sbove, carbon is oxidised by s:i.liﬁgf
and et higher temperatures it exidises silicon carbide to silicon-
monoxide end carbon monoxide.

From the thermogravimeiric experiments, binder removal was shown o
csour in four stages viz. drying, dchydration, further decomposition
or caramelfisation, ond oxidationo Dehydration was found to be
particularly importent, it is assoviated with dilation which affects

porosity and morphology of the carbon residue to be oxidised.
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Oxidetion was shown to oceur in three shages using visual
examinstion of pellets conteining binder, high { emperaturs

- bond and abrasive. The first stagse wao associated with
non-wetting of the abrasive by tho bond whioh produced the
fria‘ble matt black core. The second was the removal of binder
carbon entrapped in the bound, and the third was the removal of
caxbon from partial silicon carbide oxidaticn shown to oceur at

low oxygen potential.

It is suggested that future work is along the following lines:
continuation of the small seale typs of tests employed
in thiz project: a study of heat and mass £low using a
computer (either digital or emalogus) and lerger seals
tests;, to find the minimum time necassary at optimum
burn-sut tempereture for complets earbeh removel wader

produstion conditions.
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1. INTRODUCTION AND LITERATURE SURVEY.

In the manufacture of silicon carbide grinding wheels
the closely sieved abrasive is mixed with walter, low temperature
binder end high temperature bond. The mixture 1s compacted ;
to shape; slowly dried ( for %23? three days) and then fired. C(;E
e ——

. 0 28
Firing is to a maximum temperature of 1250 C and the total

time for heating and copling takes from five &o seven days.

1.2 Defects in Fipished Products.
During the firing, two major defects can develop.
The first is a shiny‘bleck discol sration as shown in
figure l.1l: the defect does not appear to affect grinding
performance of the finished wheel although it is disadventagecus
for sales promotion. The second defect is far more serious and
is thézgﬁhject of this study. It consists of a matt black core
surrounded by two zones; the inner is light coloured and the
onter a dark band which merges into the normal abrasive colour,
see figure 1.2, The matt black centre and the light coloured
zones are both extremely friable snd render the wheel dangerous
in use although the dark'zone‘resembles the shiny black defect.
It is thought that this defect is caused by -he presence of
binder which hag not been completely burnt out; the carbonsceous

residue coats the abrasive and prevents wetting by the vitreous

bond.
; Cont'd.



32930p
Lqo0Tq Autys, Bupsoys [osys Suppuas SpyqIEd UOIITIS T'T TAMDI4




32039p
W201q 33ew,, Supaoys [ooym Supputid oprqied UWODIIIS Z°T HUADIL




e S
1.3 .The Oxidation of Silicon Caxrbide.

Thermodynamically silicon carbice is unstable in &
number of atmospheres including oxygen since it is oxidised with
a negative free energy change; Ite apparent chemical stability
in service 1s due to the slowness of reaction at normal
temperatures. Inithe firing of abrasive silicon carbide wheels

reaction rate increases and becomes an important factor.

The oxidation is similar To that of mstals, in that
oxidation produces a film of oxide on the surface., The theory
of oxidation of metals has been studied in considerable detail
and in particular Gulbransenl gives a complete survey of
mechanisms. The principle difference which makes direct com-
parison difficult, is that silicon carbide is a compound and each
element forms two oxidéh.

5 \ |
Wiebke measured the oxidation of silicon cerbide in

oxygen using three methods: the quantity of carbon dicxide
formed; welght changes; and silica determinations on the preduct.
The reaction assumed in each case was @

5iC + 205510 + CO
2 2 2

The silicon carbide was prepared by first calecining then cleaning
three times in an acid mixture (HF + H2 SOle + HNO ) and washing
3 5
thoroughly. Grain dlemeters gf 31, 6%y, 100z, 150w, 2kyu
and 510y were studied at 1300 C, and 6§P;was also studied at
o)

o) 0
900 C, 1100 C and 1500 C, A large scatter in the results was

Cont'd,
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appazent end each method gave a difﬁarent result. ‘- However,

the following conclusions were drawn: oxidatlon rate incresses
with temperature, but decreases with time interval, and reducing
the grain size, ie: increasing the speclific surface increases

the rate of oxldation.

The decresse in oxidation rate with time, which many
authors have reported, can be explained by the presence of a
film of silidgglwhich passivates the underlying silicon carbide.
1f oxidstion results are plotted against the square root of

time a straight line is produced thus leading to the equation :

Bl = [&

p2 te
PlL = oxidation produced in time, tl
P2 = ] n n 2

This equation can be derived theoretically es follows: I1f the
controlling factor is the thickness of gsilica the rate of the
reaétion will be propoftional té‘the diffusion gradient in the
layer; sinée the boundary conditions on sither side of the layer
remain constant throughout the experiment, this gradient will be
propertional to the thickness; the thickness will also be

proportional to the mass; whence

ge. = kK
dt 2]

k = constant.
Cross multiplying and integrating yields
2 =

p_ = k&t + C, integration constant,

2
Cont‘dq
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but when t = 03 P = Oy trerefore C = 0.
Thus the ratioc for times (1) and (2) is

p2 =[%
Pl -2
£1

The parabdiie law 1s not valid with cyclic heating, or
heating at low pressures (below 0.l1) or after heating at low
temperatures for a period of time (ep at 900 ¢ after 6 hours) =«
thgzgzo deviations are demonstrated by nrwinB and the third by
Wiebkéz. Tn ecach case the oxidation rate becomes constant with
time, probably due to the absence of protection by a growing
film. Presumably, cyclic heating cracks the film by thermal
otressing while the phenomenon found by Wiebke probably

results from spontaneous chattering of the film by.a build up
of stress. The deviation at low pressure 1s probably ceused by
a change to gaseous silicon monoxide formatlon rather than silica

foprmation.

In air, froﬁ which carbon dloxide and water vapour have
been removed, silicon carbide behaves very gimilarly though the
rate of oxidation is less. grwin hes shown that the activation
energy in air is different to that in oxygen, being 50 kcals

per mole in oxygen and 80 kecals per mole in air.

The oxidation of silicon carbide in the presence of "

water vapour has been studied by several authors including Lea
P 5 2
Jorgensen end Wiebke . Their resulis differ considerably
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though all conclude that steam accelerates the rate of oxidation.
The effect may be dve to & modification in the morphology of

the silica layer, possibly by hydrolysis, or the layﬁy may be

volatilised =~ both these suggestions are made by Lea .

From the above 1t is obvious that sillcon carbi%e
oxidation 1ls more complex then metal oxidation. BErwin illustrates
this with a list of six possible cxidation reactions and from

these table 1.1 has been constituted.

TABLE 1.1
Fres energy data for the oxidation of silicon carbide
by._oxygen
Products Standard free gnergy Standard fﬁgg gnergy
of change @ 25 C ___change @ c
Oxidation for 1 mole | for 1 mole|{for 1 mole| for 1 mole}
81C 02 8iC 02_
X X
8102 * 002 - 279.2 - 139.6 - 215.% - lO?.?x
s.j.o2 + GO - 217.7 - 145..;K - 187.2 - 124,.8
8104 + C - 184%.9 - 184%.9 - 120.7 - 120.7
510 = co_ | - 1201 R R SR R
810 -+ CO - L48.8 - 48.8 - 116.3 - 116.3
810 + C - 15.8 - 31.6 - 49,5 - 99.0
BL 002 - B81.9 -~ 8l.9 - 86.5 - 86.%5
|81 + CO - 20.% - 40.8 - 58.3 - 116.6
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The asterisk indicates the most negative free energy

change in the column and hence the most likely reactlion under
the appropriate conditlons, assuming favourable kinetics. Thus,
it can be seen that if sufficient oxygen is available (columns

2 and &) silicon carbide may be oxidised completely to silica
and carbon dioxide but if oxygen availlability is limited (columns
3 snd 5) the silicon may be fully oxidised but the carbon may
not be and at low temperatures the carbon may not oxidise at all.
However, the temperature at which the mechanism changes cannot

be determined from this table.

From table 1.l the thermodynamics of other reactions can
be deduced, for example, the oxidation of silicon carbide by

carbon dioxide which can proceed by fwo reactions viz:

(o] (s]
AG @25 C AG @ 1627 C
84C + CO - 810 + 2C - 90,6 - 26.0
2 2
8iC + 3005-»3102. + 4C0 - 33.2 - 102.6

both these reactions are thermodynamically possible since all
the free energy changes are negative though at 2590 the complete
reduction of carbon dioxidé to carbon ls more likely and at
162700 the reduction to carbon monoxide is more likely; this is
consistent with the previous discussion. Also, from the same
table the oxidation by carbon monoxide can be deduced 3

8iC + 2C0~»81i0 =+ 30 AG @ 25’00 = = 119.3

: Ac @ 127 C= + 12.3

Thus, silicon carbide can be oxidised by carbon monoxide at 2500
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but not at 162700. Experimental work by Erw1n3 conflicts with
this at first sight, since he shows that at 125000 and below,

no resctlon occurs between silicon carbide and carbon monoxide,
but at 1300?0 silicon carbide is blackened., If the disccloured
silicon carbide is then heated in air its original colour is
restored, though the appearance of the grain is slightly
different to that of silicon carbide oxidised in air, the former
belng dull with a translugcaent tint and the latter more irﬁéescanx.
The blackening can be shown to be carbon by analysing the
gaseous products after heating in air as reported by Baluforth .,
The question now arpises whether this carbon constitutes a
gseparate phase or not. If it does not form a geparate phase,
but dissolves into the silicen carbide, it is difficult to

see why the appearance should be different after subsequent

oxidation in eir from silicon carbide not previously blackened.

The apparent discrepancy between the thermodynamic data
given by Erwin; and his experimental results on blackening must
be due to kinetic rather than thermodynamic factors and may
involve the éctiﬁation of carbon nucleation as a controlling
fagtor. These reactions are important in practice since silicon
carbide abrasives are often made in gas fired kilns. In such
equipment., water (already discussed above) will be present,

together with carbon dioxide, and sometimes carbon monoxide.

Only pure sillcon carbide has been consldered so far
but in vitreous silicon carbide wheels the presence of a glass

will influence the oxidation rate. Erwin found that glass

M1 3
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accelerates oxidetion rates up to 100 times and quotes
activation energy of oxidation in oxygen in contact with
NQ&hQQ.% Si02 as being 28 keals per mole. The vitreous bond
also affects permeability; increasing both the proportion used
and its fusibility tends to reduce permeability.

Work has beenacarried out on the effects of this by
Katz and Kajnorshii . Thers is still much work to be done
in this field though the conclusion is that slignt changes in
permeability can have a large effect on oxidation rate. IL
is importent to note that permeability changes during firing
as 8 result of bond fusion, also the volume of gas increases
with tempersture (at 1hoo°c for sn example an ideal gas expands
about 6 times) while viscosity of gas increasés about 8% each
of these factors tendsto inhibit gaseous mass transfer ~ and
as shown by table 1.1 (column 3) restricted oxidation can lead
%o cerbon precipitation. In addition permeability is affected
by compacting pressure, grain shape and grain size distribution,
although it is not directly related to porosiiy.

Prom tebie 1.1 it would appear that silica is the most
likely oxide of silicon to form by oxidation and this hasg so

far been assumed.

However, the possibility of silicon monoxide formation
should not be overlooked. Chapman using a Knudsen cell with
thermogravimetric analysis has shown that silicon monoxide exists

Cont?’d.
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at tinit atmospheric pressure as a stable gas phase at and above
120000 and thus its formation may contribute to the oxidation
mechanism at higher temperatureg perhaps where oxygen
availability is limited. 1In tab}e 1.1 column 5 the free energles
of the reactions yielding silicon monoxide are not very much
lower than those yielding silica; furthermore 1f the activities
of the gilicon monoxide can be reduced by dilution with carbon
monoxilde, carbon dloxide and atmospheric nitrogen those reactions

which form silicon monoxide could be promoted.

4 complication to the system arises from the use of
organic temporary binders (used to inciease green strength)
which are generally carbohydrates. Over the last 10 years a
number of authors have examined the pyrolysis of carbohydrates,
for example Greenwoodlo, Gardiner , Bloede , and Pictetls.
Initially water is lost forming a glucosan. With further healing
decomposition proceeds with loss of more water and the
evolution of carbon monoxide, carbon dioxide and several
hydrocarbons. Greenwood using gas chromatography has
identified the following : Acetaldehyde, furan; 2-
methylfuran, methons, methylaldshyde, pentancl, 2~ pentanone,
3« pentenone and 2.5 ~ dimethylfuran. The solid resiite becomes
progressively richer in carbon. Initlally cavamel is formed,
but a8 the distillation proceeds, the molecular structure

Cont'd,
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becomes extremely complex and uncertain. EHventually a state
is reached which, for this thesis, can be considered as

elementary carbon.

The svolution of water, carbon monoxide and carbon
dioxide has alrveady been digcussed. The effect of the hydro=
carbons 1s difficult to assess, they will probably result in
1ittle or no oxidation of the silicon carbide but their formetion
ie useful to the extent that they assist in the removal of
binder, but disadvantageous to the extent that The carbonaceous
residue which is left may bs difficult to remove later and may

even becoms entrapped by the glass/silicon carbide structure.

Tt has been deduced from table 1.1l (and the reaction
between silicon carbide and carbon menoxide) that carbon is
stable at and below 130006 if the oxygen supply 1s restricted,
thus under these conditions residual carbon from the binder
will not burm out. It may therefore be concluded that
sufficient oxygen must be avalleble. However, the problem is
more complicated than this treatment indicates since Balmforth
using oxidising agents to assist carbon removal found that they
had 1ittle or no beheficial effect and in some cases appeared

to inerease discol o ratlon.

1.5 __Carbon Morpholeogy.

So far two forms of carbon have been consgidered: firstly
arising from the partial oxidation of silicon carbide, and
Cont'd.



gecondly from incomplete removal of binders. It seems likely
that these two forms of carbon are responsible for the two
types of defect - the fifst producing the shiny black defect
and the latter the frisble matt black defsct. It is also
jmportant to note that the silica produced by the oxidation cof
silicon carbide will affect the final conmpogition of the bond.

M__AD..R_BEE&SLL ‘

Biggin made an investigation in which an attempt was
made to avoid the development of friable black cores during
fiving (believed to result from binder carbon) by determining
eritical production parameters within which they do not occul.
These parameters were grit size, wheel grade, wheel size
and firing cycle. Grit size and grade were congidered as
1imiting factors because of their effect on wheel structure.
Grit size has an influence on packing density while grit and
grade together define within fairly close limits the fusibility
and amount of high temperature bond. Grade alsc controls the
compacting pressure and the porosity of the wheel structure.
Grit snd grade were varied over a wide range, the largest grit
being 16 mesh and the finess 80 mesh in grades K (soft) through
to 8 (hard). Wheel size in thickness from 2" to 7" deep and
all 2% dismeter. The firing cycle vas restricted to the faster
5-day kilns since it is in such kilns that burn~out trouble

oceurs. The results of these tests may be summarised as fellows:

Contid..
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1. If an inert abrasive is used (ie: alumina ebrasived
it is found that :
A) all 2" thick wheels can be fired satisfactorily,
B) 81l wheels 6" and deeper suffer from matt
black cores,
¢) 4" wheels in the coarser grits can be fired
gsatisfactorily but not in the finer grits,
though the critical grain slze below which
trouble is avoided veries with grade ~ this is

shown in figure 1.3.

2. When silicon carbide wheels were used no useful
conclusions could be drawn and consequently only

a few very small products are fired on F-day kilns.

1.7 Statement of Problem.

Up to the present the firing technique for gilicon
carbide wheelé has beend etermined by trial and error only and
the amount of progress that can be achieved in this way has
now reached its limitj; further improvement requires a
fundamental study of the problem but there has béeh very little
work of this type done. In this project an attempt is made
o determine some of the fundamental parameters coﬁceﬁﬂng the
thermochemistry of firing si;icon carbide in contact with
temporary'binder and high temperature bond, with the gim of

rationalising the firing process.
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2.)  Fhermobalance Worlk.

The thermobslance was the only special apparatus
used in the project and it was used for research which required
direct meagurement of weight changes during oxidation experimeﬁts.
It consisted of a vertical tube resistance furnace mounted over
an automatic analytical balance and the apparatus was eguipped
with & recorder which gave continuous graphical output of-
temperature gnd ﬁaight of sample. A photograph is shown in

figure 2.1.

I'he furnace had an internal diameter of 2", it was

wound noninductivaly.with nichrome wire and capable of operating
up to 100000. i'he furnace temperasture could theoreticslly be
programmed'to give a linear rise from room temperature Yo the
operating maximum though some deviations were encountered below
eoooc, gspecially with‘very slow heating rates, The top of

the furnace was plugged to prevent through convection as this
would seriously affect weight measurement, but the bottom was
left openﬁto allow free movement of the sample support rod.

fhe furnace was supported by pulleys to 2llow free vertical

movement .

'he halance had two pans for increased accuracy and to
the resr pan a2 support rod was attached which projected up into
the furnace. The rod was positioned to support a sanmple in the

Cont'd.
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centre of the furnsce when the latter was fully lowered,
the balance capacity was 100 grams and the automatic control

acted over a range of -1 gram by changes of 100 milligrammes

to the rear pan.

Phe sim of the thermobalance work was to obtain bagic
information. For this reason oxidation studies in air et unit
stmosphere pressure were performed on binders and on silicon
carbide sbrasive both separatgly and in combination., It ves
thought that this approach would give information which could
then be used to interpret more complex systems that contelned a

high temperature bond.

fhe thermobalance weight/temperature record chart was
used as the main source of information (see appendix) although
some weighing of ssmples before and after testing was also

employed and visual examinetion was employed.

411 the binder oxidstion tests were carried out on the
thermobalance using an open 32mm diameter silica crucible.
Tnitially semples of 1 gm, were used although some tests had to
be repeated using $ gm. samples owing to excessive expansions
'of binders which produced spurious readings. All tests vere
started at room temperature and most were stopped at 60000
sinece 1t was concluded from early results that oxidation was
comp Llete by this temperature though a few tests were taken to

1000 C while some were stopped below 600 ¢ to allow v:sual
Conttd,
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examination of the partially oxidised material. TIhe binders

used were starch, dextrin and glucose.

Similar experiments were performed on binder/abrasive/
water mixings in which all the binders were tested but énly.
46 mesh silicon carbide was used. [wo tests were also run on
pellsts containing starch, water, bond and abrasive under a

programmed temperature rise end gsecondly isothermally at 1000 Ca

The thermogravimetric experiments on sillcon carbide
were made on 10 gm. samples of 46 nesh green abrasive using
the 32 mm, c¢rucible open, and two types or test were performed.
‘The first involved programmed heating up to 1000 C; in the
second seriecs of tests lsothermel firing was used and tempsratures

o) o)
of 500 to 850 C were examined in increments of 50 ,

2.2, Visusl Exsmination of Isothermally Fired Pellets.

The principal aim of this series of experiments was to
investigate the effect of bond. To do this pellets were pre-
pared and isothermally fired for & timed period, sectioned snd

examined visually.

Small pellets were chosen for the following reasonss they
can be prepared, fired and examined easily.using small scale
lahoratory éequipment; they can withstand rapid temperature |
changes; and, related to this, the centre temperature approsches
the surface temperature rapidly thus permitting a frir

Contid,
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approximation to true isothermal conditions.

Sectioning was necessary to allow inspection of the

structure at the centre of the pellet,

Isothermal firing was employed for the following two
reasons: firstly, the technigue is simple to use and since it
does not require temperature progremming the two paramete:s
time and temperature can be varied easlily and accurétely'over

wide snd finely divided ranges; secondly, the historic effect
of heating at different temperatures is theoreticslly eliminated
and in particular the possibility of entrapping carbon by fusion
of the bond can be sxamined -~ if programmed heating is used the
binder can burn out before the bond has fused on small samples.
The firing was performed in a small resgistance heafed muffle

furnace. The pellets were fired individually.

In this series of experiments two abrasives were used
viz. 4 mesh green silicon carbide and 120 mesh white alumina.
The latter was introduced to examine the effgct.of bond on
binder burn-~out independently of silicon carbide oxidation;
thess tests were carricd out over a lower temperature range énd
with a number of different bonds. The reason for using a finer
grain in the alumina work followed from the objective which was
to study entrapment; it was felt that the effect would show more
clearly using a finer grain size which was also the reason for
using white slumina rather than brown: had the alumina tests

Cont'd.
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been carried out first it might have been ssensible to use
120 mesh gilicon carbide though comparison would still have
been hampered severely by the fact that different bond systems
are used in gilicon carbide wheels. However, the task under-
taken in this project is to elucidate the mechanisms involved
in firings; once this has been achieved the work can be extended
by measuring the required parameters on all bond systems. The
choice of 46 mesh in the silicon carbide abrasive was bssed
on the following reasons: it is en intermediste grein size in
the precision.range, and it was used extensively in the thermo-~

gravimetric work, ssction 2.1.

The pellets were prepared by thoroughly mixing abrasive,
bond and water so that the binder end water‘were eveniy spread
over the surface of the.grains. The bond was then added and
mixing confinued to allow the bond to adhere to the wet surface
of the grains producing a very even coating of binder, bond and
wéter. The pellets were compacted in two ways: those containing
silicon carbide were produced individually by pressing into
a ¥ diemeter cylindriczl mould using enough mixing to produce
a pellet approximately 4" long; the azlumina pellets, however,
were pressed in square bars measuring 6‘x 1 x 1" and then
sectioned into five 1" cubes ~ ¥" was removed from each end to
aliminate end gkin effects. Both silicon carbide snd a2lumina
pellets were pressged to 2 T.sg.1i. and aftser pressing they were
dried atb llOcC for 24 hours. Compositions a2re given under
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UMaterial Selection", section 2.4, together with bond softening

temperatures.

Sectioning the alumina pellets was performed mainly with
a hack saw though some of the pellets fired at higher temperatures
were slit on 2 diamond whéel using water as a coolant. The
silicon carbide pellets did not section successfully in thess
ways, fhe hack saw method was quite inadequate and the slitting
wheal produced surface effects that msde interpretstion difficult,
Therefore, the silicon cerbide pellets were broken into two
(or more) pieces §y carefully hammering the cylindricsl pellets
on a hard surface ususlly produced a clean fracture through the

centre parallel to the length.

2434__£§mmm§§51ve Strength Tests.

These tests were carried out on a small compressive

strength testing machine to supplement the visual and thermo-
gravimetric examination of silicon carbide, for this a few

. e
extra pellets were fired at 1000 C.

| A1l ﬁatefials were supplied by Universsl Grinding Wheel
Co. Ltd., It was decided not to use specificelly high purity
chemicals but those used in the industry since the two might
have different properiies and this could bs misleading. A1l

materieleg were stored in a cool dry place.

Cont'd,
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The low temperature binders chosen were the hydro-
carbong starch, dextrine and glucose and the abresives used
were green silicon carbide esnd white alumina thesge being about
99.5¢ pure. The high tempersture honds used are listed in
table 2.1. and in table 2.2. are given the compositions of

mixtures used tc make pellets.

= Toble 2.1
Bond Dasignation ARF CRR RF. RE
5102 68.1 73.0 69.7 69.8
'r102 ~ 0.2 0.5 0.9
A1203 23.7 14.8 17.6 15.0
Fe 03 0.2 0-3 0-5 Ooli'
2
B O -~ £ Ph 2.6 5.6
23
Cal 0.k 0,k h % 0.7
MgO 0.1 0.1 G 0.2
K0 %.9 4,0 39 )
2 ; s
Naao - 31;"*’ 302
PO - - Oe5 0.2
25 :
Softening femperature 1340 1240 1200 1150
Water content 3.90 2,68 2.82 3.29
Clay content{nominal) 30 22,5 2k 27

Flux content( Uik B I 22.5 27 57.5

(fthe deta for this teble was obtained from Universsl Grinding
Wheel Co. Ltd.,)
COn‘t 1 do



R, -
ble 2.2
Composition of Mixings Used in Pellets.
Per 100 Parts Abrasive 5iC Pellets A1 O Pellets
<3
Bond 20 30
Dextrin (binder) 2 2
Water 6

2.5 Gegrezation Exoeriments.

1) abrasives used in this project were taken from silo
storage and it was thought that this might introduce errors
due to segregation within the silo. In order to test this
a small scale simulation experiment was performed as follows:
a § litre glass beaker from which the bottom had been remnoved
was attached to a large funnel; the wholse apperatus was £filled
with 7 kgm. of 22 mesh silicon carbide abrasive and samples

were drawn off, screened and weighed.

2.6, Heat Transfer Experiment.

A large portion of the experiments performed in this
project involved isothermal firing. However, time is required
for heat transfer to occur and therefore some estimate was
made to show how rapidly temperature rises in the pellet to
that of the furnsce. To estimate this a number of inch cubes

in alumina, not used in the burn-out work, were heated for a
Cont'd.
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timed period of up to 1 hour and then plunged into a water

- calorimeter. Tha resultant temperature rise was noted and
divided'by sample weight to obtain a measure of the average
pellet temperature. In the case of silicon carbide heat will
be transferred more quickly partly because of its higher
surface emissivity and partly because of its thermal diffueypy
is approximately three times that of alumina.

2.7, The Thermodynamic freatment of Silicon Carbide
ion U Digi ter.

In section % the equilibrium states of five different
systems are considered using thermodynamic and stoilchiometric
equations. The solutions of .these equetions is very complex,
in some cases, and requiring iterative solutions and it was
therefore necessary to use a digital computer to pserform the
nécessary.calculations. Since this aspect of the project is
intended to generate rather than process information it was
felt thet the programming of the computer could. be treated as
part of the experimental procedure and it 1s therefore
included here.

Most of the task of computing is common to all five
sets of calculations and use was made, therefore, of the
procedure PRECOMPILE. One part, which will be called the
master programme, was written with all the common operations,
processed and then output in sum cheecked binary. To examins

Cont'd.
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any particular system the master prograume was then read in
at speed followed by 8 slave programme containing those

calculations peculiar to the system,

The master programme, shown in figure 2.2. is mainly
an input and output routine which uses information supplied by

the slave programmes, and it has been divided into four sections.

Section 1 of the master programme, is 2 setting up stege
and in this section the identifiers, shown in table 2.3. are
declared. The first three statements specify output format
while the next three dstermine, in degrees Xelvin, the tem-
peratures for which_calculstigg'are required. I is a switch
identifier subscript; it is set equal to 2 so that subsequent
return froﬁ a slave programme will be at the next print state-
ment lakelled START 2. IExit from the master programme ig then

Eausad by an_unconditional transfer statement,

Section 2 of the master programme is an output section:
which handles the table heading operation and it is entered on
the first return from a slave progrémme. The leading statement
outpuids a title and a statément which pertly defines the system.
The definition is completed by the next five statements some of
which are conditional and controlled by values assigned to
Cl, S1 and S2 in the slave programme. Column headings are then
printed, and agsin some of the statements are conditional,
followingva pattern similar to that used to spscify the system.

Cont’'d,



EQULIBRIUM PARTIAL PRESSURE CALCULATION'
BEGIN REAL Poz.Pcoz.Pco‘P51o.PToT.Pna.Nsa.NSIG.NsJoz'

INTEGER T,DT,TM, |

BOOLEAN C1,81,82

SWITCH -SSt =STARTA, START2, REP, CALC"

PREF I XCE I)'

SCALEDC3)

DIGITSCA)!

¥EA¥ ;.DT.TH'

tmT+,

TH:-THI%73'

Jam2!

GOTO START1'

COMMENT END OF SECTION 1°

START2:PRINT £E£L8127TABLE?,L££S2R37.ER2S2R157SHOWING: EQ?,
LUILIBRIUM CONDITIONS FOR THE SYSTEM 8ic/027'
IF S2 THEN PRINT £/81027'
PRINT £/510%"
IF- 81 THEN PRINT £/817'
PRINT £/c02/c017'
IF C1 THEN PRINT £/C7!
PRINT ££L38127PC024R) PCCO2) PCCO) PCSI10) PCN2) 17,
£ PCTOT) 0%
IF. C1 THEN PRINT £ Need?!
IF S1 THEN-PRINT £ N¢sid?!
PRINT £ NcSICO?!
IF S2 THEN PRINT £ N¢S102)7°
PRINT £ NcO2.1) 7!
IF NOT C1 THEN PRINT £ Acco?’
IF NOT S1 THEN PRINT £ -ACS1O7"
IF NOT S2 THEN PRINT £ A¢SI10237'
PRINT ££L277"!
I‘- LN
COMMENT END OF SECTION 2!

REP:PRINT ££810717,P02,PCN2,PC0O,PS10,ALIGNENCA, 30, PN2, FREEPOINTC3),

PTOT,E -2,T-273,£ e
NS102sm(0e256PN2=PCO2~P02~0056PS10=0+5#PCO) /PTOT'
NS13:mC2ePCO2+1e56PCO+P02~04 50PS10~04250PNZD) /PTOT'
ALIGNEDC1,3)" ke el
IF C1 THEN PRINT £ ?,SPECIAL¢2),~-NS1'
IF S1 THEN PRINT £ 7,SPECIALC2),NS! [ELSE NSI:-D'
PRINT £ 7,SPECIALC2),~CNSIO2+PSIO/PTOT+NSID

" IF S2 THEN PRINT £ 17,SPECIAL.C2),NS102"
PRINT £ 7‘SPECIALC2).‘PN2/4/PT°Ta5 ?
SCALEDC3) :
IF NOT C1 THEN PRINT: EXP€20533/T=20+94)/PCO2ePCO®PCO"
IF NOT S1 THEN PRIHT*EXP€-11646/T“10-12)GPSIO/SQRT(Pogn'
IF NOT $2 THEN PRINT EXPC93880/T=3144)ePSI10eSQRTC(PO2)
PRINT ££L277"
COMMENT' END OF SECTION 3'

Ti=T4+DT' -
IF CTeSIGNCDT)) LESSEQ CTMeSIGNCDTY) THEN GOTO CALC'
PRINT ££R100LS127P = PARTIAL PRESSURE IN ATMOS. T = TEMP?,
CERATURE 1IN DEG«Ce A = ACTIVITY OF SOLID PHASESEL??,
££S127N = MOLES-OF REACTANT OR PRODUCT PER MOLE OF GAS PHASE?,
£ CREACT. =VE 1 PROD. +VE)ELR10077,£ER10077'
ELLIOTT€7;0.00.0.°|0.003:_
ELLIOTTC7,3+04,1, 1064012 2

STAHT1IELLIDTT(U:U.O0.0’0.0.0@?
COMMENT' END OF SECTION' 4
PRECOMPILE"

FICURE 2.2 The master programme



Before this section ig left. I

23

ig changed to 3 so that on all

subsequent returns from the slave programme entrance occurs

at the gtatement laﬁelled REP which heads section 3.

In section 3 the partiel pressures, calculated in the

slave programme, are printed.

Molar yields and activities avxe

calculated and printed, using conditional statements which

follow the same pattern as in section 2.

yisld of carbon is not caleulated separately since from section L.

However, the molaw

N N
C (wsi=o0) gi (NC=o0)
Table 2.3
Label Iype Function
P02 Real Partial pressure of oxygen
PCO2 5 i carbon dioxids
PCO i . carbon monoxide
PSIO o " silicon monoxide
PN2 3 " nitrogen
pPrLOTL - Total presgsure of system
NSI i Molar yield of silicon
NSiC I " silicon cerbide
8102 ] i silica
T Integer Absolute. temperature
DT, T™ g Temperature control constants
CL Bonlean Carbon is included in system
S1 i Silicon " "
s2 . silica . "

Contfd,
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Section % is entered after exit from section 3 end it
is basically a control routime:. The current temperature, T,
is raised by DI and compared with TM; if it is in range,control
is trensferred back to the slave programme; if it is out of
range the programme is terminsted, this consists of first
outputting a footnote, and secondly executing an instruction
read in from the word generator which is usually an instruction
to read at speed the precompiled masster programme in preperation

for the slave progrsmme of the next system.

The slave programmes are shown in figures 2.3 to 2.7
and in sach of these the following three operaﬁions are PeL—
formed: firstly the system is defined; secondly the equilibrium
partial pressures of the gaseous components of the system are
caleulsted for one temperature; snd thirdly control is Trans-
ferred back to the moster programme using subscripted switch

identifier SS.

The formula used in the slave programmes are taken from

seetion 4 where they were derived.

Cont'd.



COMMENT Slc/02 = slo/co2/co’
cls=51: =52: =FALSE'
CALL:
BEGIN REAL A,B,KA,V'
owWnN REAL X'
BOOLEAN Louw'
REAL PROCEDURE FCA,B,C)'
VALUE A,B,C' REAL A,B,C|
BEGIN REAL N'
N:=LNCCIep+A'
+=EXPCIF N GR 170 THEN 170 ELSE, N2
END'
IE 1=2 THEN X:=1'
A:==49290/T+42,325"'
B: =—67940/T+20. 835"
KAt =EXPC=AD'
FOR V:=0,
X WHILE Lou,
xX/2,
V/2 WHILE Y/X GR #=5 DO
BEGIN X:=CIF LOW THEN V ELSE =-v)+x!'
PoO2:=Cxee 3+SORTCX®0+4eFCA, 4,X02000,50KA"
P02:=F(C5,2,PC02/X)"
PTOT: =3epPCo2+52P02+6°X '
LOW: =PTOT LESS 1
END'
PCO:=X"'
PS10:=PC0O2+PCO’
PN2: =PTOT-P02-2¢PS|0"
GOTO 55C12
END
END'
FIGURE 2.3 Slave programme for the solution of system I

cOMMENT S1c/02 = s102/s10/co2/co’
S2:=TRUE'
C1:=51: =FALSE'
CALC:
BEGIN REAL A,B,C,V'
oWl REAL X'
BOOLEAN Low'
REAL PROCEDURE FCA,B,C)'
VALUE A,B,C' REAL A,B8,C'
BEGIN REAL N'
M:=LHCCI®R+A"
. F:=EXPCIF N GR 170 THEN 170 ELSE NJ
END
IF 1=2 THEN X:=1'
A =146500/T-20.332"
B:=112530/T-9.912"
c:=31.40-93880/T"'
FOR v:=0,
X WHILE Low,

X/c,
v/2 WHILE V/X GR @=5 DO
BEGIN X:=CIF LOW THEN V ELSE -VJ+X'

PCO2:=FCA,2,X)"
PCO:=FC(B,1.5,%X>'
PS]0:=F(C.“‘0-5.X)'
PTOT:=5¢X+9ePc02+7*PCO-PS10'
PH2:=C4eX+BePC0O2+6*PC0OI-2*PS 10"
LOW:=PTOT LESS 1 OR PM2 LESS O

END'
po2:=X"
GOTO 35C12
END
END'

FIGURE 2.4 Slave programme for the solution of system II



COMMENT SIC/02 = 310/51/¢c02./Co’

S1: =TRUE'
C1: =52: =FALSE'
CALC:

BEGIN REAL KA.KB,KC.A,B,D]S‘RX'
KA:=EXPC40976/T+0.96)
KB:=EXPC7006/T+11.37>"
KC:=EXPC11646/T+10.12)"
A:=CKA+1)e5"
B:=CKB+KC)*3'
DIS:=B*B+4*A'

RX: =C~B+SQRTCDISI)/A/2"

P02: =RX*RX'
PC02: =PO2*KA FIGURE 2.5
PCO: =RX*KB

PS10:=RX*KC"'
PTOT: =PCO2+PCO+PS10+P02"'
IF PTOT LESS 1 THEN PTOT:=1'
PN2: =PTOT-P02-PC02-PCO-PS10"
GOTO SSCID

END

1
g Slave programme for the solution of system III

COMMENT SIC/02 = S102/810/81/C02/C0"
S2:=51:=TRUE"
C1:=FALSE'

CALC:PO2:=EXPC~105526/T+21+283"
PCO2:=EXRPC~64552/T+22+228)"
PCO:=EXPC~45759/T+22+008)"
PS10:=EXPC+~41117/T+202 765" FIGURE 2.6
PTOT:=PCO2+PCO+PSI0+P02
IF PTOT LESS 41 TMEN PTOT:=1'
PN2: =PTOT=CPCN2+PCO+PSI0+P02)"
GOTO SSCI1)

)y END'

Slave programme for the solution of system IV

COMMENT SIc/02 = S102/s10/c02/co/c’
Cq1:=S2:=TRUE"
S1:=FALSE'

CALC:P0O2: =EXP(~99093/T+20+ 432"
PCOZ:-EXP(-51686/T+20.532?'
PCO: =EXPC~36110/T+20+ 7363
PS10:=EXPC~44334/T+21.184>"
PTOT: =PCO2+PCO+PS10+P02"
IF PTOT LESS 1 THEN PTOT:=1' FIGURE 2.7
PN2:=PTOT=PCO2~PCO~PS10~P02"
GOTO SSCI)

- L}
*HD Slave programme for the solution of system V



Table 2.k
Label Type Function
v Real Partial pressure range
X b iterated partial pressure
A,B,C PARL
K4 ,XB,KC » Constants
RX,DIS "
LOoW Boolean PTOT 1 or PN2 O

The asnalytical calculations require minor trens-
literations only from algebraic to algorithmic form though

the iterative calculations require further explanation.

In all iterative solutions a FOR loop 1ls used. Before
it is entered a number of identifiers shown in table 2.&.
that are to be used in the loop, ere declared. Among these
is the OWN REAL identifier X which is initially defined by a
conditional assignment statement. Also a REAL PROCEDURE F
is declared which evaluates expressions of the form

A
8 ¢ ©

with a minimum likelihocod of overflow. £ few constants are

then calculated and the FOR loop is entered where X is
+
iterated. over the renge ~V.

Cont'd..
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The first cycle of the FOR loop defines LOW for
current values of X and T. For the second cycle and all
subsequent cycles, while the velue of LOW remains true
the range is dowbled. When this element in the FOK list is
exhausted (ie: when LOW is false) the third element defines V,
the fourth element then closes the ramnge in conjhnction with
the leading 1F clause in each lcop.:.ileration continues

until accurscy is better than four figures.
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3, RESULLS.

The results of the experimental work may be divided
into five sections. In the first (section 3.,1) the three
binders, starch, dextrin and glucose, are examined by
pyrolysis at a programmed temperature rise using the thermo~
balancg. Followed by the pyrolysis of binder/abrasive mixings
and one binder/abrasive/bond mixing. In addition binder
pyrolysds were stopped at various temperatures to allow
visuel examination of the partially decomposed bindei. In
section 3.2, experiments to examine the oxidation propertiies
of silicon carbide are reported, using the same apparatus,
although particular attentioﬁ is peid to isothermal firing.
In sgction 3.3, the results of firing isothermally pellets
of silicoh carbide, bond and binder, and pellets of alumina,
bond and bindef are presented. Eourthly, a series of a&d hoc
experiments ﬁeré performed snd these are reported in sectiops
3.k, 3.5.and 3.6. The final part of the investiggtion con=
sisted of a theoreticsl analysis of the oxidation of silicon
carbide in air using a digital computer and this is reported

in section k.

3.1 Binder Pyrolysisg.

' The ealculationg necessary te transfer the result of
pyrolysis recorded on the thermobalance output chart were
ealculated as follows: the origin on the thermobalance output

Cont'd.
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chart was taken as 100% and the weight pexr cent of the
semple was calculated from this point. In each of these
figures the abscissas is temperature and the rate of heating
was approximately SOGC per hour sxcept in the case of one test
performed on dried glucose where a very rapid heating rate
of eca 30000 per hour was used. Most of the tests took 1
hours to complete. Since the temperature was programmed at
a finite heating rate the temperatures recorded at whilech rapid
changes in welght occur are probably higher thaen those thatl
would have heen obtalined hnd sither a very much slower heating
been used or a series of isothermal firings to constant weilght
been used although both these methods would have been much
more protracted - to take an example, drying will proceed at
lQOOC if sufficient time is allowed butigg; results of these
experiments it is indicated that drying is not complets until
12000, this temperature head of 20o ig presumably necessary
to transfer heat from the furnace to the crucibls and-into
the mass of binder. .

The results of pyrolysis up to ?OOOC.are given in
figures 3.1.1 to 3.1.3 for each binder. 1In figure 3.1.% the
pyrolysis on & sample of dried glucose is shown and it can
be seen that there was no drying stage. In figures 3.1.5 and
3.1.6 the results of pyrolysis on larger semples of glucose
and dextrin are given which show an apparent increszse in weight

Cont'd,
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following & vapld weight loss; this anomalous behaviour was
the result of very large dilstions of the binders causing them
to protrude above the crucible top and touch the furnace wall
thus disturbing the weight record ~ starch did not show this
effect. Figures 3.2.1. apd 3,2.2. show the state of the
binders at three different temperstures, they were produced
by discontinmuing the pyrolysis at the temperatures stated.
Starch remained compact and similar in appearance to dextrin
heated to 22006a

The pyrolysis of pure binder differs from practice in
two very significant ways: first, the binder 1s finely dis-
persed in a wheel and not concentrated in one area, gnd
gscond, the bond and abrasive cen impede oxygen transier to
the binder. To investigate the effect of dispersion, tests
were run on binder/abrasive mixtures and the results are
shown in figures 3.3.1 to 3.3.3. The heating rate used_was
the same as on the pure binders, is: 50o per hour, and the
method of celeulating weight per cent is similer although the
weight of binder was only a proportion of the totel sample
weight. Since water was added to facililate mixing the
initial ‘weights weve greater than 100F; however, due to
evaporation they were less than might have besn expected Ifrom
the mixing cowpositions end consequently the minimun welght
recorded after the completion of pyrolysis is ggsumed To be

Cont'd,
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zero, and all other percentages are calculated from this
point (see appendix). To assist in the examination of the
effect of bond two tests were run on a pellet contsining
starch, silicon carbide, bond and water. The first test
followed the seme progremme as the binder/abrasive (only)
tests and the result is shown in figure 3.k%.l. slthough the
second test, shown in figure 3.%.2, isothermal firing at
lOOGOC was used; in this greph the absclssa is time; and &

logarithmic scale is used.

3.2 Silicon Carblds Oxidation.

The thermobalance work on binder pyrolysis was extsndsd
to study silicon carbide oxidation and two types of test were
used, the results of which are shown in figures 3.5.1 and
3.5.3. In each of these figures the changes in weight as
ppn of original sample weight is plotted either ageinst
temperature or .time. Figure 3.5.1. shows the effect of
programmed heating on sillcon carblde whils in figure 3.%.2
the effect of isothermally firing the zame grii is shown.

Tn the first experiment the origin on the thermobalance
output chart was assumed to be zero and waight change was
ecaleulated from this datum although in the second experiment
a different technigue was used.

For the results shown in figure 3.5.2. the thermobalance
furnace was preheated and then lowered over the samples at

Cont'd.
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temperature. This procedure produces strong convection
currents which caused a rapid deflection in tte weight recording.
These currents, however, subsided as the crucible and sample
attain température and it is observed that in all but the
highest température tests the weight recording reaches a
sfeédy value within b minutes and this ié naintained for
varying lengths of time, the longest time being st the
lowast tenpsrature of 50000, when it is Jjust uﬁder 8 hours.
The weight recorded after 4 miunutes 1s higher than the
recording befqre lowering the furnace and it is probably due
to impingement of steady state conWection on the base of
the crucible: this welght platgau is therefore assumed to be
zérd and changes in weight are expressed as ppm of the
original sample weight from this datum. For the higher.
temperature tests, viz: 800 snd sbove no plateau is observed
and therefore 2 detunm is calculsted by averaging the drop in
welght reco;ded after the initial incresse to the platean
observed below BOOOG, (a correlation on this drop with
temperatufe showed no significant relation). In this series
of experiments, runs were also made on alumina and a sample
of silicon carbide previously fired at the, same temperature -
the latter curve 1s distinguished by an asterisk placed after

the temperature designation.

Cont'd.
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3.3. Xhe lMicrosc onic Examination of Isothermally

Fired Pellets.

The results of these tests described in seetion 2.2
are shown in figures 3.6.1 to 3.7: figures 3.6.1 to 3.6.%
are contained in a pocket at the back of the thesisi

The silicon carbide results which are the main aspect
of the thesis are shown actual size in figures 3.6.1 to
3.6.4. PFour different compacting pressures were considered
lénd four. different temperatures covering the range 125000
to 1%0000. These extended the thermobalance work. In the
tests up to and including pellets fired for 1 minute, a total

of four zones or structures caen be digtinguished, viz:

A, Dark - friable

B. . Light grey -~ friable
Ce Biack - hard

D. Green - hard

Aifter 20 seconds the specimens were dark brown and A wWps the
predominant zone, although some B was visible mainly at
corners. After 40 seconds many of the specimens showed all
four zones although D only at corners in some cases - also A
was then matt black. After 1 minute D was clearly dis-
_tinguishable in most specimens and zone B tended to move
nearer to the centre of -the pellet. Subsgequent firing
eliminated the friable zones snd in some cages only the hard
green structurse (D) was found. However, the photographs of

Cont'de.
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some of the pellets containing only the hard zones are rathsr
deceptive: initially zone C; although it was quite distinct
from &, tended to be slightly matt and this contrasted well
sgainst the surrounding D. With continued firing C became
progressively more shiny and failed to contrast against the
outer zone. Becsuse of this effect a brief description of the
hard structure pellets is given.

The results of firing pellets at 1250 ¢ are shown in
figure 3.6.1. Pellets fired at this temperature after com-
pacting to l.l. t.s.l achisved uniform green colour in
3 minutes. Those compacted to 2.2 t.s.1 achieved this structure
in 10 minutes; after 3 minutes a small trisngular patch of
sone C still remained. The pellets compacted to the higher
pressures in both cases retained zone ¢ up to 1% hours
although the area was no more than 4" acrcss.

The results of firing pellets at 1300 ¢ are shown in
figure 3.6.2 in which zone C was more persistent. 5 border
of D surrounded a core of C up to 14 hours, 6 hours, 18 hours
and 2% hours in pellets compacted to lel tosely 2.2 tasod,
4,5 t.s.1, and 5.6 t.s.1, respectively, with the exception of
one pellet compacted to 1.1 t.s.,1, and fired for 3 ninutes.
This pellet was uniformly green. The border of D was about
it deep on pellets compacted to 1.1 t.s.l changing to 3" deep
on pellets compacted to 5.6 t.s.i. However, the depth was

Cont'd,
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affected 1ittle by time: the changes to uniform green were
abrupt.

The pellets fired at 1350 ¢ are shown in figure 3.6.3.
These pellets when compacted te L.l C.s.d and 2.2. t.8.1
retained zone C up to 20 minutes and 24 hours while those
compacted to higher pressures reteined zone C up to 2k hours
and the depth of D was aboub " deep - in the previous pressure
ronge D was about " deep. |

The pellets fired to 1%00 ¢ are shown in figure 3.6. 4,
Their structure in each cese consisted of Two zones of which
the outer zone was essentially the same as the uniform green
structure of the lower temperature tests except that the pores
were.more open - ie: the pellets had “boiled". The depth of
D was sbout % I deep in pallets compacted to 1.1 t.s.i and fired
up to 100 hours and in peﬁlets compacted to 2 2 t.s.1 and
fired up to 100 hours. In pellets compacted to 4.5 T.s.1
the zone was less than 1/16"% up to & hours increasing to "
at 18 hours and longer. In pellets compacted o 5.6 hours
the zones were less than 1/16" up to 18 hours becoming &" at
50 end 100 hours. The centre zone was shiny black up to
18 hoursj however, at 50 and 100 hours the centre zone vas
mach paler being @ grey/green colour and not obviously
carbonaceous.

In figure 3.7 the alumina pellets are qhown at less than
gctual size. Only one compacting pressure wag used and the
maximum temperature czamlved was 1200 ¢ although from 3OODC

Cont'd,
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to this temperature the range was well covered,

St th _Te Fired Pellets.

Following the pyrolysis at 100000 of pellets made from
silicon carbide, binder and bond, end reported in section 3.1
figure 3.3; the samples were tested for compressive strength
and the results are given in figure 3.8 where fracture
stregs in pounds/square inch is plotted against time using

a logarithmic scele.

3.5 _.8ilo FExperiment.

The results of this experiment are shown graphically
in figure 3.9 where the weight per cent of each fraction is
recorded. This graph shows no overall tendency for the
distribution of grit partiele size to change with position
in the sample and from this it is concluded that sempling

from silo is sufficiently representative of the bulk material.

3.6 _Eeat Transfex.

The results of these experiments performed on alumina
bond/binder pellets at Universal Grinding Wheel Co. Ltd.,
are shown graphically in figure 3.10. In this graph the function:

@ = Rige in celorimeter temperature x 300" desss (1)
sample welght

Cont'd..
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ig plotted against time, £, This function is proportional to
the average temperature of the pellets and in the following
trestment the time is found for this temperature to reach 90%
of the equilibrium value, O , reached after infinite soaling
time in the furnace. £

The shape of the graph indicates an equation of the form

PRl o BT S e e

O

Le a first approximation n can be found as follows:

differentiating equation 2 with respect to time,

-nt
‘d‘_-ai - nee .‘.tl..l...l.....l.l.l.'l (3)
dt 0
New j !
-nt 3
e ."x 1 .lbli.tII‘.I..‘O.l'l.ﬂ.l.lllD (Ll')
(t=0)

using cha wasolbs at e winvE @
and[the slope

dée ~ 3,1 e e e B TS S A e e AN (3

dt
1f it is assumed that after 1 hour the temperature of the
pellet has reached equillbrium

9 =12.5 loaoouitolotoauoeoitsutiil' (6)
0

and substituting k4, 5 and 6 in equation 3

nat 0.25 .“.uu”“”“u”“n“u(ﬁ
This golutlon is now improved &8s follows: let$ be an adjustment
to n such that n + $ is o better estimate of the reqﬁired

rate constant, then
Cont'de
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0t -t
e-':e "'Se ‘ l.lao-c.c.lll.ll'tib.{a)
0 0
if 1is smell
6“-:6 “'ee- (3_"‘8-.‘:) ouo:tlalao..tnl.‘ (9)
0 0 ,
whence
~ -nt -nk
6’58 (1*6 He Bte .l.to'll'l.ol (lo)
0 0
-nt
Dividing though by l-e :
: ~T)
5 =0 + 0o fte . ceeesesess(ll)
e 0 0 R Y
l-g l-e

Using all the results shown in figure 3.10 equation 1l
was solved -ﬂ:} (orfo-( ab ny

=Iv
=9, on PEe s )
-nt -n
l-e l1 -8

and it was fdund that 5 =’0|01 so NG sR RS (12)

9 = 1100 yssbteseaaseRsNes SRR RRRAD (13)
0 . : oS T

and n= 0126 .aoo||ttoto-lo-n-cl-olococtoo (lq)

Substituting this value of n in equation 2 for

6= 90 8
0
100
-0,26 t
Q.1 = & I--aoco.o-co-ototcoutnl (15)
whence

D'B‘O% (Al s ‘):::-9 mins asnenessssnsese (16)
2 3 '
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Tn the case of silicon carbide the rate of heating will be
fagter since :
1. Pellets are slightly smaller.
2. Surfacé emﬂ%ivity of silicon carbide is
higher then that of white alumina.
3. The thermal diffusﬁgy is about three times
greater.
Therefore,

£ o
g0Z (SiC)*™ 3 mins OO e I G



by, THERMOUYNAMICS OF SILICON CARBLIDE OXIDAYION,

L.l The Nature of the Problem.

The system under consideration is the oxidetion of
silicon carbide in air. It, therefore, contains the four
elements, oxygen, nitrogen, silicon and carbon. It is
sgsumed that nitrides do not form but silicon carbide,
during heating, rescts with oxygen to form at least one
oxids. _Since both component elements of silicon carbide
form two oxides a comprehensive treatment of the system

must incluve the following :

1. “Sic
25 =10
: 2
3. N
- 2
4, 8io
2
5. Sio0 Table 4,1
6. 53
e = 00
2
8. 'CH
9 0

9 glements and compounds.

The aim in thermodynsmics is to dstermine the con -
ditions of equilibrium. In table k.1, eight reactive com-
ponents are listed and it can be shown that these lead to the

Cont'd.
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following reactions ~ table 4.2,

fable b2
Regctiopr_or Reaction fyve No, of Repetions .1
Silicon carbide formation 1
Silicon carbide oxidation by oxygen 8

Reactions involving silicon and
pxyvgen only L
' Beseticns invelving carbon and
oxygen only b
Redox reactions involving OXYgen,
silicon end carbon 9

ailicon carhbide oxidetion by oxide Ak
Lotsl k4O

4.2 Sssumptiong.

Po make the problem tractable some simplificatinns
are pecegsary. Already it has been assumed that nltrogen
is insrt end this veduces the pumber of eguilibriz to b2
considered, but those outlined sbove are not all independent
.and in fact only five are needed to completely define the
-the*modynamics of the system. In table 4,1, five compounds
are 1isted and the formation of thess will be used as besic
. equations {rom which all others are derived. Eﬁese regctionsg
together with their standard free energies (ﬁﬂ ) are given

| . Cont'ds,
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in table %.3.
FIGURE 4.3 The free energy ot_ formation of the principal

components :
Si + G € SiC &G S ASTBOM B sk e s kL)
281+ O & 2810 .ﬁz{;o = ~45280-40.2T seeoones (2)
Si + ozq-e 840" . AGO = «209630t42.3T ..iieeees (3)
2C + 02@ 2002 Aeo = -~53&00-L+1.8'1: (&)
s Oiqﬁco : &GO = «94200«0.2T | teveeoss {(5)

Although kinetie factors such as diffusion of air
between the grains, may alfect the approach to the equilibrium
- state, the systems exsmired are assumed to be closed in
which equilibrium is attained.

I'hree other assumptions made in this diseussion are
as follows @

1. Gases behave ldsally.

2, Bach s0lid component exists as a separate phase

exhibiting only negligible solubility of other
components.

3. The system is at unit atmosphere pressure.

4.3 Method.

The second sssumption necessitates restrictions since
a1l the condensed phases cannot coexist under equilibrium
conditions ~ for-example, silicon and carbon react - to form
silicon carbide - therefore some restrictions must be made

Cont'd.
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and the method employed is to consider 3 number of condensed
phase combinations. ﬁﬂch combination is than examined in
the temperature range O C to 2000 G in 1000 incerements using
thermodynanic and stoichiowetric relations, and the resulis
sre given as tables 4.5 to h.1l.

The first stage in the analysis is to sstablish a
formula for calculating the equilibrium partisl pressure of
one of the components in the gas phase (CO, CO , $i0 end 0 ).
fhis proved to be the most difficult part bec*isc some of 5
the equations are extremely complex and required iterative
methods for solution with the 2id of & digital computer.

The partial pressure of the remaining components in the gas
phase are then readily celenlated ineluding the partial
pressure of nitregen which is generelly calculat:d by
d1¢ference. rhese results are given in tables .5 to 4.9,

After composition of the gas phese has been established
the quantities of the condensed phases thet participate in the
oxidation are calculated together with the amount of
atmospheric oxygen used. These quantities are expressed as
moles per mole of equilibrium gas phase in table 4.5 to 4.9
and further summarised in table %,10. In this summary cOn=
densed phasss are specified as being either reactants or

products as functions of temperature.

Cont'd.



Uging the calculated velues of partial pressures of
the gas phase components, the systems are then re~examined
by considering the hypothetical state in which all the solid
phages are present. This necessitates the agsignment of
non-unit activities to those phases originally excluded.
fhese activity dats are used to ascertain the, stebility of
the system using the foéﬁbing argument: if the activity is
less than one the escaping tendency or chemical potential is
1ess then the pure phase and therefore the system is-stabla,
sithough if the phase was introduced into the system { physically)
it would react with it; if the 1isted activity is greater
then one the converse is true and the system may be saigd to
be supersaturated with the excluded phase.

At high temperatures in the four phase systems it was
found that the solutlon is only possible at pressures above
one atmosphere. It followe that beczuse practical firing orx
silicon carbide wheels is normally performed at about one
atmosphere pressure the system is unstable and therefore
oxidation will proceed until stebility is atteined by eliminatior
of one of the condensed phases.

in table 4.1l the activily data and system pressure date
are summarised using the gsbove arguments, when three states
are specified |

: B 1f the system shows supersaturation the relevant

phases are shoW. J
cont'de.
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2. If no supersaturation is evident and if
equilibrium 1s reached at unit atmosphere
pressure the system is said to be "stable".,

s if the system sttains equilibrium only at
elevated pressures the system is said to be
"unstable".

The first system to be analysed is the gsimple two

phase system conteining silicon carbide and ges only -

table 4.5. . The results of this analysis suggest super-
saturation with silicon end silica at low temperatures and
therefore these components are introduced separately, and
together - tables 4.6, 4.7 end 4.8, It is also apparent that
carbon is stable over part of the silicon carbide/silica/gas
system temperature range and therefore carbon is introduced |
in table 4.,9. Thus five systems in all are considered and
in the fonébing subsections they are referred to by Epman
numerals as follows 3

I. “silicon carbide/gss,

I1. silicon carbide/silica/ges,

T1T. silicon carbide/silicon/gas,

IV. silicon carbide/silicon/silica/gas,

V. silicon carbide/silica/carbon/gas.

Throughout the calculations the following symbols

(table 4.k) are used. _
Coﬁt‘d.
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Table bk

oymbol

Function

]

o

2 9

partial pressure

activity

number of moles
Fractional molar yield per
mole of equilibrium gas
phase (reactsnts are
treated as negative products)

standard free energy 3

absolute temperature ( X)

Squilibrium constant at

temperature I,

N and n are also subscripted by the chemical symbols

and the letters m, u,; w, X, ¥, 2, are used to denote number

of moles in some of the stoichiometric equations to simplify

retation.

L., System I - Silicon Carbide/G2s.

The fundemental resction to consiuer in this section

fL"lSiC 1 nG@ }[810 + YCO + ZCG 4 %8 & 0 289 90 (6)
< 2

‘his equation is the summation of equations, 1, 2, % and 5
and thermodynamically it may be resolved into an initisl

Contid,

is:



W6 -
dissociation of silicon carbide (equation 1) followed by
oxidstion of the elements to form a mixture of volatile
oxides (equations 2, &% and 5)., Nitrogen has been omitted
for simplicity but it should strictly obcu;?%oth sideg of
equation 6.

The method adoptad for finding the conditions of this
equilibrium, consists of developing an equation containing
the paftial pressures of the resctive constituents of the
gas phaese, reducing the degrees of freedom with thermo-
dynamic and stoichiometric restrictions, solving for one
of the partisl pressures snd then by substituting back
into previous equations finding all the equilibrium pressures.

1f n moles of oxygen are available for the oxidation

of silicon carbide, then for comservation of oxygen in &

closed system -

n-=n "{”'é'n 4"&‘“ ‘fn sosbeooaoo0 (7)
02(R) 8i0 co coz2
wheres n = number of moles of unrcacted oxygen

C2(R)

n = i i silicon monoxids = X
S810 '

n = 2 i carbon dioxide = ¥
co2 ,

0 g " t carbon monoxide = z
co

sssuming air to contsin B0% nitrogen and 20% oxygen the
rnumber of moles of nitrogen, mﬂz, will be given by «~

}
n =n=n + kn ¥ 2n + 2n RN S
N2 oM co2 £10 co
Cont'd,
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but from the ideal gas assumption equation 8 may be rewrittan:

p - b -+ zp = 2 I %p weas oD (9)
N2 PCOQ GO pSiD 02(R)

where p = partial pressure.

fhe totsl pressure of the systen pTOT is given by

p = p o> 4 S St P secsoeo0 (10)
rar N2 pO2(R) pCO2 pCO Sio

therefore from equations 9 and 10

ol = gp e 5‘ t o 3 se o 0dG e (ll)
Poar - Toatr) - cos 3P0 " *Paio |
hut p ml .---.l.vo..nlon-onaoc..u.o.oato. (12)
TOr
therefore
5p £\ 5P + 3p + 3p = l seasopaa (13)
02(R) Go2 co 510

Silicon carbide contains equiatomic proportions of
silicon and carbon hence

n = + 7 essésusesobosssetosnecone (lh)
810 co2 co

1l

or 4 D _ ssessmesesessvsensnsssisan (15)

P
510 coz co
substituting in equetion 13

5 o 8 + 6 = 1 spenesssssodPROeE (16)
poa(a) ooz Peo

Zguation 16 can now be solved using equilibrium constents

to relate p , D and p , Gerived from the basic equations
: S 02@® coz2 ce

1 to 5.

Cont'd,



- L8 -
Zliminating the elements oxygen, carbon and silicon

from eguations 1, 4, % and 5 yields
0 97940 -~ 841T
SiC + 200 -5 810 + 3COAG = §# _
' 2

L ] (17)

whence KT(17), the equilibriuvm constant, is given by’

3
P P
K = S10 co
T(l?) : p ' ..-lll.....i.l..l..lllii (18)

coz

substituting p 0 from equation 15 end rearranging
Si '

72 3 't
K » P BE T » P ~ P = Q cecuo (19)
T(17) co2 co co2 co

#quation 19 is a quadratic in pCja for which the positive root is
{

3 6 g N R
P D p + UK el csas st ety
co2 ) Co T (819}

2K
T(17)

The value of Kf(l?) can be derived from the standard free

o
energy, AG , of equation 17 thus ~

K JpaTEr = -49290/T + 42.325 ... (21)
T(17) e &

To complete the solution of equation 16, poaasan be eliminated
as follows :
from egations 4 and 3

Q
200 + 0 =200 AG = -135000 + WL.HT  .....0 (22)
2 2

whenca,.' -
& 679%0/1T -~ 20.84
X {22) = p 2 @
T Qo2
2

.......lloi..l...llll‘ﬂ (23)

Cont'd.
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The summation of equations 16, 20 and 23 reduces to :

Ly -]
7P 3 -1 -
Co K (22) (p +1)+8p K (2p +1)
T GO &0 017 co
2 e | -1 2 -1 -1
~p (5K K (9p X K
Cco T(17) T (22) co T (17) T (22)
+12p '-2) ‘}'36)+12P "'l = O R EEE] (2“‘)
co (#]8]

Bqustion 24 cannot be solved analytically, therefore
an iterstive method mugt be used. An Elliott 803 computer
was programmed to solve the egquation by such e msthod over
the temperature range O to ZOOOOC and the results are given
in tablie 4%.5. [The detailé of the programme are given in
section 2 but the gensrel method was as follows: .a value for

pCO was assumed and pco2 was calculated by substitution into

equation 20, These values for p and p _ vere ingerted into
co2 co

equation 23 to find p02 and then equation 16 used to find the
resulting stmospheric pressure. If this pressure was lesgs
than one, pco was doubled snd the procedure repeated until the
equilibrium atmospheric pressure exceeded one. The result of
these operations determines a range in which the corrsct
value of pcO must lie, viz: bstween the last two values cal~
culated, rspeated bisection of this range was performed until
the possible errof was insignificant.

Tn table 4.5 the number of moles of silicon carbide

(N ) and the number of moles of initial (or atmospheric)
SiC ‘ Gont'd
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oxygen (N02(IT) involved in the reaction axe given. These

quantities are defined ag the number of moles produced per
mole of equilibrium gas phase. It should be noted therefore
that reactants are treated as negative productg.
For the conservation of silicon :
N + N + P L S T R
sicC 83102 _8i0 sS4
pTOT
but in this section the yields of silice and silieon
monoxide are aésumed zero thus equation 25 reduces to

N = D /’P G LD eI EDNOOREOTNDDON (26)
SicC 810 TOT

Simj-larly §

N
02(1)

-

M T I A LR
02(R) + _CO2 + .- CO + 810 =0 ...s
P r D D

TOT /To MR (- B ) S

Combining equations 9 and 27

N p /Ll' TEEREERNY RN NN NN 28)
02(1) pN2 pTOT :

To complete the enalysis of the two phase system it
remains only to calculate the activities, or escaping
tendencies of the excluded phases, viz: carbon, silicon and

silica. This is achieved using the relationship that sxists

(27)

between the equllibrium constant end the steqdard fres enargy

of a reaction. Calculetion is made simpler if resctions °

involving only one condensed phsse are used,
Cont'd.
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From equations 4 and 5 :

o
CO + (=200 AG = ho,soo-kl.éT ba s Cenesn e )

2
~4G7RT
therefore K = (GO = & b an et SR
TL29) 3B L.
co2"C
.
whence a = _FPco 20533/T=20.9%
c pcoze teoocsveas (31)

From equation 2 3

3 p2 e Al s 23292/T+20,2k% (32)
T(2) 810 02 Si
whence aSi = P';g e -11646/7~10,12 sainienene T L33
P 02

From equations 2 and 3 32
o
2810 + 02"‘§25i02 &G = --373 080‘1121'!'.81‘ sened (3!'!')

0

therefore K = a2 /(p2 p )= EAG i L (35
T(3%) 8102 si0 02

Whenca a p% = 8938§T“3l‘l+ e s opdE (36-}

5102 7810 © 02

4,5 BSystem 1L =~ SiC/SiOg/Gasa

In table 4.5 it can be seen that the exclusion of
silica from the products of oxidation leads to very high
squitlibrium asctivities for silics at low temperature;
therefore at these temperatures silica would be ex?ected
to form. 1In this subsection the general eguation

WSic =+ :102??"-' w8102 + %840 ycoa * 200 sassssw  (37)

Cont'd.,
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will be considered. This equation is similar to equation 6
except that silicon forms both its oxides. A similarx
treatment will be followed for egquation 37 as for eguation &
although different equilibria and stoichlometry are pertinent.

For n moles of oxygen equation 7 now reads ;

—

= N < n +n 4“%‘,\3 o4 ‘é‘n 500000 (38)
02(R) si02 co2 co 8i0
whence
n =kin = Un + 2n + bn 4+ BN eesses L39)
N2 5102 510 co2 co

However, equation 39 cannot be converted tn a partial

pressure equation since it contains n o but from the
S10

stoichiometry of silicon carbide

B + n = v =n + N oseo00s0DGS (14-0)
5102 510 SiC coz2 Cco

substituting for n in equation 39 yiselds
S102

Nn =)+n - 20 o 6n 9P 9090060080000 U‘"l)
N2 02(R) 810 co
whence
P =’+p _2p + 8_‘[} g 6p soecscan (1*‘2)
N2 02(R) S10 co2 co

and

v - 5'p 2 p + 9p +* 7p svenonoavw (l+3)
TOT 02(R) 810 co2 co

Equation 43 contains 4 unlknowns {pTOT = 1) and therefore

a further thres equations are regquired for its solution.

Thopo—may—be—obbained as—Lodlows—1 N
Contf'd,
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%4
These may—beobtained =5 follows.
From equatiorsl, 3 and 5 :
o
SiC + 20 ~> S10 + CO AG = -291100 # 40.4T .. (44)
2 2 2
whence the equilibrium coefficient is given by
K / v AT (4%)
= = a sbobBoubCBBEL
o) Tcoz’ | 02
From equations 1, 3 and #
(o]
S4C éoz-asm 50O AG = -223600 + 19.7F ... (46)
2
whence i 530/
112530/T7-9.912
K B / = g assscEROBSE (LI'?)
T(46) €O pﬂ%z |
From equations 2 end 3
0
sxoa-asm % »;02 AC = 1865%0-62. 4T s.esseses (H8)
whence
e ~93880/T+31 .k ;
K =P D =g teesawon e “&-9)
T(48) 02 510
Substituting p , p and p in equation 43 and equating
©o2 CO 8i0
D to one yields :
TOT
2 - |
% 5'p b = 1 RO (50)

- . K
e’ 02 " oy’ o2 T Poz T orue)” o2

R
If equation 50 is multiplied by p 8 it can be ssen that

it 1s a.fifth order polynomial in p 02, it is impossible to
solve a f£ifth order polynomial analytically end therefore

equation 50 was solved iteratively in e similer menner to that

Cont'd.
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used in the ﬁrevious section for the two phzseg system.

The detsils of the programms are given in séction 2. Howsver,
1t was found during the early stages of development That the
solution could yield negative values of p  at high tem~
peratures and therefors iteration wes mod?%ied to find the
lowest value of p consistent with a minimum value of éne

G2
for p and 2 minimum value of zero for p . The results
TOoT N2

of thig celculation are shown in table 4.6,
. In table 4.6 the molar yields of silica are included.
Thiﬁeﬁgg'ealculated as follows for the comservation of

oxygen, using the same conventions as in section 4.hk.

N y + N < N i H Ly 'é'N L '&N = O TR E (51.)
02(1) 02(R) 8102 co2 co - 810

whence

N -

- { kY
o2(r) ~ Poarmy  Tco2  “co

= +dp ¢ )/ 00 (52)
8102 i @310' p‘i'o’lf )

NOZ(I) cannot be converted to a pressure quotient since =E
the initial oxygen does not appear in the aquilibrium state.

However, NOZ(I) can be eliminated from equation 51 using
equation 28 thus ;3

N - ('j-kp i % e = 'é'? )/ aa f53;]
5102 N2 pO2(R) p002 %pCU 510 pTUT

The other values in columns 8 to 11 in table 4.6 were
calculated in eﬁactly the same mannsr #s before except that

Nﬁioa 18 not zero and must be included in the caleulation of
a :

i} - equations 29 and 26.
8iC Con‘h‘ de
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From table 4.5 it can be seen that in the absence of
silica, activity of carbon is low over the whole temperature
renge and silicon is stable at low temperatures. Table b6
shows that the introduction of silica (which is always present
in vitreous grinding wheels) renders carbon stable at Llow
temperature and silicon stable at very high temperatures.
Tn the next three sections therefore the systems econtaining
l. &4licon
2., Silicon snd silica
3. Carbon and silica

will be examined.,

4.6 Svstem TIT - Silicon/8ilicon Carbide/Gas.

The reaction to be considersd is

mSiC + noéak_w51 + %810 + ycoa B 800, sesnssveNre)
in which siliecon is oniy partially oxid&sed to S5i0.

The arguments that applied to the two phasse system

23

apply here ss far as equatlon 13 viz

Sp b §p < 3p 4 3p = ) ceRsaevEED (13)
CcO

02(R) co2 si0
though it is not possible to apply the restriction

Il :n "‘-n ll’.ﬂo.!ll.ﬁt..lcctuiiiﬁo‘ (1l+)
gi0 C02  CO

and therefors the restriction

& = 1 evaeRosAVIUSSIBEUOERVAROGOD (55)

51

will be used to solve egquation 13.
Cont'd,
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From equations 1 and 5 :

- (o} N
SicC L) 02"""& 51 + GOE&G = "'81,4'20 = 1:9’1" tovs0an (56)
whence .
L0976/7+0,96
=

K - M v =
T(56) ooz LRI SR €

Foo2
From equstions 1 and 4 :

2810 + 0 "'"32[}0 + Si AGO = "2781:’0"11‘55220 cuvooo (58)
2 - 7

whence-
O gl S A iR
T(58) Co 02
From equatioﬁ 2.'% |
gt o e A N e

K & i =
T(2) R 810 pO?_

Subgtituting the above in equation 13 to elimineste p _2,
P and p yvields :
¢o 810 - N N N
5(1"'1{ )p < 3(K g K )'p - l = 0 oooe (61.3
: T(56) 02 T(58) T(2) 02

8 quadretic in p £ of which the only positive root is

pns ol z ¥ &y a2
=3 (K B e Eac:a: + K ) +20(14K )} 62
3 T(58) __ T{(2) L' 2(s8)  T(2) 7(56)

02 . 10{1+K )
T(56)

Values of pa° were calculated over the tempsrature renge
o':,&.- :
0 to 2000 C using equationm 62 and then using equations 57,

59 and 60 values of p sP and p were calculated:
: c02 Cco 510
Cont'd.
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the results are shown in table 4.7.
Tn table 4.7 the molar yield of silicon is given;j
this was calculated as follovs.
From the stoichiometry of silicon carbide

n + N + N = N + N “*"ﬂ coe0000 (63)
S

5102 810 i co2 co C
but in this section -
N =0 LA i« e dbe 56 %A ki)
c
therefore
N =N +N =N - N Cebsms svnms v i8I

S co2 co 8102 S10
Eliminating NSiOZ using equation 53 end assuming ideal

gases equation 65 reduces to

N = (2 + 3/2 ¥ - - )/ os (66)
8i p002 - pCO p02(3) %pNZ %pSiO pTOT

Other values in table 4.7 were calculeted as in the
previous sectlon except that the value of NSi from squation 66

mst be substituted into equation 26 to caleulate NSic.

The equation to be considered is the sum of equations
6, 37 and 5%, vizs
mSiC + N0 ~» vSi0 + wSi0 ¢ x8i ¥ yC0O + 200 .oo (67)
2 2 2
The restriction n =n + n ol e e )
530 co2 COo
Cont'd.
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cannot be used but the restrictions

a = I cesetsebsBlessoBIROACROER (55)
Si

and a =1 00008008008 0BC00EE0C000 (68]
5102

are available and these reduce the complexity of the algebrae.
The restriction

» w 1 séevonpdosoodasedsooboDD (12)

T0T
is now superfluous., This latter point will render the
solution at unit atmosphere pressure impossible 1if the sum
of reacting geses is greater than one, therefore the procedure

will be to caleculate p ~ from the equation
70T | :
p 5 =P Py P = p < P beesooddoe0od (69)

TOT co2 () 810 02(R)

then if
¥
P <1
TO0T
) = 1 w D 32
N2 TOT
and
pTUT = 1 st t s da 9NN CREOGIORSICEERORBOD {?O}
otherwise
p =0
H2
and
p = E.E b-\lanootoOIInItanﬁulﬂntbi.nuaa ':7-1)
Tor pTOT

Cont'de
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The equilibrivm partial pressure of p s Pl D and
y co2° CO 8i0

P can be caluoulated as follows @
C2(R)

From equations 2 and 3
o
1}5102 + 481 —»810 AG = 81700-K1.25T cececoeeo (72)

whence "
"’1117/(T‘{'2,-
K =P =g W covP0B00000000 (73)
T{72) 510
From equation 3 5526/
105526/T~21.2
K =l/P = e 9 sssssbccsanOCe (?Li')
T(3) 02
whence
-105526/T+21.29
p02=e u..unaonooocuoonrb-aos (75)

From equations 1, 3 and §

Q
81C + sma-a» 002 + 281 AG = 128260-4%4.,2T ,.., (76)

whence
. ~64%550/T+22,22 (77)
: T(?6) "pcoz = @ ees oGO N¥ORNOODOD

From equations 1, 3 and 4
o
81C + 4810 - €0 + 1468F AG = 90920-43.79T ... (78)

2
whence
~45732/7+22,02
[\ =D = 8 seuseoDBROBDCORD (?9)
T(78) (610
The values of » 4+ P , D end p Vere calculated ovser
C02 o, CC 810 02

the range O to 2000 C and the results ars shown in table 6.8
Cont'd.
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D and p were calculated from equations 71 and 72 and
TOT N2
the remaining quantities were caleulated as described in

the previous subsections.

The equation for consideration here is 3

- mBiC + noz-e.v5102 + wSi0 + xcoz + yGO + ZC acos (80)

ra

The equation differs from equations 6, 37, 9% and 67 in
that it contains carbon in elemental formj however, its
treatment is identical to the previous cage except that

a = 1 00 GG B00B0SGEDE00OD (81)

C
and‘ a =1 y toﬁillbiﬂbﬂﬁliﬂllIOOHOOIIUOI {55}
si02
but a 1 0't...I..l‘.‘.ﬂﬂill"‘.ﬂ..ﬁbﬂ (82)
Si.?&
Therefore from equations 1, 3 and 58
o
- 81C + 002—% 8102 +H 2¢ AG = «102700440,8T ... (83)
whence e1ibas 5
«51690/T7+20,53
P S 1,/}{ ¥ 8 te0000888509° (8"“‘:-"
co2 T(83)
From equations 1, 3 and Lo
o
1810 + CO= f.}sioz ¢ 3/2C AG = ~71750+41.2T oo (85
whence

«36110/1+20.73 '
e soGaGBOFRO DS (86)

Contid,
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From equations 1, 2 and 3 @
o
#8iC + 4}3102»—-) 8i0 + 4C AG = 88090-42.1T ... (87)
whence

~44333/7+21.19
(2] caseeso0oeac0o (88)

-
—

P K =
8i0 T(87)
From equetions 1 and 3
G .
Sip 2 Oz-é 6102 + 0 AG = =196900+40:6T cosoo {89)
whence
~9909%/T+20.43
= 1/K =g
02(R) T(89)

The values of p

p pesoBdoOOOO (90)

s P and D were calculated over
02(Ry)~ €02 8i0

the range O to 2000 C and the results are shown in table 4%.9;

? and p were calculated as before from equations 73
TOT N2

and 72. The molar yield of carbon was calculated as followss

N ‘N + N = N + N + N 60890000 (63)
8102 810 81 co2 co c

but since

N =0 obotltaoouonnc.o..aio.tonl-.-lla.ﬁ (91.}

81

N 4’“ "N ""N ol BORCWSRO00 (92)
¢ S8i02 810 €02 ca

Comparison with equation 65 shows that

...l.llﬁ!..!!ll.ﬂlﬂ (93)

il = N
C(N8i=0) g1(¥C=0)

Contid.



TABLE 4.5 SHOWING EQUILIBRIUM CONDITIONS FOR SYSTEM 1. VIZ sic/o2/s10/coz/co/ne

P(02.R) P(co2) P(co)
3.038-61 1.,26-01 6.168-21
3,5168-46 1,258-01 6.268-14
2.408-37 1.25@8-01 5.508-10
1,008-31 1,258-01 2,368-07
8.96@-28 1.25@-01 1.67@~05
7.608-25 1,258-01 3.93@-04
1.36@-22 1,228-01 k. }o@-03
7.878-21 1,05@-01 2.718-02
1,688-19 5,98@-c2 B8,708~02
1.328-18 1.84@-ce 1.42@-01
5.36@-18 4,328-03 1.618~01
1.618-17 1,108-03 1,65@-01
4,088-17 3.298-04 1,66@~01
9.148-17 1.14@-04 1.678-01
1.868-16 4.478-05 1.678-01
3.498-16 1,9%58-05 1.678-01
6.118-16 9,288-06 1.678~01
1,018-15 4, 768-06 1,678~01
1.608-15 2,618-06 1.678-01
2,%28-15 1.51@8-06 1,678-01
3.538-15 9.16@-07 1.67@~01

P = PARTIAL PRESSURE IN ATMCS.

P(510)
1.25@-01
1.258-01
1.258-01
1.25@-01
1.25@-01
1.258-01
1.26@-01
1.32@-01
1.47@-01
1.618-01
1.65@=01
1.66@-01
1.678~01
1.67@-01
1.678-01
1.678~01
1.678-01
1.67@-01
1.67@-01
1.678-01
1.678-01

T = TEMPERATURE IN DEG.C.

P(N2)
0.750
0.750
0.750
0.T50
0,50
0. 750
0,748
0.736
0. 707
0.679
0.'670
0.667
0,667
0,667
0.667
0,667
0,667
0.667
0,667
0.667
0.667

P(ToT)
1.00
1,00
1,00
1.00
1.00
1.00
1.00
1,00
1.00

1.00
1.00
100

1,00

-
0
100
200
300
Y00
500
600
700
8oo
900
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000

N(sI1C) N(o2.1)

-0,125
~0:125
~0,125
=0,125
-0,125
~0,125
~0,126
-0,132
~0,147
0,161
=0, 165
-0, 166
~0,167
~0,167
~0,167
~0.167
=0:167
-0,167
=0, 167
~0,167
-0,167

-0,187
-0,188
0,187
=0,187
~0,187
-0,187
-0,187
=0, 184
~0,177
-0,170
=0,167
-0.167
-0,167
=0,167
-0,167
~0,167
=0,167
~0,167
-0,167
~0,167
=0,167

Alc)
1413@-16
2.04@-11
1.35@-08
1.318-06
3.218-05
3.43@-04
2.108-03
8.288-03
2,088-02
3.538-02
Y, 88a-02
6.238-02
T:65@=02
9.15@=02
1,078-01
1.23@-01
1.39@-01
1:55@-01
1.72@-01
1.888-01
2,05@-01

A(sl1)
2. 528406
7.418403
2,006+02
2,378+01
5.138400
1.66@+00
7. 008=01
3.798-01
2.798-01
2,T5@-01
3. 06@-01
3.46@-01
3.878-01
4,278-01
h.67@-01
5,05@-01
5.41@-01
5. 76@=01
6, 108-01
6.428-01
6.738-01

A = ACTIVITY OF SOLID PHASES
N = MOLES OF REACTANT OR PRODUCT PER MOLE OF GAS PHASE (REACT. =VE 1 PRCD. 4VE)

Alsio2)
0, 008+00
0, 008400
2,236453
1.308441
3.308432
1. 408426
1.718+21
2,166+17
1.38841%
2. 48411
9. 418408
1.638+6
1.178+05
34 068+03
1.238402
74118400
5.57@-01
5.668-02
7. 16803
1,108-03
1.98@-04



TABLE 4.6 SHOWING EQUILIBRIUM CONDITIONS FCR SYSTEM 1. VIZ Sic/02/s102/s10/coz/co/Ne

P(02.R)

8.64a~78
8.64a-78
2,66@-67
2,80855
7.86@-47
1.4he-do
9.688-36
6.638-32
8. pe-29
3.398-26
5.16@-2}
3.77@-22
1.54@-20
3.938-19
6:828-18
8.768-17
9:42@-16
1.03@~14
1.298-13
1.288-12
103811

P = PARTIAL PRESSURE IN ATMOS.

P(co2)
1.2584+70
¥, 148407
3.418-08
1.26@-07
34 15@-07
6.228-07
1. 558-06
1.598-06
2,248-06
2,97@-06
3.768-06
Y,608-06
5.488-06
6.408-06
T4308-06
8. 58-06
1.228-05
2.808-05
1i21@-04
}y;58@-04
1.54%8-03

P(co)
1.308459
14328411
ti438-01
1:43@-01
1:43@-01
1,438-01
1:438-01
1:43@-01
1.43@-01
1.438-01
1. 438-01
1.438-01
1.43@-01
ti43a-01
Tiha-o1
1450801
+ 77801
3. 078-01
8,64a-01
2,218+00
5 208400

P(s10) P(N2) P(TOT)

0, 008400
1.27858
5.338-40
54 Th8-31
+.288-2)
6,518-20
2.768-16
2,108-13
},66@-11
h,108-09
1.798-07
Y5 0806
T4318-05
8.328-04
7.078~03
h.678-02
2.41a-01
9,228-01
2598400
64638400
1.568+01

T = TEMPERATURE IN DEG.C.

&

&
0857
0.857
0:857
0.857
0:857
0.857
0.857
0857
0:857
0857
0:857
0:856
0,849
0,804
0,582
0, 000
0,000
0,000

0, 000

&

&
1,00
1400
1,00
1400
1,00
1400
1,00
100
1:00
1400
1,00
1,00
1,00
1.00
1.00
.23
3.4
8.83
20,8

T

0
100
200
300
%00
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900

2000

N(sic) N(sioz) n(oz.1)

=0, 111
-0,143
=0:143
-0,143
-0,143
-0,143
-0, 143
-0,113
-0, 143
-0;143
-0,143
~0,143
~0, 143
~0,143
=0, 144
-0,150
=0: 177
-0,250
-0,250
-0,250
-0,250

+0,111
40,113
+0;143
+0,143
+0,143
+0,143
40,143
+0.143
+0,143
40,143
+0, 143
40,143
40,143
+0, 142
+0;137
40,103
-0, 054
«0,500
~0,500
=0,500
~0,500

-0;222
-0,21%4
=0,21%4
~0,214
-0;214
-0,214
-0,214
~0,21%4
-0,214
-0,21%
-0,21%
-0,214
~0,21%
~0,214
~0,212
-0,201
-0, 145
+0, 000
+0,000
40,000
+0, 000

A(c)
5. Oh@+71
2. 758+29
3. 448415
hoTr8411
9.288+08
9. 008+06
2.568+05
1.518+04
1.508+03
2,228+
4. k28401
1.128401
3.398+00
1:208400
}, 83@-01
2.208-01
1. 19@-01
8.998-c2
9, 94@-~2
1+098-01
1.188-01

A = ACTIVITY OF SOLID PHASES
N = MOLES OF REACTANT OR PRODUCT PER MOLE OF GAS PHASE (REACT: =VE & PROD. 4VE)

A(s1)
0, 008400
2.758-37
8.438-22
6.528-17
1.7688-13
6.258-11
5+ 158-09
2, 098-07
3.678-06
¥.378-05
3.378-04
+.93@-03
8.738~03
3.26@-02
1. 03@-01
2.82@-01
6,308-01
9.978-01
15068400
1.118400
14168400



TABLE 4.7 SHOWING EQUILIBRIUM CONDITIONS FOR SYSTEM I11. VIZ sic/oz2/s10/s1/coz/co/n2

P(02.R)

5.008-67
1. hoa-lig
1.828-39
6.69@-33
2.66@-28
5+838-25
1.4 o@-22
5.15@-21
5.80@-20
3.718-19
1.718-18
6.16@-18
1.558-17
4, 788-17
1.09@8~16
2.258-16
4 ,268-16
7.5088-16
1,268-15
2.008-15
3.038-15

P = PARTIAL PRESSURE IN ATMOS.

P(co2)
2, 008-01
2,008-01
2,008-01
1.99@~01
1,92@-01
1.608-01
8.8e-e
2.628-02
5.820-03
1. 1he-03
4, 25@-04
1.478-04
5. 028-05
2.578-%
1.248-05
&.418-06
3.55@-06
2,078~06
1.278-06
8. 018-07
5.338-07

P(c0)
8.56@-18
}.818-12
1.008-08
1.l5e-06
k.698-05
5, T18-04
3.13e-03
8.34e-03
1. 438~
2,078~
2, 708~-02
3.5%@~02
I, 3ha-ce
54 15@-02
54968-02
6. 778~
T.55@-02
8.318-2
g, 04@-ce
9. Th@-02
15 04@-~01

P(s10)
5.908-11
3.48a-07
5+238-05
1.368-03
1.33@-c
6.628-02
1.838-01
z.818-01
3. 098-01
3.108-01
3+08-01
2.988-01
2,908-01
2, 82@-01
2, Tha-01
2.66@-01
2.588-01
2.508-01
2.438-01
2,368-01
2,298-01

T = TEMPERATURE IN DEG.C:

P(N2)
0,800
0,800
0,800
0.799
0.7%
0713
0.726

0,684
0,671
0.668
0,667
0.667
0,667
0.667
0,667
0.667
0,667
0,667
0,667
0.667
0:667

P(TOT)
1,00
100
1.00
1400
1.00
1.00
1400
1.00
1,00
1.00
1,00
1500
1,00
100
1,00
1400
100
1,00
1.00
1,00
1400

T
0
100
200
300
400
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000

N(SI1)
40,200
+0,200
+0,200
40,198
+0.179
+0, 9%
-0,091
-0,247
-0,289
-0,288
0,277
-0,262
-0,246
0,230
-0,214
-0,198
~0,182
-0,167
=0,153
~0.139
-0,125

N(SIC) N(o2.1)

=0,200
~0,200
=0, 200
~0.199
~0.192
-0,161
=0, 092
=0, 035
~0, 020
-0, 022
-0, 028
=0, 036
-0, 043
-0, (52
-0, 060
-0,068
=0, 076
-0, 083
~0.090
=0.097
=0, 104

-0,200
=0,200
-0,200
=0,200
=0,199
~0,193
~0.181
~0.171
~0,168
-0;167
«0,167
-0:167
~0,167
=0,167
~0:167
-0,167
-0:167
~0,167
=0:167
=0,167
=0,167

Alc)
1.368-10
7.538-08
2.888-06
3.058-05
1.64@-0k
5..65@-04
1.468-03
3.12@-03
5. 768-03
9.638-03
1.488-02
2.1%@-02
2.94@-ce
3.868-02
Y, 96@-02
6, 16802
7.488-02
8.908-02
1.048-01
1,208-01

1.378-01

A = ACTIVITY OF SOLID PHASES
N = MOLES OF REACTANT OR PRODUCT PER MOLE OF GAS PHASE (REACT. =VE 1 PROD. +VE)

A(S102)
0, 008400
0, 008400
8,138448
34678438
1.908+31
6.488+25
2518421
3. 38417
171841}
2,508411
9,808+08
8.468+06
1:378+%
3738403
1.558+02
9118400
7.22@-01
Te348-02
9.278-03
1.418-03
2.52@-04



TABLE 4.8 SHOWING EQUILIBRIUM CONDITIONS FOR SYSTEM IV. VIZ SIC/02/5102/S10/S1/c02/C0/N2

P(02.R)

0, 008+C0
0, 008400
0, 008+00
1.82a-7
140859
9.00851
5-56@-1l
1,388-38
3.39@-34
1.48a-30
T Jhe-27
T.298-25
1.358-22
1.28@-20
7. 5e-19
2.478-17
5.93@=16
1,03@8-14
1.36@-13
1.h2@-12
1,208-11

P = PARTIAL PRESSURE [N ATMOS.

P(co2)
0, 008400
3.12@-66
2.42@50
5.34@-40
9.94@-33
2.13@-27
Jh7e-23
6.93@-20
3,368-17
5.678~15
Y, 288-13
1.T2@-11
4. 18a-10
6. 78@-09
7.86@-08
6,948-07
4,8@-06
2,708-05
1.35@=-04
5465@=0%
2, 098-03

P(co)
5+ 808-64
190844
3.498-33
1.518-26
1,07@-20
T.018-17
6.228-14
1,368-11
14 098-09
4.13@-08
8:85@-07
1.218-05
ts17@-04
8.4 0a-04
), 788-03
2.24@-02
8.878-02
3. 068-01
9+368-01
2,798+00
6.538+00

P(s10)
4, o571
1.39@-39
1.83@-29
7.118-23
3.04@-18
8.238-15
3.648-12
Y.618-10
2.378-08
64208-07
9 74806
1.028-04
7.828-04
#;6 18-03
2,208-02
8.80a-c2
3.038-01
9.238-01
2,528+00
64298+00
T 4ieeon

T = TEMPERATURE IN DEG.C.

P( N2)
1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,000
14000
14000
14000
1,000
0,999
0.995
0.973
0,890
0,608
0,000
0, 000
0,000

0,000

p(Tar)
1.00
1.00
1.00
1500
1500
1400
1400
1400
1,00
1,00
1,00
1400
100
1,00
1,00
1400
1500
1.23
346
8.87
21.0

T
0
100
200
300
400
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900

2000

N(s1)
~0,250
~0,250
~0,250
~0,250
-0,250
-0,250
~0.250
~0,250
-0,250
=0,250
-0.250
~0,250
=0,250
=0,250
=0,247
=0.233
=0, 171
-0, 002
+0, 041
+0,083

+0,123

N(SIC) N(S102) N(02.1)

40,000
+0, 000
+0, 000
+0, 000
40,000
+0, 000
+0, 000
+0, 000
+0,000
-0, 000
=0.000
-0, 000
-0, 000
-0, 001
=0,005
-0, 022
-0, 089
=0,249
=0,2T1
=0:292
=0,311

40,250
+0,250
+0,250
+0,250
+0.250
+0,250
+0,250
40,250
+0,250
+0,250
+0,250
+0.250
+0,249
40,246
+0,200
+0,167
-0, Ok
~0,500
=0,500
=0,500

04500

-0,250
-0,250
-0,250
-0,250
=0,250
-0,250
0,250
-0,250
-0,250
-0,250
~0,250
-0,250
-0,250
-0.249
=0,243
~0,222
~0,152
40,000
+0, 000
+0,000
+0,000

A = ACTIVITY OF SOLID PHASES
N = MOLES OF REACTANT OR PRODUCT PER MOLE OF GAS PHASE (REACT: =VE : PROD. +VE)

A(c)
0. 008+00
0, 008400
2.908-06
311805
1.65@-~04
5468@-04
1.478-03
3.148-03
5.818-03
9.698-03
1.49@-02
2,16@-02
2.96@-02
3.918-@
4,99@-c
6.208-02
T.538~02
8. 96@-02
14 05@-01
1:218-01
1.388-01



TABLE 4.9 SHOWING EQUILIBRIUM CONDIDIONS FOR SYSTEM V. ViZ Sic/o02/s102/s10/c02/co/c/n2

P(02.R)

0, 008400
0, 008+00
0, 008400
5.86@8-67
8.4 @56
1.598-47
0, 76@-41
%, hoa-36
5.83@-32
1.53@-28
1.178-25
3.308-23
4,54@-21
3.278-19
1.418-17
3.99@-16
7.88-15
1.15@-13
1.308-12
1.17@-11
d.1e-11

P = PARTIAL PRESSURE IN ATMOS.

P{coz)
y,oka-7h
5. 46@-52
2.808-39
5.53@-31
3.66@-25
7.55@-21
1.608-17
7. 038-15
9.93@-13
6.038-11
1.928~09
3.708-08
4. 76@-07
4. h3@-c6
3.16@-05
1.818-04
8.56@-0l
3.478-03
1.238-02
3.86@-02
1.108-01

P(co)
3.64a-49
9.15@-34
7-098-25
).33@-19

5+ 58-15.

5.228-12
1.108-09
7.738-08
2.46e-6
4.338-05
i, B6@-04
3.838-03
2.29@-02
1.00@-01
4, 28@-01
1.458+00
b, 208400
1. 14@401
2, T68+01
6. 156+01
1.208¢02

P(s10)
Y. 71862
3.818-43
3.128-32
3.968-25
0.908-20
1.968-16
1.408-13
2.588-11
1.808-09
6.11@-08
1.198-t6
1.508-05
1.358-04
9,128=0}4
}.918-03
2.198-2
8.32@-ce
2,76@-01
8, 178-01
2. 198400
5.36@+00

T = TEMPERATLRE IN DEG.C.

P(N2)
1.000
1.000
1,000
1.000
1. 000
1.000
1.000
1,000
1,000
1,000
1. 000
0,996
0.977
0.890
0,567
0, 000
0,000
0,000
0. 000
0. 000

0, 000

p(ToT)
1.00
1.00
1.00
1,00
1,00
1,00

1.00

1,00
1.00
1.47
4,08
1.7
28,4
637
133

T
0
100
200
300
Yoo
500
600
700
8oo
900
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900

2000

N(c)
+0.250
+0.250
+0,250
+0,250
40,250
+0.250
+0.250
40,250
40,50
+0.250
+0.249
+0,243
+0,210
+0,060
-0,498
-1.470
-1.462
~1.453
-1.443
-1.432
-1.)420

A = ACTIVITY OF SOLID

N(SIC) N(S102) N(02.1)

~0.250
-0,250
0,250
~0,250
-0,250
-0.250
~0.250
=0.250
~0,250
-0.250
~0,250
~0,247
=0,233
-0,169
+0,070
+0.485
40,481
+0.477
+0.471
+0,466
+0.460

+0,250
+0,250
+0,250
+0,250
+0,250
+0,250
+0,250
+0,250
+0,250
+0,250
+0,250
+0,247
+0.233
40,168
-0.075
-0,500
=0.500
=0,500
-0,500
~0,500

-0,500

N = MOLES OF REACTANT OR FRCDUCT PER MOLE OF GAS PHASE (REACT. =VE t PRCD, +VE)

=0, 250
-0,250
~0,250
0,250
-0.250
-0,250
~0,250
~0.250
-0,250
-0,250
-0,250
-0,249
~0.244
-0,223
-0, 142
+0, 000
+0, 000
40,000
+0, 000
+0, 000

+0, 000

PHASES

A(s1)

0, 008400
- 898416
~2.95@+30
3.118-05
1.65@-04
5.64@-04
1.47@-03
3. 1h@-03
5,818-03
9+698-03
1.49@-02
2. 158~
2.96@-02
3.918-02
4. 99@-02
6.208-02
7.53@-02
8.96@-02
1.058-01
1.21@-01
1.382-01



The object of this section was to find the equilibrium
conditions for silicon carbide oxidation. The chemistry
is complex but in section 4.2 it was reduced thermodynsmically
to five reactions. Assumptions were made to render the problem
tractable and in particular it was assumed that the system
was closed. Analysis proceeded by studying various phass
combinations of increasing complexity and the results are
shown in tables 4.5 to 4.9. In the following discussion
three aspects are considered; partial pressures; stoichlometry,
;ez the condensed phases of the system are introduced and
activities, where those phases excluded from the definition
of the system,are considered. From the general survey,
speculations regarding the most likely equilibrium states
can be made, _

In all caseg the oxygen content of the equilibrium
phase, as indicated by its partial pressure, is very small,
being less than lOvB% though it increases with rise in
temperature. These factors are consisténﬁ with the instgbllity
of silicon carbide discussed in sectioﬁjl and the exothernic
nature of silicon carbide oxidation.

The equilibrium partial pressure characterlstics of
carbon monoxide and carbon dioxide vary considerably beiween
systems. In the two phase system (system 1) table 4.5,
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carbon dioxide is predominant at low temperatures changing
over to carbon monoxide at high temperatures the change
over point belng ca SOOOC. This phenomenon is related to
the thermochemistiry of carbon. The enthalpy of oxidation
to carbon dioxide is more negative than to carbon moncxide
and therefore at low temperatures, when the entropy con-
tribution to free energy is smell, carbon dioxide is the most
stable. However, the oxidation of carbon by oxygen to the
lower oxide involves a large volume expansion since one
molecule of oxygen forms two of carbon monoxide, thus:

20+02_92C0 teboesaeDeOREdCeROReDROBO0 (I{')

Consequently the entropy of the system increases resulting
in a large free energy reduction at high temperature, 8o
that at higher temperatures the mqnoxide becomss stabls =
in the case of pure carbon oxidised by oxygen et omne
atmosphere pressure the change over occurs at ca 72306.

The introduction of silica, table 4.6 (ie: system II)
changes the-reactions completely. Below 20000 the iterative
solution has not converged correctly owing to a computer store
size limitatlion but at 20000 and above it can be seen that
carbon monoxide is the chief oxide and that the partial
pressure of carbon dimtide rises slightly with temperature.
The reason for the low cerbon dioxide partial pressure is
presumably a result of the high stability (very negative free

Cont'd.



- 6% =

energy of formetion) of silice. The partial pressure of
oxygen is therefore low promoting the formation of carbon
monoxids; However, this very negative fres ensrgy is largely
due to its enthalpy of formation - the reaction is extremely
exothermic - and therefore as the temperature is raised the
oxide tends te dissoclate producing a rapidly rising oxygen

partial pressure and this increases the tendency to form
carbon dioxide.

The introduction of silicon into the systems does not
change the basic patisrn deseribed above although actual
partial pressures are chenged. In the case of the system IM
(ie: silicon carbide/silica) the effect of silicon, table %.8;
reducas the partial pressures of all the gaseous products.
1t can be seen from inspection of table 4.8 that this is due
largely to the instability of silicon which is oxldised
preferentially to silica thus yielding an atmosphere which
is almost 100% nitrogen at low temperatures. The introduction
of carbon has a similar affect to silicon particularly in the
silicon carbide/silica system, though foxr a different reason.
In the case of carbon table 4.9 (system v) it tends to bs
liberated at lower temperatures by partial oxidation of
gilicon carbide to silica and carbony thsrefore an atmosphere
very rich in nitrogen tends to develop especially at low

temperatures,.
' Cont'd.
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Silicon monoxide is a major product in the twe phase
system (silicon carbide/gas). This follows from the definition

of the system which only permits oxidation to the volatile
oxides., However, increasing the complexity of the gystem tends
to reduce the partiasl pressure of the silicon monoxide as
discussed above_in relation to the effects of silicon snd
carbon. The inclusion of silica effects a reduction in gilicon
monoxide yield because of its greater stability (ie: its
more negative free energy of formation).

The behsviour of nitrogen, at lower temperatures is
the reverse of silicon monozide: in the ssnse that increasing
the complaxity of the sgystem tends to increase its
equilibrium partial pressure. In the simplest two phase
system only gaseous products of oxidation can acerue while
in the more complex systems sclid products are possible,
sg: silica and elemental carbon, sO that in extreme cases
ﬁitrogen nay be virtually the only gas present in the gas
phase. However, silica can also be a reactant at high
temperatures bscoming en oxidising agent. When this happens
solution at uwnit atmosphere may be impossible, as the
system is defined, and it becomes necessary to raigse the
system pressure to a level at which golution is possible,
this has the effect of excluding nitrogen from the system.

A1l the data for the gaseous components has heen
given as partial pressures; however, this does not permit
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stoichiometric conclusions to be drawn. To do this the data
must be converted to a molar ¢ uantity and this can be
achieved by dividing each partial pressure by the total
pressure of the system (usually 1) to give mole fraction,
ie: moles per mole of squilibrium gas phase. Also required
is the participation of the condensed phases and this is
given in tables 4.5 to 4.9 commencing with column 8 where
the units are already as mole fraction (moles per mole of
equilibrium gas phase). However, condensed components may
be reactants or prbducts and this 1s signified by sign as
stated previously. Atmospheric oxygen is treated ss the
condensed phases; it cennot be assigned a pressure since it
does not exist in the gas phase and it participates as s
regctant. In table 4.10 a summary is given showing for
each system how oxygen and the con&snsed phases feact over
the total temperature range. In this table the components
are gpecified as being either reactants or products.-

For the simple two phase system I, table 4.5, it can
be seen that agxooc s

‘é‘SiC + }6 0?'&'810 - %002 srabecopIBRROeRR O (9‘-1-)

ignoring the trace concentrations of oxygen and carbon
- moroxide and omitting nitrogen which was assumed to be

inert in 4.1,
Cont’d.



TABLE 4s10

SYSTEM NUMBER

Tempat- 7 b 4 v v

Es:
807 Isic|O2ssclsad 2 fsic| s3] °2 ki |sa 5101 02 i s:s,%c

e
s
Ly

100
200
300
100
500
600
700
890

FRODUCT

1000
1100
1200
1300

NN MR RN

REACTANT
REACTANT
PRODGCT
FROPUCT

REACTANT
REACTART
REACTANT
PRODUCT

REACTANT
REACTANT
REACTANT
FRODUCT

REACTART

REACTARY

1400
1500

1600
1700

1800
1900
2000

I

z

REACTANT
DOCT
REACTANT

REACTANT
SN

REACTANT

%
g
i

REACTANT
. PROLUCT

1) m signifies that phass does not participate.

2) 0, = Atmospheric oxygen

3)  In sy stem (i) there are no =0lid produsisc

Table showing how components enter inte reactions



Byuation (9%) can be rationalised by removing the fractlonsg,
when

2Sic+302—=»251o+2002 AR ot A e i05)

(a]
Similarly at 2000 C
8iC 1 O wp 8i0 «+ CQ gteesoboecBaBBGE (96)
% 6 2 % %

whence

8iC + 02"’%610*00 ocsateceroetonceanisosnas (9?)

Bquations 95 and 97 define the stoichiometry of pure
gilicon carbide oxidation at low and high temperatures
respectively. However, thers must be a change over point
and from inspection of columns 8 and 9, table k 5y 4% can
be sean that there is a transition range from about 700 c
to 900 ¢ where both reactions are important.

Applying the same procedure to system 1T (table %.6)
at 20000 (below 20000 jteration is incomplete) it can be
seen that

2 giC + 305-925102 000 £ o sinis dnnimn e stk O0Y

je: when silica is introduced into the system it forms in
praferance to silicon monoxide. BEquation 98 applies up to
about 1koo C though above 1#00 C the silica yield decreases
and silicon monoxide becomes a significant product; atb

1500 ¢ about 30% of the silicon from the carbide is oxidlsed
to the lower form. At 1600 C gilica becomes an oxidising

agent and at 1700 G it replaces air completely so that the
Cont’do



stoichiometry bacomes

8iC + 25102_%3810 + co CoPPOPOEOBADODO G0 (99)

The introduction of gilicon rather than silica (les
system III table 4.7) results in a more complex system of
reactions. Up to and including 30000 the principal equatlon is

8iC + 02-v$51 + 002 SEsin 8 s abanene s nesanse ek ALOD)

je: silicon now replaces the silicon monoxide of equation 95.
However, above 30000 the yield of silicon decreasesg rapidly,
gilicon being partially oxidised to the monoxide. At 60000
and above silicon ceases to be a product and the following
three equations have to be considered.

8iC + 02-»-310 + €O ssvabnsesssessesersse KB

2510 0y 302’-} 2810 3 2002 ees brvocdsvlbooPeR Enes {9‘5)

281 g 02-'} 2810 eosossedoosnvedpeudesodonoec (101)

ie: (99) low temperature oxidation of silicon carbide (97)
high temperature oxidatlon of silicon carbide; (1OL) eilicon
oxidation - all in the absgence of silica. At 60000 equations
95 and 101 combine to produce

8iC + 81 «+ 202—§2810 1 002 ATaN N meas vEa s senLANIE)

and the contribution made by equation 97 is negligible.

At 70000 equation 97 starts to gain significence at BOOOC

it exceeds the contribution made by equation 95 when the
Cont’d.
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econtribution of equation (101) reaches a maximum. As the
temperature is raised the same trends continue so that at
200000 the stoichiomelry is approaching

28iC + 28i + 30é~% U640 + 200 coscvescasnssss (103)

this equation can be resolved into

SiG +t 02""3' SiO b CO cvedsoeocobusosvonbibaoee (97)

and 281 + oa—g 2810 Nih e s an s s e b ts v nss sy HAUT)

. ie: the chemistry of this system apprcaches that of the
two phase system I with the oxidation of silicon superimposed.
When silica and siiicon are both included in the
system we find that silicon is preferentailly oxidised to
silice up to 1#0000 by the squation
81 + 0'2-—:35102 PO 1o a1 S Q-n B (g i

Above 140000 the oxidation of silicon carbide bscomes
gsignificant though at 160000 the proportion of silicon
oxidised to silicon carbide oxidised is still 2:1, when the
gross stoichiometry is

5810 + 6510 + 1081 + 70— 21 610 * 500 esna CVO¥

this equation can be resolved into

Sic i 02“9 CO +'310 "EEEEEEEEEYEEE D NN BN NN N (97)
Sic o 28;02"':’ 3510 e 4 CO Gt e UoUADREeesEHBOO (99)

251 ':“ 02“"} 2810 uncat..ltot’-a..ﬁet..t.ﬂﬂch (101:}
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thus the reaction deseribed by equation 105 ig similar to
that of system II except that silicon oxidation, to its
nonoxide is superimposed. AU 1?0000 the contribution made
by equation 101 becomes negligible and equation 97 drops out
completely, ie: the system bscomes virtually identical to
systen II. Above 170000 silicon becomes a product and the
stoichiomstry can then be resolved into equation 99 (ie:
system II) together with the equation

281C + 31oé_a 38i + 2C0 PR R el N R &

Carbon like silica can be a reactant or a product
tending to be a product at low temperatures and a raactaﬁt
et high temperstures. System V, ie: silicon carbide/silica/
carbon/gas, is given in table 4.9 where it can be seen that
up o 120000 gilicon carbide is partially oxidised yielding
gilica and carbon according to the eguation

Sic‘roz"“és:i.oa '{C .c..o.n..‘tncotollloeu (107‘,

However, at 1200 C the gas phase starts To become 31gnificanmu
Initially the gas phase is carbon monoxide and at 1300 C
the equation for oxidation is

3 B8iC + hoz--:, 38102 OO0 T B aavesdedsbsese LEOB)

which can be resoliwed into

SiC*“'O"-'-}-SiO i ¢ sac38000RCO0R0aGe00ORNERD (107)
2 2

E.\l'ld 281‘3 "E' 3025'::} 28102 'S" 260 egnotalt.lvtvﬁiﬁil (98‘)
Cont'd.
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thus the formation of cerbon is reduced, and the stolchicmetyry
approsches that of the silicon carbide/silica system -
presumably the two systems become jdentical whsn the carbon
activity in system 1I is one., &t 1uoo°c equation 107 is
reversed with the result that both silica and carbon become
reactants yielding the equation

7C + Si02 + 202-9»310 + 6C0 Tain s sospdmevas ELON)

As the temperature 1s raised silica becomes the only sourcs
o
of oxygen and at 1500 C the equation becomes
3C + 810 -» 8iC + 2C0 S N S W e e ST o
2

Az the temperature is further raised silicon monoxide
formation starts to become significant according to the
equation

C+3102-—3>Si0 ‘5' CO GeNGeeOePERGORERPODBRESD (lll}

()
at about 2000 C equation 110 and 111 occur in the ratic
Osl, thus 3

28C + 105192-9 9810 + B840 4 19C0 sceeecccccas {112)

The third, and final, aspect of this discugslion con-
cerns the activity data presented in the terminating columnsg
of tsbles 4.5 to 4.9. As already pointed out the gignificant
factor is relative size of these figures compared to unity
and as explained in section 4.3, e summary is given in tabls 4.13

Cont'de.



TABL? 4.1

Tenp,

System No.

3

E 8 1

100
200
300

400
500

600
700

800

9C0

1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000

i &
830,

3102

Stable

Stable

510

Stable

1}

X

ny-

Stable

Stable

- L]

\

T

= Unstable i.e silica becomes the sole
agent & equilibrium cannot be

achieved at unit atmosphere pressure,

Table showing supersaturation in restricted systems



- ha

The starting point in this thermodynamic sectlon i
has been the consideration of the oxidation of pure silicen
cerbide. In table k.11 it can be seen that up to 500 C this
gystem is supersaturated with both gilicon and silica.

If silicon is included as a condensed phase table .11
shows that this system, ie: system I1I, is still super-
saturated with silica and remains so up to 1500 C; this leads
to the prediction of system IV (gee section %.3). Table L.11
shows that system IV shows no supersaturation although at
l?OOOC and above, equilibrium is only obtained above unit
atmosphere pressure. However, in system III, et and above
160000, supersaturation with silica ceases. Therefore
thermodynamically for systems III end IV no distinction
of maximum likelihood can be made in this temperature range.

Above 50000 system I still exhibits supersaturation
with silica though when silica is added %o give system II
carbon supersaturation is evident up to 1300 C. This fact
predicts system V to be more likely up to 1300 ¢ (in the
shsence of silicon). However, in system V nondunit pressure
is requirad for equllibrium at and above 1400 C. Over the
range 1%00 C to 1500 ¢ gystem I is still supsrsaturated with
gilica though system II is unsaturated; therefore in the
absehce of silicon znd carbon the most likely gyasten in this

temperature renge ils system 11,
Contid,
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At and above 160000 system I ceases to show super~
saturation and in fact only system II shows any supersaturation
above this temperature and this commences at 1800063 therefore
in the range 160000 to 170000 no thermodynamic prediction
of maximum likelihood can be made and from 180000 all that
can be gstated is that system II is unlikely. However, il
must be noted that in this temperature range all those
systems containing silice do not necessarily reach equilibrium
at unit atmosphere pressure.

These facts concerning the probability of various
phase combinations are summarised in table 4.12 whexe the
expected phase combinations are shown as functions of
tempgrature and original composition.

In section 4.3 it was shown thet not all combinations
of condensed phases are possible. Howsver, one possible
combination that has not been considered is that containing
the condensed phases silicon carbide and carbon only. This
combination did not arise during the theoretical derivatlon
of tables 4.5 to %.9 and it was not introduced as an additional
case since the combination is not found in practice.
Nevertheless for the sake of completensss this system can be
ineluded in table 4.12 where it is referred to as system VI,
From table L,10 (system V) it can be seen that in the presence
of gilicon carbide and carbon, silica iz a product of

Cont'd.



TANLY 4.12

Temp.

ORIGINAL CO.POSITION

VI 1 II Iv 5 3 51 6

100
200
300
400
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000

8403 810, ;C

8iC3810,;81

SicC;
810,

et e o i
5iC; 1 // 8103

//=

Builibrium cannot be obtained at
unit atmosphere pressure,

Table showing the effect emperature
stability of’colpanon::. = s
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oxidation up to 130006. Trom table W.11l the combination
silicon carbide/silica/carbon is most likely in the absence
of silicon. Therefore, even if initially excluded silica
will tend to be a product., Above 130000 it can be assumed

sbsent since it only enters system V as a reactant.

4,10 Conclusions.

The thermochemistry of silicon carbide oxidation can
be explained by the relatlve stabilities of the various
oxides, ie: by their free energies of formation. At low
temperatures the free energies of formetion fall in the
sequenca

Q

o © o
AG AG w &G cddéiG <0

Bi&f co 810 FRRPIUPERNNPE R 5 1 |
2 2

so that the most stable oxlde ls gilica and the least

gilicon monoxide.

For system I, silica farmation‘zzfprohibited and
therefore the two possible oxidation equations musgt be to
silicon monoxide and elther carbon monoxide or carbon dioxide
but sines carbon dioxide is more gtable thahucarbon monoxids

(see 113 above) oxidation proceeds to the former thus 2

2816 s 302""‘32810 s 2602 TR E R (95}
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In system II silica, beacause of its greater stability,
replaces silicon monoxide but in addition it tends to
take the oxygen in preference to carbon so that oxidation
procesds by the equation
' 2510—:-302...,»251021»200 PN PRI S S [

In system III an snalogous mechanism operates. Here
the very negative free energy of formation of CO takes
2
the oxygen preferentially so that the oxidation equation is

SiC + 02""'981 W GO tessesssgssastssdesnndocoae (100)
2

Leaving aside system IV for the moment, system V
is seen to be a further extrapolation of system IT in which
ell the oxygen now goes to the silica,; thus:

SiC*O*}SiO \C os e B eO"OROSageessOOe000 (10?)
2 2

Equation 107 shows thot silica is e much more stablé oxidse
than sny other (at low tempsratures) and forms preferentially
aven breaking wese silicon carbide bonds. In system IV
sssentially the same principle operates by a different
mechanism, ie: the preferential oxidstion of silicon which
again avoids the oxldation of carbon, thus 3

Si‘bo“‘;sio YR EEEEREEE R E R R R N AN RN NN N (10L+)
2 2

When the temperature is ralsed the relative stabllitiles
may change beceuse of the different entropies of resction
due largely to the different volums changes assoclated with
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the formation reactions of the oxides. The contribution
to free energy, made by sntropy, in the case of silicon
monoxide approximates to that of carbon monoxide since the
two resctions of formation, vias

2C '{' 02-% 200 ont'.onllto.'ﬂdllﬂ...bll.l.l! (k)
and 281 e 02‘#2810 .....I..l.'!lllt..l.ll!..' (2)

are similar, both involving the volume increase assoéiated
with one mole of gas. Therefore, when the temperature

is raised the relative free energles of formation remain
the same though both become more negative. (The expsnsicn
is sgsociated with a positive entropy change). However,
the silica formation reectlon

81 + 0 ~=» 810 e L T e e v Y
2 2

involves & volume decrease, necessitating & decrease in
entropy, so thst raising the tempersture reduces the
stability of thisg oxids. The free energy of formation,
snd hence stability, of carbon dioxide ig affected little
by temperature since the formation reaction

C“"O"@GO .o...ﬂl&‘l'.".....ﬂl....‘...ll f5‘

2
involves no major volume change. The overall result ig that
5 4
st high temperatures (ie: at 2000 C) the free energies

‘of formation rank
o 0 0 o
A £ A¢ £ AG & DG & 0 daad k11D
Cco 3410 510 co
2 2
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Tt mey be notesd that silice is still more stable than carbon
dioxide slthough their free energies of formation will be
cloger.

The relative change in stability between carbon dioxide
and carbon monoxide produces a movement to the monoxide
in systems I and IIT, with temperature rise, and in both
cases the oxidation equation becomes

Sic '{' 02".';810 '!' CO lo-Olat.:.n.no..it...no (9?)

However, in system III the situation is made slightly nore
complex by the inclusion of silicon. As the temperature
is raised the silicon monoxide yield increases rapidly
and at 600 it replaces silicon completely when silicon
becomes a resctant. The first effect can be explained
solely by the increase in stebility of silicon monoxide
though the second requires a little more conslderation.

In section 4,9 the thermochemistry of system IIL, at

600 ¢, was resolved intc system I, isz .

28iC + 302~+ 2810 + 2c02 APUIRIEE. J  SNpy (4

with the oxidation of silicon to silicon monoxide super-
jmposed. However, an alternative method would have been
to superimpose the equation
381 + CO ~» 2510 + 8iC s e r e S SR 1 s v
,02
Now -8t $00 C and below the oxidstion cen be resolved into
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95 and the reverse of 116 viz:

2810‘@‘510"'}802 of 351 Cesean0easgOopaCg0CD (116)

and in fact equation 100 (the OOC equation for system IIIL)
is the simple addition of 9% to 116, as written., It can
now be seen thet the transfer of silicon from the product
side to the reactant side occurs because the increase in
stability of silicon monoxide outweighs the stability of
carbon dioxide to the extent that it is able To reverse
equation 116,
Systems II, IV and V cen be explained using similar
techniques except here the relevant oxide stebilities
as those of silicon monoxide and carbon monoxide over silica.
In system II, equation 98 can be resclved into

Sicfoz"'b SiO ) GO oeEsobopgéolnesaseneDD (13-7]

and 3Si0 + CO-» 510 + SiC k¥ SRR oA s v v i)
2

Equation 118 shows that it is the high stability of silica
over the other oxides, at low temperature, thet renders

the formation of silica a more likely product of oxidation
and this is shown right across table %.12. However, as the
temperature is rsised equation 118 is ewposed by the changes
in oxide stability and at 160008 it 1s reversed so that
siiica becomes a reactant in system II and no longer a
1ikely product of oxidation of pure gilicon carbide, AT

* Cont'ad.
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1700 ¢ the progress of equation 118 in the reversa direction,
vizs.

SiC + 2 810 - 3 810 + CO ceecn00deBROBENEDD {99)
2

produces such a high yield of silicon monoxide and carbon
monoxide that equilibrivm can only be reached at elevated
pressures ahq the contribution made by stmospheric oxygén
to the oxidation process is elimineted.

In system LV the low temperature squation

Si *0—9810 c@dcoBocenoa0GesseOetopO0B000R (1OLI')
2 2

can be resclved into

2810 ‘+ 02"") 28102 +‘200 n..o.tnototb.ﬂﬂ‘b (98}

ond 384 @ 200 284C ¢ B10, R R gl

ie: system II together with the simultaneﬁus replacement

of silicon carbide by equation_ll? driven by the high
stability of 8i0 over CO., However, as the temperature is
raiged equation %19 bhecomes less likely and consequently

some silicon carbide is oxidised. Similarly systém IV can

be resolved over the entire temperature range in this way

and consequently its thermochenistry ig baslcally that of
system II. In table W.12, for example, it caen be seen that &b
160000 silica also ceésas to.be a likely product of oxidation
of asilicon carbide in the presancé of silicon. At 18000C
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equetion 119 is reversed ©to give

28iC + 5102—-}351 + 200 STt SO At e R € (6 )

go that system IV is similar to system II with equation 106
superimposed. It also mesns that silicon becomes a likely
product of silicon carbide oxidation in the presence of
gilica at high temperature.

System V can be treated in the same way regolving
equation 107 into

28iC # 30 =3 2810 + 2CO vise bge s aaressnneL98)

2 R ;

and SiC + 2C0 ~2» 8102 + 3C NI T MNBROMR - -
As in the case of equations 118 and 119, equation 120 is
favoured by the high stability of silica and if is this
equation which is responsible for the likelihood of carbon
formation, at low temperatures, in the absence of silicon.
Again, as the tempersture is raised equation 120 is opposed
and at 130000 equations 98 and 120 occur in the ratio Lal
to give . ' .

381C + 402-,>35102 + 200 ® C  sessnsssevesea (108)

further inerease in temperature reverses equation 120 to give

JO-+ 640 ~ P8I0 4000 1 tosberussndrisuseevar. SE0)
2

)
so that carbon becomes a reactant. At 1k00 C the promotiocn
of equation 110, by the relative inerease in stability of

Cont'ad.
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gilicon monoxide and carbon dioxide over silica, causes
gllica ond silicon carbide to change sides of the equsation
and in the presence of carbon therefore silice becomes an
uniikely product of silicon carbids oxidation. At 150000
(as in system II and IV at 1700 C) the inverted equation
suppresses oxidation by stmospheric oxygen ﬁith the con=-
comitant elevated equilibrium total pressure. However,
the equation

C'i“SiO —éSiO . CO Q00 BEDRCOEOOSEO0SBYER (111}
2

is also favoured by the oxide stability changes and
therefore silicoﬁ monoxide becomes a significant product
of oxidation in system V as the temperature ig further
raised. Thusg, in general, silice and carbon are favoured
by low temperatures due to the very negative free energy
of formation of silica, and silicon and silicon monoxide
are favoured by high temperatures, due to relatively low
stabllity of silies, which favours such reactions asg
aquations 106 and 111 although elevated pressure may be

necegsary.



5, DISCUSSION.

In section 3 basic studies were reported on the
system silicon carbide/bond/binder while in section Y% a
vigorous analysis of the thermodynamics of silicon carbide
oxidation was made. In this section the results of the
experimentation and thermodynamic investigation sre dis-
cussed and the ssquence adopted approximetes to that in
which experiments were performed although the maln object
has been to elucidate mechanisms. Thus the discussion
may be divided into ths two main agpects of the research
viz: thermogravimetric examinatlion of oxidation and visual
exsmination of oxldation. The former is discussed in
section 5.1 through to section 5.9 and the latter in
section 5.6 to section 5.8. )

The first stage in the research was to consider the
pyrolysis of pure binders and the results of these experiments
sre analysed in section 9.1. In section 5.2 and section 5.3
the effects of morphology and disgpersion are examined where
the results of dilation experiments are also examined.

The effect of bond on binder vemoval is first introduced

in secticn 5.4 where tests performed at 100000 are examined

together with compressive astrength test-results. In

section 5.5 it is shown that oxidation of the sbrasive,

although it did not contribute significantly to the previous
Cont'd.
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pyrolysis curves, did exhiblt interasting characteristics.
The second aspect of the work is based on visual
examination and two types of pellet were used; viz: slumina
and silicon carbide. The alumina tests are discussed first
where the offect of bond composition in pazticular is
examined and from this 2 criterion of carbon entrapment

by the bond is evolved. In this

¥

nbsection the beneficial

s

L1

effects of controlled heating rates 1ls demonstreted snd the
111 effects of poor tempersture distribution. In the next
gection (seetion 5.7) a thorough investigation of the
kinetics of carbon removal from the silicon carbide pellsis
is made and the reason for the existence of three zones in
the soft defect is derived. The results of the previous
subsections are discussed in the light of these later tests
where the sffect of decomposition, oxidation, fusion and
wetting ere velated to porosity, permeability, time and
temperaturs. In section 5.8 the thermodynamics of carbon
burn-out are discussed and here both the silicon carbide
pellet results and the thermodynemic conclusions are used.
In particular a mechanism for the formation of the shiny
black core by the precipitation of carbon from partially
oxidised silicon carbide is developed and it iz shown how
the closed system, orlginally conceived in éaetion &%, can
be realised by restricted ingress of air (or 002) into

the structure.
Cont'd.
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2e2.Ihe Pyrolysls of Puxe Binders.

The results of pyrolysis of pure binders are shown
in figures 3.1.1 to 3.1.k4.

The pyrolysis curve for starch (figure 3.1.l) shows
that the weight decreased with Temperasture rise. However,
tha curve is not a smooth one but passes through five stages.
The firet is obviously dus to drying and 1t can be seen
that the rste of drying was not constant but inereased
rapidly with temperature. It started immediately above
room temperature snd it was completed by appro&i&ately
1200u, and as indicated in section 3 an excess of 20 C
gbove 100 C is probably due toc a temperature head necessary
for heat transfer. In the manufacturing process this
stage will normally be completed at a separate drying stage,
and therefore not directly significant during firing.

The second stage of pyrolysis is a constent weight period
bounded by the maximum temperature for drying and the
minimum for decomposition. During the third period the
rate of change in weight with temperature reached a maximum,
At about 260 the rate of weight loss abruptly changed ©o
a lower value and weight losgs continued, with slight
fluctuation, until the final stage, which is essentially
constant weight, was resched. Figure 5.1 illustrates a
typical cycle.

Cont'd.
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Pyrolysis curves row the other bindersz are shown in
7o) PRIy £y deip L | $ e o ta ot oty e A Ll rep S . g
figures 3.1.2 ©o .14 whers the sams analysis can o€

applied to dextrin,glucose and a sample of dried glucoss.
in the case of dextrin (figure 3.142) stage 11 was particularly
well defined though for giucose (figure 3.1.3) it was a
mere inflexion. Obviously stage I is absent in the dried
glucose curve and from the same curve (figure 3.1.4) it can
»e @een that stage II1 had no definite starting tempereture
which is consistent with the poorly defined stage i1 . 1in
figure 3.1.3. For starch a smooth curve was obtained but
dextrin and glucose further subdivide, although this effect
is more marked in the dried glucose test. In all cases
stage I terminated at ca 120 ¢ and stage III at ca 260 ¢
even though the dried g =uco. gsample was heateéd at a very
much fagter rate (ca 300 C per hour instead of 50 per hour).
The termination temperature of stage IV was different for
each hindew The glucose decomnosiLion wags completed at

ca h%O C, Iollowed py dextrin at ca LBO ¢ and starch in
excess of 500 ¢ - it is difficult to quote a TJgu~e o”
atarch sinece the welght decreasses from ca 450 ¢ teo 600
fthe effect of rapid heatling (in the case of uried glucose
was to raige the termination temperature cs 130 C due Lo
heat transfer and kinstic factors.

Starch and dextrin are both solid binders and the

weight decrease at stage T was 9 = 9,5% (eca o% for sgtarch

s 13
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be noted here: firstly, drying may have an importent effect
on poreosity and pore structure ard congequently this stage
may have :important indirect effects on subsequent binder
removal: secondly, a large reduction in binder at this
stage meang a smaller mass to be vremoved at stages IIT

and IV for equal starting weights.

Stage IT is essentially time wasted in the kiln during
mamufacdture. Furthermere, it may be dissdvaentagecus,
tending to promcte migration of binder towards the centre
of a wheel leading to the formation of e relatively dense
carbonaceous "plug" difficult to burn out. During the firing
process a temperaturs gradient in the wheal.is asgential
for heat transfer. However, this will mean that the centre
of a wheel may be at stage II although the surrounding area
contains binder undergoing thermal decomposition. It seems
likely thet this combination will result in some of tns
products of pyrolysis escaping towards the "cold centre" of
the wheel, partlcularly heavy tar~like fractions which can
condense readily. The mechanism 1s illustrated in figure Ge2e

Stages IIT and IV represent the puik of the uaight
less, due to pyrolysis, and thelr sum is in fact equal to
the dry fraction of the sample (zee figurs 3.l.4). Con-
sidering the bindsrs in the sequence, starvch, dextrin,
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glucose and dried glucose, stage III constituted ca 508,
30%, 37% and 40% of the total weight lcss of the binders while
stage IV ca 40%, 60%, 504 and 60% of the total weight losses.
Stage III is probably due mainly to dehydrstion which
in contrast to drying involves the removal of hydrogen and
oxygen bound chemically into the carbohydrate molecule,
The process is called caeramellisation and it produces a
residus rich in carbon. Consequently the retio of stage
I1I to stege IV, is related to the degree of carbonisgation.
Comparison between starch and dextrin curves (figures 3.l.1
and 3.1.2) shows that starch is carbonised more at stage III
than dextrin. If it is assumed that only deshydration occurs
at this stage and that these binders, in the dry state,
contain 28.6% carbon (from the formula C H O ) then at the
end of stage III the starch residue willécigtainsgsféﬁ%
carbon while the dextrin will contain only 43% carbon.
From figure 3.1l.3 it may appear at first sight that glucose
ves intermediate between these two. However, as already
pointed out stage IIT commences more readily with glucose
and this cean be explained by its different structure. Unlike
either starch or dextrin, glucose is not polymsrised and

the molecular formula is thus CH 0 , (ie: n(C H 0 ).H O
612 6 6109 2

where n=1) and since the extra molecule of water is very
loosely bonded, dehydration started at a lower temperature.

Cont'd,
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Assuming that the initial carbon content was 25%, it follows
that at the end of stage IIL the gluccse resldue contained
4% carbon based on figure 3.1.3 and 419 besed on figure
3.1.4, ies glucose was virtually the same as dextrin in
this respect with an sverage value of 42.5%.

The chemisgtry of stage IV is probably complex involving
at least two types of reaction: further thermal decompositlon
plug final oxidation. In all cases the slope changed
during this stage tending to be steeper at higher tempsratures.
With ineresse in temperature ceaction rates generally
become faster and This may explain most slope changes, and
for starch there is no evidence to suggest any other mechanisii.
However, with the other binders the slopes changed more

abruptly (over ngrrower temperature ranges) s

For dextrin in particular, and to some extent dried
glucose,; the slope decreased above 35000 before increasing
again. This suggests that above 35000 a réaction (or sseries
of reactions) épproached completion. It appears therefore
that the increase in reaction rote with temperature rise
over stage IV is due, at least in part, to & change in
mechanism, probably from thermal decomposition to oxidation
and a further consideration supports this. When carbo-
hydrates are thermally decomposed the solid residue tends
to becoma progressively more carbonised {or caramellised)
and therefore it would be expected that two trends will

Conti'd.
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develop consgecutively (though perhaés overlapping &n a
central temperature range). Firstly, the gaseous products
probably become more dense (1ess saturated) as the rasction
proceeds reflecting the inereasing complexity of the binder;
secondly, at some stage the evolution of gaseous products
will start to decrease as the residus becomes deficient in
hydrogen and cxygen atoms. Under the conditions of testing
the binder was placed at the bottom of a crucible while in
the firing of a wheel the binder (or rather binder residus)
will tend to be found at the centre of the wheel, ie at
the centre of a porcus mass. In either case it seems
likely that the evolution of heavy gases will protect ths
residue, partly by preveniing access of oxygen to the
residue and partly by limiting heat transfer. However, the
rate of replenisnmant of the gas must ksep pace with its
oxidation or dispersion, due to conyection or diffusion,
and it is unlikely that this will be delayed indefinitely
by merely increasing the density of the gas. Eventually a
point must be reached where the layer becomnes unstable and
ceases to proteat the underlylng residue. Up Yo this point
the rate of weight decrease will be controlled by the rate
of evolution of the gaseous products which in turn will
be controlled by tempersture and by the composition of the
residﬁe. Beyond this point however, the rate of weight loss
will depend upon when the rate of éxidation contreolled by

Cont'd.
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temperature and availability of oxygen.

in both test and the manufacturing process the
temperature increases with time, tending to accelerate
oxidation. However, the chenge with time in the availability
of oxygen may be different: under test conditions incressed
convection in the furnace will tend to bring more OXygen in
contact with the binder residue, but in the wheel, con-
vection and diffusion may be impeded by fusion of the bond
if it reduces permsability.

As already indicated starch is carvamellised to a
greater extent at stage III (65%) and consaquently the
conecentration of hydrogen and oxygen atoms necessary to
form volatile decomposition products, and hence 2 protective
layer,will be less. Oxidation will start sooner and ths
main change in slope will be due to a steadily increasing
oxidation rate with temperature rise.

Stage V represents the completion of pyrolysis. It
may be noted that in no case is the recorded weighi 2zero -
ths lowest recording was obtained with dextrin (figure 3.1.2)
and the higbést with glucose (figures 3.1.3 and 3.1.%). It
is difficult to snalyse this effect, although two factors
are probably involved. Water evaporation (due to drying)
between weighing out and testing - in each case the initial
weight recorded by the thermobalance wWas assumed to be 100%
so that any discrepaney in the initial weight would appear

Contid,
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at the end of the test - and convection currents, as shown
in figure 5.3, may have impinged on the crucible base to

give a high weight recording.

5.2 Binder Morphology.
Figures 3.1.5 and 3.1.6 show the results of two further

tests performed on dextrin and glucose. These lests diffar
from the previous in one respect only: the samples used
were larger, ie .1 grem instesd of % gram. The lvo curves
show sfage IIT terminated by an apparent weight incregse.

To investigate these anomalous weight recordings, tests
were made on dextrin end glucose but stopped towards the
end of stage III. The results are shown in figures 3.2.1
and 3.2.2. It can be seen that both binders expanded to an
enormous extent and it is concluded that the effect was
csused by the binders protruding shbove the crucible top
and touchlng the furnace wall., In the case of starch no
anomalous effects were found end when a sample was taken
to 26000 snd removed from the furnace the residue was still
compacted in the base of the crucible, similar te dextrin
at 220 C.

The large expansions appear to be agsocisted wiﬁh
glucose and dextrin which have smaller molecules. Furthérmofe,
the glucose molecule is much smsller than dextrin and
figures 3.2.,1 and 3,2.2 show that while dextrin was still

Cont'd.
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compact in the base of the crucible at 220 C glucose had
sxpanded tec the rim of the crucible, and at 240 C the
glugose semple had still expanded most.

A possible explanation of this phenomenon is that de-
hydration occurs by condensation polymerisation rather Than
by the formation of anhydrohexoses from individual
saccharide units in the case of the smaller mono- and
aligo-saccharide structures of glucose and dextrin but net
in the case of the already highly polymerised macro-molecule
of starch. The highly viscous material produced is then
dilated by water wvapour.

In the firing process thisg phenomenon may affect binder
purn-out. It would seem self evident that for burn~out o
proceed the wheel structure must remain permeable, ie the
pore structure must not consist of discrete voids but long
interconnected channels., This structurs may be developed
adequately by the procseding operations of mixing, pressing
and drying but at the firing stage become blocked if a viscous
materisl expands to fill the open pores. Thus mags transfer
will be restricted to that part of the wheel from which
binder has slready been removed and consequently binder
removal will be limited to the progression of a narrow iront
at the junction of these tWwo 2Z0neSs, instead of being dis-
tributed over a much wider bend, as would be expected when
porosity 1is interconnected and mass transfer unimpeded.

Cont‘d.
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This is illustreted in figures H.l4.l and 54,2, In both
these figures, three structures are shown, vizz thoss
containing original binder, partially decomposed (or
oxidised) binder and no binder, all having simultaneous
existence. However, in practice this need not oceur glthough
the above theory requires the existencs of at least two
gtructiures (or stages) in figure 5.4.2 but not in figure
5,4%,1, where for thin sections particularly, the oxldation
zone may extend over the whols sectlon: thig is illustrated
in figure 5.4.3.

One beneficial effect of dilation follows from its
effect on the morphology of the carbonaceous binder residue.
Tf the binders are placed in decreasing order of frothing
tendency, they are 3

Glucose « Dextrin -~ BStarch
the same sequence that would be obtained if placed in order
of increasing stage IV termination temperature (discussed
in section 5.1). It is likely that frothing has a dis-
persing effect on the final residue and consequently the
binder which undergoes the least frothing forms the most
dense residue, while the binder that undergees the most
frothing forms the most finely divided residue. Subsequent
oxidation of the finely divided resldue will tend e procesd
more rapidly while the most dense residue will oxidise
more slowly. The effect of this in a wheel is difficult
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to estimete but it will probably be smaller than indicated
by the tests made here since in a wheel the binders are
already in a fairly finely divided state and the additional
dispersing effect of frothing may be diminished. However,
an attempt is made below to examine the general effect of

digpersion,

5= 3 JDE'. SDQE&é.QZ}a

The general shape of the curves discussed in section 5.1
involving five stages appears to be reflected in figures
3.3.1 to 3.3.3 which depict the tests involving mixtures
of binders with silicon carbides although the change points
are in some cases less well definsd.

In these later tests stage I involved water added to
facilitate mixing, and from the results on dextrin (figure
3.3.2) where a variety of compositions were tested, it would
appear that the upper temperature limit to stage I is
dependent upon water content. Furthermore, in each case
there appeared to be more superheat required and this is
presumebly related to the extra mass tc be heated to temp-
erature. The weight percentages are in each case basged on
the initisl weight of binder used. For dextrin the weight
logs at the end of stage 1 agreed well with that obtained
for the pure binder.
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For sterch, stage II was more clearly defined as s
separate stage though thres different weight velues were
observed. There did not appear to be any relationship
between composition.and weight, and the differences were
probably due to experimental error. If this is assumed, and
a "correction" applied, so thet each stage II is brought to
ca 90%, it can be seen that the starting weights for the 27
and 5¢ water mixings would be separated such that the 5%
starts at higher weight percentage than the 2%; this is con-
sistent with the proposal that water is lost by evaporatiocn
prior to weighing since a smaller error would be sxpscted
on the larger weight. Again, for glucose there appeared
to be discrepancies between the pure binder tests and the
later test which suggests that glucose has a dry welght of
75% of original weight (instead of 85%).

in the case of glucose, the discrepancy observed above
may have another explanation. The nucleation of glucose from
solution is very difficult and on drying it tends to form
a very viscous syrup which becomes quite resilient. The
result ig that drying is impeded by the formation of a "dry
skin®, It is possible that in the pure binder tests the
formation of such a layer led to a premature termination
of stage I, while in the present experiment, because the
glucose was spread over a very large surface area, it dried
completely. This theory is consistent with other observations.
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In the dried binder tests (section 5.1), stage III commenced
almost immediately on heating sbove room temperature and
although the loose bond between the saccharide meolecule end
the extra elements of water may be ilmportant, some of the
effact may have been due to protnacta& drying. In figure
3.1.3 the poorly defined stage II may be explained similarly,
and even though it is not easy.to compare this test with
figure 3,3.3, the inflection between stages I and III does
appear to have apprcached closer to a zero decomposition
rate in the latter.

The termination temperatures of stage II, and stage IIT
for starch and dextrin, were slightly higher in the dispersed
teste than in the pure binder tests which is consistent with
*the idea of an increase in tempeéature head.

At the end of stage IV, however, a different pattern
ecmerges. As with pure binders starch required the highest
temperasture to complete burn-cut, and glucose the lowest.
However, the actual temperatures were lower and much closer
together. These two observations'tend to confirm the
theory that dispersion favours oxidation. In the previous
section, dispersion wag important only as the result of
previous decomposition characteristics, while here there is
the additional effect of dispersion over the surface of the
abrasive and it would appear that this has a2 bigger influence
tending to diminish the contribution made by stage I1l.
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The effect on starch is pérticularly noticeable. In the
pure binder teste the last stages of oxidation were very
protracted while in figure 3.3.1 it is seen that the
termination temperature of stage IV is no less definlte

for starch than for dextrin or glucoss.

5.l Rinder Decomposition and Oxidation in the Svstem
8ilicon Carbide: Bongd: Binder.

So far pure binders have besn considered and the
effect of dispersion by admixture with abrasive. In this
section the system is completed by the inclusion of bond.
The first test, involving all thres components, were psr-
formed on the thermobalance. They are shown in figures
3.4%.1 and 3.4.2 where the results of tests made on pellets
of 46 mesh silicon carbide together with 20% vitreous bond
and 2% starch after compacting to ca 1 ton per square inch
are shown.

To produce the curve in figure 3.4,1 programmed heating
of 5000 per hour was used and the weight changes vere gimilay
to those obtained without bond present. However, stage I
was less well defined and this suggesis that the bond, which
containe a high proportion of clay, tends to inhibit drying.
Stage IIT commenced slightly earlier than in the binder/
abrasive tests and in fact the curve at this point is very
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similer to that of pure binder. However, it 1s difficult
to explain this in terms of experimental erroxr - for
exsmple, as a zero error on the temperature scale - since
the onset of stage IV was higher than in either the pure
binder or the binder/abrasive tests, and in fact occurred
above 30000.

The high upper téemperature to stage 111 may be ex~
plained partly as the result of slower rate of decomposition
(dehydration) and partly by a larger amount of decbﬁposition
at this stage. The first effect may be related to the
poor definition of stage 1. Clay tends to adsorb water
onte its surface, but the saccharide molecule is surrounded
by hydrogen and hydroxyl groups and 1t is probable that
these are also adsorbed. if this occurs, removal of these
groups will be more difficult. The second effect may be
due either to a chemical effect involving one of the bcnd
constituents or to a higher order of d#spersion: in the
pure binder experiments, starch was tested as a coherent
mass; in the subsequent binder/abrasive tests the binder
was thinly spread over a large surface areay bub in these
~ later tests, the binder will also be dispersed by mixing
with-the bond as this was in the form of a very fine powder.

Stage IV, in common with prepious tests involving
starch, gave no evidence of a transition from thermal
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decomposition to coxidation. However, one noticeable
deviation does emerge: the end of stage IV was not reached
even after 14 hours of test, by which time a temperature ol
?OOOC had been attained =~ 20000 above the end of stage IV,
shown in figure 3.3.1.

The second test (figure 3.4.2) showed the effect of
isothermal firing at IOOOOC and the curve showsnone qf the
characterisitics of the earlier programmed tests. When &
pellet 1s plunged into a hot furnace the surface heats up
rapidly producing a very steep temperature gradient, con-
sequently, the burning out process proceeds from the surface
inwards., It is suggested that under this condition all the
stages occur simultaneously, et points along the radius,
and the result is & "smoothed or avaraged" curve.

One noticeable effect 1s that after about 1 minvte the
burn-out rate decreased rapidly and there are two possible
explanations for this. The £1rat is that the change in rate
of weight loss corresponded to the transition at stege IV
from decomposition to oxidastion although fusion or partial
fusion of the bond reduced permeability. Initially, binder
removal. occurs by decomposition, and it seems likely that
permeability will heve minimal effect on rate since any
constraint imposed by low permeability wiil result in a bhuild
up of pressure which, if it does not disrupt the pellet or
vheel, will force decomposition products towards the surfacs.
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However, the oxidation stage reqﬁires diffusion to
allow the transfer both of oxygen in and oxidation products
out of the structure. PFurthermore, the pressure must be
atmospheric and consequently, permeability becomes a
significant rete controlling factor. The second explanation
is afforded by figure 3.85. TIn this test compressive
strength is plotted against time, and although the resulis
of these tests are extremely scattered, there was &
minimum which pccurred at approximately 1 minute., Thse
initial decrease in strength was presumably due to binder
decomposition and the increase to bond fusion. It has
already been pointed out that burn-cut will start‘at the
surface, and it is therefore suggested that the rapid rate
change in figure 3.4.2, and the minimum in figure 3.8
coincide with the complete removel of binder at and hear
the pellet surface. This is reflected in the compressive
strength tests as it allows both fusion of the bond and
Qetting of the silicon csrbide by the bord which then
develop rasilience on cooling; in figure 3.4.2, the same
effect leads to entrapment of the carbonaceous resldue
located near to the pellet centre. These two theories are
not necessarily mutually exclusive and both a change in
thermochemistry and a chanée in surface structure may con-
tribute to the observed effect. Nevertheless, despite the
scatter between results, figure 3.4.2 deoes show thst gub-
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sequent burn-out is slow and that the time required for
complete binder removal may run into hours rather than
minutes, even though the temperature is at least double
that required, under more favourable conditions (see
figure 3.3.1).

1t was felt, at this point, that it was not pertinent
to the programme to continue producing more data of the type
above and subsgequent pellets were not weighed but sectioned
to permit visusl examlnetion. Results are shown in
figures 3.6.1 to 3.6.4 where it can be seen that both

Temperature and compacting pressure.were varied.

The results of these tests are shown in figure 3.5.1
and 3.5.2, also two additional figures viz: 5.5 and 5.6
are deduced from these.

Three factors probably contribute to the apparent
weight chenges shown in these figures 3

1. Convection

2. Oxidation of impurities or non-stoichiometric

carbon.

3. Oxidation of silicon carbide to silica.

However, the weight changes are extremely small,
being no larger than 0.1% and consequently any conclusions

must be tentative. It is also apparent that any direct
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contribution that silicon carbide oxidation may have made
in the binder pyrolysis tests was négligibleu

In figure 3.5.1 the results are shown of programmed
heating at 5000/hour for 46 mesh silicon carbide. The
curve labelled Chﬁﬁ was a retest using the same sample of
abrasive. It is seen thet during the initial test (labelled
ch6) & minimum ocecurred in the weight at ca 75000. This
may have been due to the oxidation of non-stoichiometric
carbon or impuritics. It was decided to investigate this
phenomenon further and to do this ssmples of abrasive
were isothermslly fired at various temperatures on either
side of the minimum. The rvesults are shown in figure 3.5.2
where the.same sequsnce was observed. However, the initial
weight rise was sbout 17mgm in each case and virtually
instentanecus ~ this must heve been caused by convection
produced by plunging a cold crucible and sémple into a
preheated furnace. _

For the tests performed at 65000 and lower the apparent
welght decréase can be divided into two stages separated
by a constant weight portion. The first part was completed
in esach case within % minutes snd it is assumed to be due
entirely to the subsidence of convection, and therefore this
has been taken as zevro (ses section 3.2). The second stage
is again thought t& be due either to impurity or carbon
oxldation although the abrasive was not discolegred. if
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non-stoichiometric carbon is assumed, it suggests that
digeolouration by carbon-formaticn involves the formation
of 2 separate phase, which is consistent with the report
in section 1 of work by Erwin; who shows that the appearance
of silicon carbide after oxidation by air is different if
previously discoloured.

The tests carried out at 75000 and higher did not
show the seme constant weight portion, but from the general
trend of the lower temperature tests this is seen To be due
to a more rapid entry into the second stage such that the
two stages merge. '

The results of retesting the BSOOC sample shows the
game pattern up to c¢a 4 minutes but then the weight increases
to a steedy state plateau. The weight increase may be due
to further q;idation although it is difficult to see why
a constant weighﬁ should be resched. Nevertheless, the
difference between the two SSOOC tests show that the slopes
of the curves, at least below zerc, are a property of the
abrasi?e and not the thermobalance.

In all cases except at the lowest temperatures of SDOOC
and 55000, the curves pass through a minimum. Up to 75000
the minima tend to rise to higher weight recordings with
temperature but above this temperature the minima decreased
to 80000 then rose to 850005 thus the curve plotted through
these points, shown in figure 5.9, passes through a minimum
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and a maximum, The rise above BOOOC is probably due %to the
carlier onset of oxidation to silica with tempereture rise,
and the preceding maximum is probadly related teo the
minimum of figure 3.5.2.

In figure 5.6 the time required to reach each minima
(figure 3.5.3) is plotted ageinst temperature using a log
time scale and s straight line is obtained. A regression
énalysis showed the equation to be

log t = 6.54% ~ 0e0Q083T R RIS SR S A |
wwho E = Eime in hours Tz=ébemperalvre «n OC
with a coefficient of correlation of 0,998 which for 4
degrees of freedom is more‘significant than 99.%%. From
this regression two points mey be noted. In view of the
small weight changes involved this significance demonstrates
the high accuracy of the equipment. Secondly, 1f it is
assumed that the minims coincide with the onset of oxidation
to siiics, then from equation 1, the formation of a silicecus
layer at 100000 would be expected after ca 1 minute. I%
seems likely that the formation of this layer will assist
wetting of the abrasive by the bond and this may be
significénﬁ in the thermogravimetri¢ and strength tests ;
on pelléts ~ it was after about the same time.interval that

the effects of possible agglomeration became evident.
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5.6 The Bffect of Bond Fusibilitv.

To show this effect it was decided to use fine white

alumina pellets whilch 1t was thought wouid show the effects
more clearly and avoid the chemical effect of silicon
sarbide, ie the possiblility of carbon precipitation by
partial oxidation. The problem is associated with the
residue of carbon that remains after decomposition and

may still remain, after firing, {at the centre of large
wheels in particular). In these tests three bonds were
used, . designated ARF, RF and RE of which ARF was the
least fusible and RE the most (gee section 2, figure 2.1)e
The results of the experiments are shown in figure 3.7

Tn section 5.1 to section F.4 the basic mechanisms
of binder removal were exaemined, where it was shown that
oxidation starts at about hoooc. However, this does not
indicate how oxidation can best be done in practice. It
seems ressonable that there exists an upper temperature limit
above which burn~out rate decreases due to entrapment by
fused bond. If such a limit exists heating after hOG c
must be controlled.

Tt ecan be seen from figure 3.7 that no entrapment
cecurred up to and including 120000 in pellets that con~
tained ARF bond, the pelleis that gontained the less
refractory RF bohd, houwsver, exhibited entrapment at 120000
but not below, while the very fusible RE bonded pellets
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entrapped carbon as low as 800 C, resulting in orotraoted
burn~out which then appeared to stop completely at 1200 C.
1t is concluded that for the ARF bond there is no optimum
burn-~out temperature range as first envisaged. However,
the tests show that binder in product containing RF bond
must be removed below 120000, je the optimum oxidation
range is kOOOC to 110000. The optimum range for RE appears
to be hoooc to 70000, although the effect of entrapment
does not appear to be excessive at, and below, 100000.
It is therefore proposed that to obtain the maximum rate of
binder oxidation the following programme should be used.
ropid heating up to hOO C3 controlled heating to 700 C'
rapid heating to top tempersture. However, cebtain
considerations should not be overlooked, for example, the
possipility of inverse binder migration, or possible
damage to fhe wheel by exoessivo thermally‘induood stress.
Furthermore in tunnel kilns control over the rate of heating
may not be adequate to ensure complete binder removal by
700 C end therefore controlled heating rate to 1000 C may
be necessary. Above 1000 C continued burn-out appears un-
likely, from the tests, and consequently subsequent heating
rate may be fastora

A very importsnt factor in eommarcial firing opsrations
ig the temperature difference that usually exists across &
wheel, often from top to botiom, when the bottom is invariably
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lower than the top, If, as was suggested in section 9.9,
bond fusion reduces porosity of the surface and thus impedes
ingress of air (or CO ) into the mass, this difference may
become important bscaﬁse a layer on the top and sides of a
wheel could cause a premature entrapment of carbon still
present towards the bottom centre where the temperature
is lower. Probably for ARF bonded structures this effect is
not important snd for RF also it is probably slight, since
at 120000 where entfapment by this bond occurs the product
will be approaching maximum temperature and the temperature
difference will itself be smell. For RE bonded products
however, the situation is rather different. Over the
optimum burn-out range of 300 C (from uoo C to 700 C) the
top to bottom temperature differenca is often 100 C or more.,
If 41t is assumed that this difference is the only temperature
gradient'(iez if the contribution necessary for heat transfer
is ignored) then 33% of the burn-out range is wasted. From
hoooc to ?OOOC the heating rate is usually linear and
therefore if the gradient were eliminated the time avallable
for oxidation would be increased at least 50%.

The reason for the severe entrapment of carbon by RE
bond must be associated with its greater fusibility. The
g uwestion arises whether entrapment is due to its overall
fusibility or whether both its fusibility and its sntrapment
characteristics are'due to the amount and fusibility of some

specific constituent.
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It can be seen from 52@52& 2.1 that ARF which gave 1o
antrepment problem contains no flux while RE and RF do @
furthermore, RE contains approximately tuwice the emount.

A thebry is that entrapment occurs when the fused, vitrified
or mobile components of the pond are sufficient To fi1l

the 1ntq§£ices of the remaining solid bond components - if
the fluid in the bond is less than this the bond remains
porous but if it is greater, o continuous and impervious
structure is possibls compacted by surface tension. The flux
used in RE and RF 1s very fusible and ?ill therefore. form a
f1uid at & relatively low temperature. In RF this flux
constitutes ca 27% of the bond so that when it is fused it
will equal 37% of the residual solids. Tn RE the flux con-
stitutes 57% which is 135% of the remaining golid. The
packing factor for these bonds is about 60%.

Therefore, in RFF, there is jnsufficient flux to satisfy
the proposed criterion for entrapment at its melting point
and therefore entrapuent cannot occur in RF until the
tempersture 1s reached where the remaining constituents enter
into the vitrification process (probably by dissolving into
the fluid and thus increase its volume). In RE there is
more than enough flux and entrapment can occur when this
reaches mobility. In the 1ight of this theory it shouid be
possible to improve the characteristics of this bond (RE) by
using a more fusible f£lux buft in muach smaller proportions,
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eg 60% (or less) of the balance, which corresponds to

a reduction of 204 (or more).

5.7 The Kinetics of Burn-out.

From an examination of gilicon carbide pellets fired
at 125000 through to 135000, shown in figures 3.6.1 to
3.6.3, two types of pellet can be distinguished,those that
are wholly or pertly friable and those that are hard
throughout. During correct firing the following three
processes must take place: binder.burn-out, bond vitrification
(fusion) and wetting of the abrasive by the vitrified bond.
It is proposed that the distinguishing factor is wetting.
in the hard structures a continuum of silicon earbide and
bond was formed but in the friable structures it ﬁas not.
The formation of a contiﬁuous structure affects more than
mechanical properties however. Any mixing, as first pre-
parsd, consists of grains of abrasive surroundedlby a fine
powdery bond material and held together by binder. When
burn-out commences this mixture is rendered brown/black by
csramellisation of the binder, shown in figures 3.6.1
to 3.6.3 by pellets fired for 20 seconds. On further
firing these pallets, up to three additional zohas appeared
(deseribed in section 3.3) thus making a total of four.

The first of these zones was lighter in colour while the
gsecond was darker, It was surprising therefore to find
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an intermediate light zone between two dark zones: it
seems extremely unlikely that the residue of carbon should
pass through a minimum. Tt 1s suggested that the phenomenon
is the result of changes in optical properties which are
related to the observed duality in mechanical properties.

For a continuous structure to develop, by wetting, the
pond must be in a fused (or semi-fused) state which will
transmit light readily. The bond in its initial powdery
form appears white owing to scattered reflection of light
near the surface of the mass. It follows that the second
zone develops because the binder has been reduced. in amount
by decomposition or oxidation to a level where the light
scattering effect of the bond predominates over absorption
by earbon, but when the continuous state is reesched the
bond ceases to scatter/ and light is absorbed by the
residual carbon. The outer most zone is obviously the
carbon free structure aimed for during manufacture. It
can now be seen that the four structures observed in
gection 3.3 were 3

A, .e.ssse Discontinuous with a high carbon content

B. @ % 8 5 8 80D “ 13“ "
Cs essvsee Continuous " i
Di sevesés = and carbon free

These four structures are gimilar to those obgerved in the
naoft core" defect shown in figure 1.2 and hence the same

arguments can s applisd.
Cont'd.



-~ 111 -

Tt is apparent from figures 3.6.1 to 3.6.3 that the
effect of temperature and structure on the first zone 4,
developed after firing for 20 ssconds, is negligible.

This is probably a consequence of the method of
representatiqfﬁgfg_weights been quoted, differences may
have been seen.

After 40 seconds firing differences became clear. In
order to compare the relative effects of temperature and
pressure it is convenient to compare the most porous pellet
(fired for 40 seconds) in figure 3.6.1 to the least porous,
fired for the same time, in figure 3.6.2. It is then seen
that there is very little difference even though the
temperatures differed by only SOOC while the compacting
pressures were in the ratio 5:l. Again, if figures 3.6.2
and 3.6.3 are compared, in like manner, the seme is found.
From this it is concluded that temperature has the greater
effect. After firing for 1 minute compacting pressure has
distincfly more influence (on the progress of each zone),
while temperature has little effect if any.

These observations compare favourably with the thermo-
gravimetric tests on pellets. In section 5.4 the abrupt
change in rate of weight loss with time when pellets are
fired at'1000°c was considered. It was concluded that the
trensition at stage IV of pyrolysis from decompesition to
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oxidation could be a contributing factor and the argument
was based on expected gensitivities of decomposition and
oxidation to permeebility. It is interesting that even
though the temperature in that test was lower than in the
present series the discontinuity occurrad after about the
same time interval, and it seems likely that the chenge in
sengitivity to porosity in each test is related at least
in part to the same stage IV characteristic.

So far compacting pressure, structure, porosity and
permeability heve been assumed equivalent, and it is
significant that for firing times up %o 1 minute, compacting
pressure is the predominant factor. However, when bridging
occurs between grains of abrasive by bond fusion, pores
will tend to become discrete and permeability will not be
controlled solely by the volume of porosity: it will also
be controlled by the effectivensss of bridging. For tests
of 3 mimites and over the continuous structure becomes a
major factor and most of the observations can be explained
by the effect of temperature in this way. A further point
to be noted is that glesss does not wet carbon, and therefore
pridging is likely to be most effective in zone D.

This concept is consistent with both the thermo-
gravimetric and the compressive strength experiménts where
the elimination of binder at and near the pellet surface
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was also proposed to eccount in part for the observatlons.
Tn thie context the effectivensss of bridging in zone D
is particularly significant. It was also suggested in
section 5.5. thet at 100000 the formation of a siliceous
layer on the abrasive probably tekes ca 1 minute to form
and that the formation of this layer should assist wetting.

After firing for 3 minutes at 125000 (figure 3.6.1)
the fcllowzng observations can be madse: the pellet compacted
to 1.1 t.s.i. completely burnt-out to structure Di the
pellet compacted to 2.2 t.s.1 retained a triangular zone Cj
the next in the series contalned B with a slight amount of
A, and the fourth pellet, all four zones, including a much
larger quantity of A. The first conclusion to be drawn is
that porosity has a profound influence on the progress of
each stage. However, the rate of contraction of these zones
are not equal. Comparing the 4,5 with the 5.6 t.s.i pellels
it is seen that zone A has virtually disappeared at the
lower pressure and zone C is near the centre but the totsl
defective areas are approximstely equal ~ the difference lies
mainly in the width of each zone. Forthermore, in the
2.2 £.3.i., pellet, zone C is much more extensive than in the
two previous pellets.

in initial assessment of the results at 3 minutes
suggests a relationship with temperature distribuition within
the pellets. As each zone approaches the centre of the
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pellet it tends to become wider and if one correlates these
sones with temperature, this patiern wculd be expected.
However, the pellet which burnt-out most was compacted.
1east and should thersfore have the lowest thermal con-
duetivity while the pellet compacted most burn-out least.
This is clearly incongruent. Furthermore, tempsrature has
been shown to have little direct effect on burn-out rate
and therefore the distributions of the zones must be
associated with diffugion.

It has been proposed that zone A has a discontinuous
structure and consequently burn-out will depend upon
diffusion of air from the surface to the centre of the peliet;
thué entrapment within this zone by lack of permeability in
the surrounding continuous structure may be describsed as
macroscépic. However, zone C is continuous and it seems
likely that carbon may be travped microscopically by fuslon
of the bond sround residual carbon ﬁ;gcticals'and barn-out
of this_carbon ig controlled by diffusion through the bond.

The pellets pressed to 4.5 and 5.6 t.s.i support this
explenation of two types of entrapment since one would
expect the removal of carbon entrapped macroscepically to
be much more sensitive to gross porosity than carbon enirapped
microscopically. Also zone 4§ was eliminated in less thean
10 minutes but zone C persisted for longer than 1% hours
which further suggests twe different mechanisms.
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The aim of compacting is to press the abrasive grains
closer together and it is unlikely the bond will be compacted
much but exuded into surrounding voids. It is therefore
not surprising that retentions of zone C in the two pellets
pressed to 4.9 and 5.6 t.s.i were almost idential. At
the two lower pressures the same isg not true and it is
proposed that this difference arises from the different
dependsncles of macroscopic oxideticn and bond fusion on
time and temperature.

The bond used to prepare the mixings conslsted of a
number of constituvents varying widely in fusibility. Con-
sequently the bond vitrifies over & very large temperature
range: as hsating progresses the least refractory constituent
will fuse or soften first, then as the temperature continues
to rise other congtituents probably dissolve into the
adjacent fluid. Time must be required for this process
although temperature is probably the predominant factor.

In the case of carbon oxidation it is proposed that the
reverse is true: temperature must have sgome direct effect
on reaction rate glithough the main factor is time elapsed,
since burn-out requires diffusion. £An additional point

may be noted here: from the heat transfer tests it was con-
cluded that for silicon carbide the pellet would regquire
about 3 minutes to approach the furnace temperature which
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Considering chese factors together the following
emerges: because of the very open structure, binder in the
1.1 t.s.i pellets burnt-out very rapidly before the bond
had fused sufficiently to cause entrapment; at the two
upper pressures the lack of permeabllity delayed burn-out
sufficiently for the bond to reach a higher temperature,

entrap carbon micro-

t

fuse Lo & grester extent snd thu

scopically; the pellet compacted to 2.2 T.s.l was presumably

borderline, le time was not quite adequate to remove all

of the binder before fusion but microscopic entrapument was

not sufficiently severe to lead to a very protracted burn-out .
In section 5.6 a criterion was evolved which stated

that entrapment occurred when the fluid content of the

bond is sufficient to f£ill the interstices of the remaining

solids in the bond snd this conclusion was drawn from the

effect of bond composition on the rate of burn-cut at various

temperatures. No mechanism was proposed other than the

bond becoming impervicus cnce the criterion has been met.

If one considers only macroscopic entrapment the eriterion

can only operate by Torming a completely impermeable structure

in conjunction with the abrasive. If this is obtained it is

1

difficult to see how any burn-out could have occcurred in

o
thess tests performed at 1250 C snd therefore it 1s propossed

that the eriterion determines mieroscopic sntrapment.
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Applying this concept the previous conclusions ean be
refined as follows: in pellets compected to 1.l t.s.i which
were the most porous, burn-out was completed before the
entrapment criterion was satisfied while in the less porous
pellets it was not - in the 4.5 and 5.6 t.s.i pellets the
accumulation of fluid, while carbon was still present, was
sufficient to fill the interstices of the remsining solid
bond constituents resulting in a burn-out period of longer
than 1% hours.

In section 3.3 a brief description of the pellets was
given where it was noted that the.pellets compacted to
kel t.s.1 and fired for 3 minutes at 130000 had burnt-out
completely. This observation is not consistent with the
general tfend at this pressure and temperature and the anomaly
must be assumed fo be due to experimental error. Alsc, the
pellet compacted to 2.2 t.s.i and fired for 10 minutes
appears in figure 3.6.2 not to be very carbonaceous. However,
the pellet was black at the cofe although contrast is poor
throughout this photograph. In general the results obtained
at 130000 compare favourably with other temperastures.

At 130000 in particular, and for the l.l t.s.i pellets
fired at 135000, a phenomenon that was not so obvious at
125000 was apparent: the removal of carbon in a continuous
structure (ie from zone C) differs fundamentally from the
removal of carbon ffom a discontinuous structure (ie: from

Contfd,



w118 =~
zons A). In all the cases of burn-out from zone C no
reduction in its size occurred but 1t was observed that ths
zone persisted for a period of time and then abruptly dig=-
appeared to leave.the carbon free zone D. This agrees
wsoll with the idea that the carbon of zone C 1is entrapped
microscopically, that messive permeability is not the
primary controlling factor, and consequently burn-out, at
this stage, 1s fairly even throughout the pellet.

At 130000 it ig particularly noticeable that.porosity
affects the total time required for complete removal of
carbon. For the same firing the porosgity of the pellet will
sffect permesbility and it ig possible that tﬁia will have
a direct rate controlling influence on purn-out, but in the
light of the above theoxy it is difficult to see how it
can make any major contribution simply by limiting air
diffusion into the pellet - it has been argued that the
rate controlling mechanism is daiffusion of oxygen in the
fused or partially fused bond. However, the overlap Theory
is ifsalf sufficient to explain the effect. It has been
observed that porosity is the principal factor controlling
the rate of burn-out in the early stéges and consequently
for any given temperature of firing the porosity will
determine the smount of carbon remaining in the pellet when
microscoplic entrapment occurs. Obvicugly the more carbon
there is entrspped by the bond the longer it will take to
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burn-out under similar conditions. An obserwmatlon that
supports this is that dmecressing the porosity reduces the
width of zone D that surrounds the core. It has been shown
that zone A is removed by oxidstion from the surface inwards
and if reducing the porosity inhibits this process then the
area over which entrapment occurs must be larger for lower
porosity samples.

From a general comparison of the testis (125000 to
135000) it is obvious that raising the temperature leads to

more protracted burn-out rates which supports the idea
thet ralsing the temperasture reduces permeability by pro-
moting bridging, but an affect may contribute which can bé
considsred the converse of the above mechanism. Tt has been
shown thst microscopic entrapment can be thought of as
overlap between two mechanisms, viz: zone A burn-out and
bond fusion and decreasing the porosity delays the former
so that more overlap and hence more entrapment occurs.
Tt has been shown that porosity is the main factor controliling
this oxidation and so raising the temperature will again
csuge greater overlap but by accelerating fusion. In the
tests both temperature effects probably delay burn~out (ie
the attainment of zone D).

Close examination of the pellet compscted to l.l t.s.i
and fired for 2 minutes st 135000, and to some extent the
pellet compacted to 2.2 t.s.i, suggests that firing
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temperature modifies the zone ssquence A to B to C: instead
of zone B moving through the pellet across sectlon from
surface to entre it merely darkens so that zone A merges
into C, and at the higher temperature the bond fuses to
form a continuous structure despite the large amount of
residual cerbon. This theory is developed from the idea of
bridging in zone D (the outer zone), producing a very
impermeable layer. The light coloured zone B is presumably
related to a time effect and it is bordered by two fronts,
viz: the point at which burn-out is well advanced and the
point at which fusion is sufficient to satisfy the micro-
scopic entrapment eriterion. If én impermeable layer
develops the progress of the first fronts will be fixed
{or very much slowed down) and zone B will not move closer
to the centre but the result.will be a genersl darkening:
as the temperature distribution levels out and the bond
becomes evenly fused throughout the pellet, light striking
the surface of the pellet will penetrate further into the
structure to be absorbed mors completely by carbonaceous
matter. Consequently, in the case of pellets fuséd at
125000 various stages of burn-out, achieved after 3 mimites,
could be related to porosity and hence perﬁeability but
extrapolation cannot be made to include pellets fired at
135000 for the same‘time. After shorfer firing times zone B
exists, but then porosity and time become the controlling
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factors and the effect of temperaturs and its concomitant

effect on permeability are minimal.

In the tests performed on alumina pellets (section 5.6)
the defects were matt tending to be brown tc black at low
temperatures snd grey to black at high temperatures. In
the silicon carbide pellet tests it was reported in
gection 3.3 that early forms of zone C alsc tended to be matt
but it became more reflective with time, The shiny black
structure is similar to the shiny black defect shown in
figure 1.1 where it was suggested that while the very friable
core was probably associated with.binder carbon, the hard
shiny core was associated with carbon from the silicon carbide.
This is still tenable although the SiC pellet tests imply
that tﬁe mechanism is more complex than the original concept
might at'first suggest.

It has been argued that initially decomposition and
oxidation remove carbon distributed in a porous discontinuous
structure, and that the friable defect is representative
of this stage. However, at a critical point in the fusion
of the bond microscopic entrspment of carbon occurs. Beyond
this point oxidation of the carbon entrapped by the bond
continues, until its removal is complete. However, the latter
stage is probably an over simplification.
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1t has been shown in section Y4 that if oxidation is
regtricted, silicon carbide will tend to precipitate
elemental carbon. The restriction applied in that section
was that the system should be closed. This restriction is
not kinetie but thermodynemic and is in fact a speclal case
of a more general restriction. It can be shown not to be
kinetic by considering the mechanism of oxidation of free
flowing grains of pure gilicon corbide. It was stated in
section 1 that, as with metals, pure silicon carbide tends
to form a protective layer of oxide on its surface, but this
very severely limits the availability of oxygen, kinetlcally,
and can in fact ba used to explain the parabolic rate law-of
oxidation.  However, free flowing silicon carbide does not
blacken wheﬁ oxidised in air or oxygen. BExamination of the
various systems considered in section 4 ghows thet when
silicon carbide is oxidised to silica and carbon the partial
pressure of residual oxygen is extremely low, and in fact
the restriction simply allows equilibrium to be reached and
closing the system is seen to be an indirect way of
lowering oxygen potential. In gsection 1 it was reported
thet 1f silicon carbide is heated in carbon monoxide to
130000 it is blackened and the reaction proposed was 2

SiC+2(:0-;>3C+BiO? AP A A Gl -t

In this system CO is being used as a source of oxygen to
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partially oxidise 8iC; but The use of CO in this vay is
only anocther methed of restricting oxygen potential.
Purthermore, the activity (or fugacity) of the oxygen will
be given by the equilibrium 3

200 C + 0 i STE D e SR R e S e N
(although some a%lowance should be made for dissociation and
diseolution into a possible protective oxide layer) .

In the pellet tests during the oxidation of zone C
one can imagine a permeable structure of silicon carbide
grains surrounded and joined by a siliceous bond containing
entrapped carbon. This carbon will oxidige in the sane
wey as silicon carbide, ie oxygen will diffuse through
the glass. However, reaction with carbon will reduce oxygen'
activity, and if equilibrium is assumed, this will be
determined by equation 3. Consequently oxidation of the
underlying SiC will be thermodynamically indistinguishable
from equation 2, and if kinetics are fﬁuourable the 8iC
will blacken. It is proposed that under the conditions of
tests this mechanism is kinetically favourable, that it is
respongible for the shiny state of zone C, and that the
same must be true when the defect is incurred during
commercial firing.

In section 1 it was reported that while CO blackened
5iC at 130000 it was unaffected at 120000. It was suggested
in the same section that this was kinetic, and the stability
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of carbon im a closed system, found in seetion Y supports
this. In tChe peJ_let tests the shiny bll.fﬁ:“f?ri:fa
ohegerved at 1250 C. Unfortunately no rafesenee VWas fould
for this temperatures but if the temperature at which CO
blackens pure 5iC is just above 125000 it is still likely
that blackening should occur in the pellets for the following
reason. The tests reported in secticnfwere performed on
pure silicon carbide and consequently all the solid phases
present (notably silica) would have unit activities. In
the pellet experiments bond was included snd as reported in
section 2 it contains a high proportion of metal oxides
including ;a 154 slumina. Consequently in the pellets
there exists a low activity sink for silica which will
promoté any reactioﬁ involving silica as a product including
equation 2.

Fréﬁ the above theory a critarioﬁ of discolouration
can be developed. It was shown in gection 4 that for system
SiC/SiOg/gas the predominsnt reaction to be expected at
high temperature is 3

610*3_02.48102-}-00 et o0 vOROEEEOEADDD (l")

put when carbon is precipitated the equation
8iC «+ 02"*81024’0 vesesvpnavees ROl ana (5)

should proceed. The problem 1s to find the point beyond
Contid.
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which equation 5 becomes more likely than egustion 4, ie: when

&G "'AG >O sessnasdnsssbossntlonbodve eante (6J
% 5

Equation !4 cen be resolved into equation 5 and

c"l‘ %O;CO ul..o.l.bOICOOOUOll...aiﬂ'ﬂ.ﬂ (7)

Therefore the criterion for discol oration is that the
free ensrgy of oxidation of carbon to carbon monoxide is
greater than zere, ie: when
O
AG =h(} + Rm,,lng_g.g}'o ae ® o908 6GBEBOO0 (8}
7 Al
but {see section 4)

o
AG7=-26700“20|:9!. sesessescsccoscsseaco (9)

whence-2 S3400/T T4[-%
26000 2 ——2670
-p—m>e O..l..ﬁ...."..l.'ﬂ (10)
902

At high temperature carbon monoxide is the most stable

oxide of cerbon and if for simplicity we assume nitrogen
(from sir) to be absent the atmosphere will consist of

oxygen and csrbon monoxide., 1T has already been shown

that the partial »ressure of oxygen will be low when equation
5 tg favoured. Therefore at unit atmosphere pressure the
eriterion reduces solely to the partial pressure of oxygen
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_ and equation 10 reduces to -
-3 goo/T =t ;Z

B
0 ( 9 .coulndt.scnnotoo.. (ll)
2

In previous subsections kinetics were assumed the
main factors controlling burn~out., In many of ths tests
burn-out wes not in fact completed. At 130000 the pellets
pressed to 4.5 t.s.i, and less, burnt-out completely but
the 5.6 t.s.i pellet did not. In thig case considering the
general pattern, 1t is probably reasonable to assume thatl
had the firing been continued, burn-out of these pellets
would slso heve occurred. AL 1350 ¢ only the most porous
pallets burnt-out snd it is possible that the csrbonaceous
core was stable at this higher temperature.

Tn this discussion on blackening, the removal of carbon
from one location ig proposed to ecause carbon formation
at another, but no corres?ondence betwéeh the amounts of
carbon has been suggested. In the tests where burn-cut
oceurred the rate: of removal of carbon must have bes n
greater than the rate of pracipitaticn. Howaver, in section
5,8 reference was made to the likelihood of bridging in
the outer, carbon free, zone: furthermore, with ozidation
in this zone both the amount and fusibility of the bond
will increagse and it seems 1ikely that at high temperature
the permeability of this layer could be very low. The
oxidation of entrapped carbon lowers oxygen potential by
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forming CO but if the rate of ingress of oxygen is limited
1t will be diluted by this CO and its activity will be
lowered by dilution. Consequently the amount of entrapped
carbon that has to be oxidised to satisfy the criterion
proposed above for blackening will be lowered and fhe ratio
of carbon precipitated to carbon oxidised will be raised.
The overall reactions may be resolved into three stages as
follows: oxygen initially at 0.2 atmospheres pressures,
diffuses through an almost impermeable layer of zone D and
its partial pressure ié reduced, by dilﬁtion with CO; the
oxygen then reacts with carbon entrapped by the bond so that
the_oxygap po@ential of the system is insufficient to
oxidise carbon further; oxidation of the silicon carbide
is conseq uently to silica and carbon. If the rate of
oxygen ingress is reduced further the reduction ln partial
pressure of the oxygen by the first stage will be more and
consequently the amount of carbon that will be oxidised at
the second stage will be less; eventuslly a point must be
reached where the amount of carbon oxidised just equals
the amount precipitated (by partial oxidation of the silicoon
carbide) and the two reactions balance. Beyond this point
carbon will accumulate and the reaction

SiC'i‘O n}SiD +C STEEELIEEEE R R NN NN (5.‘-‘
2 2

originally proposed in section 4 will proceed; thus the

gystem becomes virtually closed.
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The partial pregsure at, and below, which oxidation
proceeds by.equaticn 5 is that the amount removed should
not exceed the amcunt precipitated. if we congider 1 mole

of oxygen at a partial pressure of p vhere p
02 min. 02 nin.

is the pertial pressure at which reaction % proceeds; Then

there should be a range from D to p . over which
02 min. 02 max.

sarbon isg still formed although some CO is also formed.
If the process is considered as oceurring in two stages viz
oxidation of carbon to carbon monoxide to reduce the partial

pressure to p then p is thet amount of oxygen
: 02 min. 02 max.

s
which oxidises as much carbon/is precipitated. For 1 mole
of oxygen, 1 mole of carbon is precipitated bub + mole of

oxygen is required to oxidise tChis to carbon monoxide

and therefdre —s3¢oe/T ~Gl8
1 — _
P » p =78 she Cag)

- 02 max. % 02 min.. ?-za-ﬂwo/r ~ ¢

The same arguments cén be .applied to any source of
oxygen, when the criterion may be stated as follows 3
discol o ration is thermodynemically possible only if the
oXYgen potentiai of the oxidising agent 1is insufficient to
oxridise carbon to ecarbon monoxide. 1T may be noted that
cacbon monoxide always satisfies this eriterion. In the
case of oxidation by carbon dioxice two moles of carbon must
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be precipitated according te the equation

Sic + 002"’} 31024“20 cossvEswsOOBsabends (13}

but thie will require two moles of 002 to oxldise this
carbon to carbon monoxide, and therefore

=3 cosndBoNBBasBAGPEND (1"}')

p0'02 max. p002 mine

In section Y% it was shown that in a closed system
carbon is stable up to 130000 but not at lhoooc and above,
when the reaction

30""‘8102‘9810 'y 200 sceoebosonevdonosdn (15)

(ie the reverse of squation 2) will tend to proceed.
It was reported in ssction 3.3 that after very prolonged
firing times at 1koo°c the core changed from black (shiny)
to grey/green., This high temperature of firing may not be
of great direct practical significance. Nevertheless the
observation does support some of the concepts being con-
sidered and it is proposed that this was the result of
carbon oxidation by the bond according to equation 15, that
carbon is therefore not stable in this system and that the
system is closed. It was reported in section 3.3 that the
outer layers of these pellets had "boiled". This supports
the proposition that in the carbon free zone, bridging,
assisted by high tempsrature and oxidation of the SiC, can
‘ Cont'd.
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6,  Conclugions

i) @
SR

The thermochemistry of binder removal involves two-
types of resaction viz: anaerobic and aerobic and each of
these can be further subdivided as follows ¢

Anaerobic 1. Drying

2. Dehydration

3. Further decomposition invelving
evolution of carbonaceous gases -
ie caramellisation,

4. Macroscopic or primary oxidation.

Bberobic 5. Microscopic oxidation (of

which there are two stages, viz:)

a) Secondary oxidation of
binder carbon,

b) Tertiary oxidation of carbon

resulting from partial silicon

cerbide oxidation.

The friable core was shown to be assoclated with non-
wetting of the abrasive by the bond and with the presencs
of carbon macroscopically distributed. The hard shiny

@fect was shown to be associated with wetting of the abrasive

jo N

by the bond and with microscopleally entrapped carbon. 1€
was further shown that tertiary oxidation ceaged if the

ingress of oxidising atmosphere was severely lmpeded, when

Cont!d.
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pertisl oxldation of the silicon carbide to sillcas and

carbon oceurred.

6,1 Drving.

Rate controlling factors during drying include heat
trangfer, water content, bond content and binder
chsracteristics. The main factor was found to be total
mass although porosity will tend to limit conductivity.
Bond probably helps heat transfer in as much as 1t dis-
places air between grains although clay content inhibits
drying probably because of its high affinity for water.
For glucose, drying may be impeded by the formation of an
impervious skin, but dispersing the binder over a large
surface area minimises the effect.

Drying may affect later processes by controlling
porosity and amount of binder to be subsequently removed.
Glucose wes found to show the largest weight loss at this

stage.

6.2 Rehydratlon.

The temperature at which dehydration commences was

found to vary between tests but no cause was apparent.

o

The tempersture at which this stage ended wes found To b

ct

i

controlled by the bond and it was suggested that the eff:
wes due largely to the presence of clay and its affinity
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for hydrogen and hydroxyl groups. Rate of heating was
found from the pyrolysis experiments on pure bindsr, to
have very little effect, and from the tests performed

on pellets it was concluded that porosity and permeabllity
also had little effect.

Dehydration, like drying, reduces the amount of
binder to be removed subsequently. Unlike drying it may
have a sericus disadvantageous sffect on porosity due to
dilation sssoclated with it since dilation was shown to
reduce the oxidation zone width by severely reducing
porosity locslly. However, it was also shown that the
effect off dilation on the morphology of the final carbon
residue tends to have an overriding influence and glucose,
which undsrgoes most dilation, oxidises more rapidly than
sterch which exhibited no dilation, and oxidised slowest.
Aowever, starch showed the largest welght loss at this
stage and it was concluded that the mechanism of dehydration
was lmportant - glucose and dextrin probably dshydrate

more by polymerisation than starch.

The final stage of anagerobic binder removal is con-
stituted by the initial part of stage IV of pyrolysis. The
significence of this stage found to be determined by the
amount of previous dehydration and it was shown that for
starch the contribution wes minimal. Porosity has little
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irst of these has been dealt with in the previous
sections and the third will be considered in section 6.5.
In this subsection, those fadtors which directly affect
oxidation rate are considered and probasly the most
important single factor is mass transfer by diffusion,

controlled by permeabllity.

SUunD-

. In the discontinuous structures, poroslty has been shown

to be the main factor determining permeability and hence
oxidation rate, and this structure is primarily assoclated
with macroscopic carbon.

The continuous structures are not directly assoclated
with primary burn-out but the two types of.structure often
coexist and the outer structure msy be an important factor
affecting the rate at which oxygen (or CO ) reaches the
discontinuous zone. In the continuous stgucture actual
porosity is less important, as bridging tends to promote
the formation of discrete pores with a concomitant lower
permeability. The amount of bond and its fusibility (end
hence fluidity at firing temperature) may be very impdrtant3
especially in large wheels: s large mass necegsitates a
large temperature difference between surface and centre and
therefore at the time of primary oxidation (at the centre)
the bond will be more fluid, bridging will be more effective

and ingress of furnace atmosphere will be limited,
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6.5 Milerosgcoplc Oxidation.

The concept of microscopic oxidation wes demonsitrated
mogt clearly by the silicon carbide tests performed at
130000 where it was shown that the rate controlling factors
were oxygen diffusion and smount of carbon entrapped. In
the same section, however, no distinction was made betusen
secondary snd tertiary oxidation. From tests on alumina
pellets it was concluded that microscopic entrapment occurs
when the fluid content of the bond becomes sufficient to
£ill the interstices of the remaining solid bond.constitusnis.

The amount of carbon entrapped was found to depend upon
the rate of removal of macroscopic carbon, as considered in
the previous subsections, and the rate of approach to the
"entrapment criterion", was found to depend upon rate of
heating and the amount and fusibility of fluxes, in perticular.

Oxygen diffusion across the fused bond will depend
mainly upon temperature and thickness of the bond which will
in turn depend upon the emount of bond used and grit‘siza
(ie the surface area over which the bonds spread). A vexy
£iuid bond will slso promote bridging, partiecularly in the
outer carbon free structure, and this will limit ingress of
furnace atmosphere and hence the oxygen potant;al of the
gas phase of the structure. This will in turn reduce the
oxygen grédient in the bond and thus reduce oxidation rate.
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It was shown that during the garly part of microscopic
oxidatlon partiasl oxidation of silicon carbide to siliea and
carbon could oceur. In this respsct the oxygen potential
of the gas phase is pasrticularly important since a reduction
of this lezds to a reduction in the amount of carbon

oxidised to cerbon precipitated.

6.6 _Tertiary Oxidstion snd Thermodynamic Considerations.

If an inert abrasive structure is considered, reducing

the oxygen potentisl of the atmosphere should reduce the
rate of oxidetlon in direct proportion but for silicon
carblde the system is more complex. If the oxygen potential
is reduced sufficiently, partial oxidation of the abrasive
ocecurs with accumulation of carbon and this occurs when the

equilibrium partial pressure falls below :

& -20,900/7T-~20,2
0 = a Ot e 00000 EQ@EDSED EODO (l}
2 :

Eo
When the pressure falls betew :

p ~20.900/T-20.6 A
(¢] = a -oo-u-owonucnlca-nca \2)
2 .

only the reaction

Sic*O'-QSiO "'C e e bOow e anEeEeebdOe (3)
2 2

oceurs. It was also shown that at very high temperature

gilica oxidises carbon, (le equation 3 wes reversed). It

was further shown that silica could behave as an oxidising

agent even in the ebsence of carbon at still higher temperature,
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when the reaction was

84C + 28i0 -> 3810 + CO S R TR N g 1)

The burnwogt of tertliary carbon is difficult to
isolate as a distinet stage and it will in fact be con~
trolled by the same factor which controls secondary
oxidatlon, eg  the zmount of carbon entrapped. Whereas
the amount of secondary carbon will depend upon the inter-
action between burn-out and fuslon the asmount of tertianry
carbon will dspend upon the extent of partial oxidation.
Thus tertiary oxidation will be promoted by the following:
high oxygen.potential and hencé‘the amount of secondary
oxidation required to satisfy equation 2 at the bond/
abrasive interface; unfavourable kinetics of carbon pre-
cipitation§ a small amount of secondsry carbon, and hence
a minimum period over which secondary burn-out occurs.
figh silica activiiy may also impede psrtial oxidation by
opposing equation 3 but was shown not to affect the maximum

oxygen potential for discolouration.

6.7 _Summery.

The two main defects viz: friable core and the sghiny
black core can berslated o the failure to complete the
oxidation stages. Mett black friasble parts were associated
with non-wetting by bond due to the presence of carbon,
while the shiny black defect involves the entrapment of
carbon on a microgcopic scale,
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?t’ mma Work s

There are probably three main lines that future work
might follow, viz: to expand the tests performed in this
project covering more materials and including more variables;
to estimate heat and mass transfer, using a suiteble model,
in wheels subjected to given firing cycles, and to perform
larger scale experiments on wheels father than pellets.
These three appros ches are considered in a little more

detaill below.

7.1 Deve;ggmegf of Small Scale Tegts.

The thermogravimetric work has demonstrated the basic
stages of decomposition but stagelIV needs further analysis.
Stage IV was shown to involve both anserobic and aerobiec
thermochemistry snd further study is required to isolate
these. Also the determination of the heats of reactions of
gach stage could prove to be useful. The effects of other
wheel components could be examined further, in particular
the effect'of clays on dehydration. S8Subsequently the
sffect of clays on dilation requires examination and dilation
itself could be studied further to dstermine the effects of
heating above stage IV (ie: above 26000 in the absence of
clay).

Dispersion was thoughéto occur in two ways, eg. induced
and inherent digpersions. The former was the rssult of
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- 143 =

be adopted for mass transfer if data is obtained for the
effects of varions paremetcrs on permeability, including
porosgity, temperature, bond composition end the effects of
residual carbon on wetting and hence bridging. The inclusion
of mass transfer could also lead to more accurate heat
trengfer calculations.

From the above type of calculation, burn-out time
could be calculated, and with the addition of thermal and
mechanised date, internal streases_could be calculated.
These stresses would arise partly from temperature
di:(érentials and partly from pressure decomposition producis
and in this connection the emount of drying necessary prioxr
to e particular firing cycle could also be estimeted.

The number of calculations involved would obviously
be very large and the task could therefore only be undsrtaken
if & computer was aveilable. Theoretically either a digital
or an analyticsl computer could be used although initielly
a digital computer would probably be better until the msethod
had béen perfected. Once the method had been worked out an
analogue computer would do the calculations faster, but
the expensze of setting up modules to represent each node

could be high.

7.3__ILarge Scals Tests.

The type of work envisaged here is the examination of

wheels fired in production. From the alumina pellet tests
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