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SYNopPpsrs. 

During the firing of vitreous silicon carbide grinding wheels, 

two defects can develop, viz. a resilient shiny black core, and a 

friable matt black core which seriously affects the strength. 

The matt black core is probably due to the incomplete removal of 

temporary orgenic binder but oarlier attempts to study this aspect 

hava not been successfulo 

From a rigorous thermodynamic treatment, which necessitated the 

use ef a digital computer, silica was shows to be a likely preduct 

Of oxidations In the absence of silicon, carbon tends to form in a 

closed system. At 100°C and above, carbon is oxidised by sildced 

and at higher temperatures it oxidises silicon carbide to silicon 

monoxids end carbon moxoxide. 

From the thernogravimetric experiments, binder removal was shown to 

ovour in four stages vize drying, dchydration, further decomposition 

or caramelisation, and oxidations 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 occur in three stages using ‘visual 

examination of pellets containing binder, high t emperaturs 

' bend and abrasives The first stage was associated with 

non-wetting of the abrasive by tho bond which produced the 

friable matt black cores The second was the removal of binder 

carbon entrapped in the bond, and the third wes the removal. of 

caxbon from partial silicon carbide oxidation show to occur at 

lew ozygen potential. 

It is suggested that future work is along the following lines: 

continuation of the small scale typs of tests employed 

in this project: a study of heat and mass flow using a 

computer (either digital or analogue) and larger scala 

tests, to fing the minimun time necessary at optinun 

bura-out tempereture for complete carbo removal. under 

produstion conditionss
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Le INTRODUCTION AND LITRRATURS SURVEY. 

Lil Grinding Wheel Manufecture. 
In the manufacture of silicon carbide grinding wheeis 

the closely sieved abrasive is mixed with watter, low temperature 

binder and high temperature bond. The mixture is compacted 

circa cee 
to shape; slowly dried ( for ere. three days) and then fired. < 

—— oS ~ 

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

time for heating and cooling takes from five to seven days. 

42.Uefects in Finished Products. 

During the firing, two major defects can develop. 

The first is a shiny black discol sration as shown in 

figure 1.1: the defect does not appear to affect grinding 

performance of the finished wheel although it is disadvantageous 

for sales promotion. The second defect is far more serious and 

is theZsubject of this study. It consists of a matt black core 

surrounded by two zones; the inner is light coloured and the 

outer 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 and render tthe wheel dangerous 

in use although the dark zone’ resembles the shiny black defect. 

It is thought thet this defect is caused by ~he presence of 

binder which hag not been completely burnt out; the carbonaceous 

residue coats the abrasive and aeeveaeS wetting by the vitreous 

bond. 
Cont'd.
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13.the Oxidation of Silicon Carbide. 

Tharmodynamically silicon carbide is unstable in a 

number of atmospheres including oxygen since it is oxidised with 

a negative free energy chances Its apparent chemical stability 

in service is due to the slowness of reaction at normal 

temperatures. tn the firing of abrasive silicon carbide wheels 

reaction rate increases and becomes an important factor. 

The oxidation is similar to that of mtals, 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 ite gives a complete survey of 

mechanisms. The principle differences which makes direct com- 

parison difficult, is that silicon carbide is a compound and each 

element forms two oxides. 

2 ; 
Wiebke measured the oxidation of silicon carbide in 

oxygen. using three methods: the quantity of carbon dioxide 

formed; weight changes; and silica determinations on the product. 

Pie beats ion wesuned 4h mach-cbse weet 

Sic + 20—pSi0 + CO 
2 a 2 

The silicon carbide was prepared by first calcining then cleaning 

three times in an acid mixture (HF + H SO + HNO ) and washing 

thoroughly. Grain dlemeters of 31,, 6s toge, Bor, abies 

and 51Q. were studied at 4300 C, and 63 ps was also studied at 

900 °C, 100 ¢ and 1500 ¢, A large scatter in the results was 

Cont'd,
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apparent and each method gave a different result. ‘However, 

the following conclusions were drawn: oxidation tate increases 

with temperature, but decreases with time interval, and reducing 

the grain size, ie: increasing the specific surface increases 

the rate of oxidation. 

The decrease in oxidation rate with time, which many 

authors have reported, can be explained by the presence of a 

film of silicar which passivates the underlying silicon carbide. 

If oxidation results are plotted against the square root of 

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

af P2 t2 

Pi = oxidation produced in time, tl 

P2 = " 2 mi 2 

This equation can be derived theoretically as follows: if the 

controlling factor is the thickness of silica the rate of the 

reaction will be proportional to the diffusion gradient in the 

layer; eines the boundary conditions on either side of the layer 

remain constant throughout the experiment, this gradient will be 

proportional to the thickness; the thickness will also be 

proportional to the mass; whence 

a 
k = constant. 

Cross mitiplying ape eben yields 
2 

2 
p. = kt + C, integration constant, 

Cont'd.



ope 

but when t = 0; P = 0, therefore C = 0. 

Thus the ratio for times (1) and (2) is 

pg =[t 
Pl 2 

1° 

The parabdiic law is not valid with cyclic heating, or 

heating at low pressures (below 0.1) or after heating at low 

ee for a period of time (eg at 900.0 after 6 hours) ~ 

thektwo deviations are demonstrated by Erwin and the thixd by 

iter: tm each 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 

stressing while the phenomenon found by Wiebke probably 

senuita from spontaneous shattering of the film by.a build up | 

of stress. The deviation at low pressure is probably caused by 

a change to gaseous silicon monoxide formation rather than silica 

formation. 

In air, from which carbon dioxide and water vapour have 

been removed, silicon carbide behaves very similarly though the 

rate of oxidation is less. Ervin hee shown that the activation 

energy in ait is different to that in oxygen, being 50 keals 

per mole in oxygen and 80 keals per mole in aire 

The oxidation of silicon carbide in the presence of " 

water vapour has been studied by several authors including Lea , 

5 2 5 : 

Jorgensen and Wiebke « Their results differ considerably 

Cont'd.
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though all conclude that steam accelerates the rate of oxidation. 

The effect may be due to a modification in the morphology of 

the silica layer, possibly by hydrolysis, or the py may ba 

volatilised = both these suggestions are made by Lea . 

From the above it is obvious that silicon carbide 

oxidation is more complex then metal oxidation. Erwin illustrates 

this with a list of six possible oxidation reactions and from 

these table 1.1 has been constituted. 

  

    

  

  

  

  

TABLE Lal 

Free energy data for the oxidation of silicon carbide 

Products Standard free energy Standard free gnerey 

of change @ 25p C - change @ c 

Oxidation for 1 mole | for 1 mole|for 1 mole} for 1 mole} 

sic oO, $ic 9 

z x 
S10, * ba ~ 279.2 ~ 139.6 - 215.4 - 107.7, 

a + co ~ 217.7 - me = 187.2 ~ 124.8 

Sid, + C ~ 184.9 - 184.9 - 120.7 ~ 120.7 

$i0 + a ~ 110.1 ~ Wu | - U5 ~ 96.3 

si0 ~+ CO ~ 48.8 - 48.8 - 116.3 - 116.3 

$10 + C - 15.8 - 31.6 - 49.95 - 99.0 

BL ons - 81.9 ~ 81.9 ~ 86.5 - 86.5 

Si + C0 - 20.4 ~ ho.8 - 58.3 - 126.6                 
Cont'd.
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The asterisk indicates the most negative free mergy 

change in the column and hence the most likely reaction under 

the appropriate conditions, 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 availability is limited (columns 

3 and 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 1.1 the thermodynamics of other reactions can 

be deduced, for example, the oxidation of silicon carbide by 

carbon dioxide which can proceed by two reactions viz: 

AGe25c¢ Ace 16270. 
SiC + CO-} S10 + 2c ~ 90.6 ~ 26.0 

2 2 

SiC + 3CO—>Si0. + 4CO ~ 33.2 - 102.6 

both these Peauetuhe are thermodynamically possible since all 

the free energy changes are negative though at 25°C the complete 

reduction of carbon dioxide to carbon is more likely and at 

1627°¢ 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 : 

SiC + 2CO——Si0 + 3C¢ AG @ osc = = 119.3 

Ac @1627C= + 12.3 

Thus, silicon carbide can be oxidised by carbon monoxide at 25°C 

Cont'd.
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but not at 16276. Experimental work by a conflicts with 

this at first sight, since he shows that at 1250 6 and below, 

no reaction occurs between silicon carbide and carbon monoxide, 

but at 1300 ¢ silicon carbide is blackened. If the discoloured 

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 

being dull with a transluscent tint and the latter more ivifiesoant. 

The blackening can be shown to be carbon by analysing the 

gaseous products after heating in air as reported by Balmforth , 

The question now arfises whether this carbon constitutes a 

separate phase or not. If it does not form a separate phase, 

but dissolves into the silicen carbide, it is difficult to 

see why the appearance should be different after subsequent 

oxidation in air 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 activation of carbon nucleation as a controlling 

factor. 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 silicon carbide has been considered so fer 

put in vitreous silicon carbide wheels the presence of a glass 

will influence the oxidation rate. Erwin found that glass 

flaw tA
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accelerates oxidation rates up to 100 times and quotes 

activation energy of oxidation in oxygen in contact with 

Nepelt ale as being 28 kcals per mole. The vitreous bond 

also affects permeability; increasing both the proportion used 

and its fusibility tends to reduce permeability. 

Work has been carried out on the effects of this by 

Katz and ee a There is still much work to be done 

in this field though the conclusion is that slight changes in 

permeability can have a large effect on oxidation rate. It 

is important to note that permeability changes during firing 

as a result of bond fusion, also the volume of gas increases 

with temperature (at 1k00'¢ for an 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 

to carbon precipitation. In addition permeability is affected 

by compacting pressure, grain shape and grain size distribution, 

although it is not directly related to porosity. 

From tabie 1.1 it would appear that silica is the most 

likely oxide of silicon to form by oxidation and this has 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 unit atmospheric pressure as a stable gas phase at and abave 

1200°C and thus its formation may contribute to the oxidation 

mechanism at higher temperatures perhaps where oxygen 

availability is limited. In table 1.2 column 5 the free energies 

of the reactions yielding silicon monoxide are not very much 

lower than those yielding silica; furthermore if the activities 

of the silicon monoxide can be reduced by dilution with carbon 

monoziide, carbon dioxide and atmospheric nétrogen those reactions 

which form silicon monoxide could be promoted. 

ist The Use of Organic Temporary Binder. 

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 drosnade Gardiner , Bloede , and Pictet os 

Initially water is lost forming a glucosan. With further heating 

decomposition proceeds with less of more water and the 

evolution of carbon monoxide, carbon dioxide and several 

hydrocarbons. Sadao using gas chromatography has 

identified the following : Acetaldehyde, furan, 2= 

methylfuran, methone, methylaldshyde, pentanol, 2~ pentanone, 

3+ pentenone and 2.5 ~ dimethylfuran. The solid resiise becomes 

progressively richer in carbon. Initially cavamel is formed, 

but as the distillation procesds, the molecular structure 
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becomes extremely complex and uncertain. Hventually a state 

is reached which, for this thesis, can be considered as 

elementary carbon. 

The evolution of water, carbon monoxide and carbon 

dioxide has already been discussed. The effect of the hydro- 

carbons is difficult to assess, they will probably result in 

little or no oxidation of the silicon carbide but theix formation 

is useful to the extent that they assist in the removal or 

binder, but disadvantageous to the extent that the carbonaceous 

residue which is left may be difficult to remove later and may 

even become entrapped by the glass/silicon carbide structure. 

It has been deduced from table 1.1 (and the reaction 

between silicon carbide end carbon monoxide) that carbon is 

stable at and below 1300°¢ if the oxygen supply is restricted, 

thus under these conditions residual carbon from the binder 

will not wien out. It may therefore be concluded that 

sufficient oxygen mist be available. However, the problem is 

more complicated than this treatment indicates since Balmforth 

using oxidising agents to assist carbon removal found that they 

had little or no beneficial effect and in some cases appsared 

to inerease discolo ration. 

1.5_Carbon Morphology « 

So fav two forms of carbon have been considered: firstly 

arising from the partial oxidation of silicon carbide, and 

Cont'd.
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secondly from incomplete removal of binders. It seems likely 

that these two forms of carbon are responsible for the two 

types of defect - the first producing the shiny black defect 

and the latter the friable matt black defect. It is also 

important to note that the silica produced by the oxidation of 

silicon carbide will affect the final composition of the bond. 

1.6 Carbon Burnzout . 

Biggin : made an investigation in which an attempt was 

made to avoid the development of friable black cores during 

firing (believed to result from binder carbon) by determining 

critical production parameters within which they do not occur. 

These parameters were grit size, wheel grade, wheel size 

and firing cycle. Grit size and grade were considered as 

Limiting 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 end grade were varied over a wide range, the largest grit 

being 16 mesh and the finest 80 mesh in grades K (soft) through 

to $8 (hard). Wheel size in thickness from 2" to 7 deep and 

all 2!’ diameter. The firing cycle was restricted to the faster 

Seday kilns since it is in such kilns that burn-out trouble 

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

Cont'd.»
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Ll. If an inert abrasive is used (ie: alumina abrasive) 

it is found that : 

A) all 2" thick wheels can be fired satisfactorily, 

B) all wheels 6" and deeper suffer from matt 

black cores, 

Cc) 4 wheels in the coarser grits can be fired 

satisfactorily but not in the finer grits, 

though the critical grain size below which 

trouble is avoided varies 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 5-day kilos. 

LZ Statement of Problem. 

Up to the present the firing technique for silicon 

carbide wheels has beend etermined by trial and error only and 

the amount of progress that can be achieved in this way has 

now reached its limit; further improvement requires a 

fundamental study of the problem but there has been very little 

work of this type done. In this project an attempt ig made 

to determine some of the fundamental parameters concexing the 

thermochemistry of firing silicon carbide in contact with 

temporary binder and high temperature bend, with the aim of 

rationalising the firing process.
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2. AXPRRTANTAT. P OCZDURS . 

2.1 _Phermobalence Work. 

‘the thermobalance was the only special apparatus 

used in the project and it was used for research which required 

direct measurement of weight changes during oxidation experiments. 

It consisted of a vertical tube resistence furnace mounted over 

an. automatic analytical balance and the apparatus was equipped 

with 9 recorder which gave continuous graphical output of 

temperature and weient of sample. A photograph is shown in 

figure 2.1. 

the furnace had an internal diameter of 2", it was 

wound noninductively with nichrome wire and capable of operating 

up to 1000 Cc, fhe furnace temperature could theoreticelly be 

programmed to give a linear rise from room temperature to the 

operating maximum though some deviations were encountered below 

200 C, especially with very slow heating rates. Lhe top of 

the furnace was plugged to prevent through convection as this 

would seriously affect weight measurenent, but the bottom was 

left uReate allow free movement of the sample support rod. 

Phe furnace was supported by pulleys to allow free vertical 

movement, 

rhe balance had two pans for increased accuracy and to 

the rear pan a support rod was atteched which projected up into 

the furnace. ‘The rod was positioned to support a sample in the 

Cont'd.



  
FIGURE 2.1 The thermobalance
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centre of the furnace when the latter was fully lowered, 

the balance capacity was 100 grams and the automatic control 

acted over a range of “a gram by changes of 100 milligrammes 

to the rear pan. 

fhe eim of the thermobalance work was to obtain basic 

information. For this reason oxidation studies in air at unit 

atmosphere pressure were performed on binders and on silicon 

carbide ebrasive both separately and in combination. It was 

thought that this approach would give information which could 

then be used to interpret more complex systems that conteined a4 

high temperature bond. 

fhe thermobalance weight/temperature record chart was 

used 9s the main source of information (see eppendix) although 

some weighing of samples before and after testing was also 

employed and visual examination was enployed. 

All the binder oxidation tests were carried out on the 

thermobalance using an open 32mm diameter silica crucible. 

Initially samples 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. A411 tests were 

started at room temperature and most were stopped at 600°C 

since it was concluded from carly results that oxidation was 

guameeye by this temperature though a rat tests were taken to 

1000 We while some were stopped below 600" ¢ to allow visaet 
Cont'd.
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examination of the partially oxidised material. fhe binders 

used were starch, dextrin and glucose. 

Similar experiments were performed on binder/abrasive/ 

water mixings in which all the binders were tested but only 

46 mesh silicon carbide was used. “wo tests were also run on 

pellets containing starch, water, bond and abrasive under a 

programmed temperature rise end secondly isothermally at 1000" Oe 

The thermogravimetric experiments on silicon carbide 

were made on 10 gm. samples of 46 niesh green abrasive using 

the 32 mn, crucible open, and two types of test a. perigee 

‘The first involved programmed heating up to 1000" C3,in the 

second series of tests isothermal firing was used and temperatures 

° ° 
of 500 to 850 C were examined in increments of 50 . 

2 Vv. E; £ ¥ 2. ° 

fhe 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 a timed period, sectioned and 

examined visually. 

Small pellets were chosen for the following reasons? they 

can be prepared, fired and examined easily using small scale 

laboratory equipment; they can withstand rapid temperature 

changes; and, related to this, the centre temperature approaches 

the surface temperature rapidly thus permitting a fair 

Contia.
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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 technique is simple to use and since it 

does not require temperature programming the two parameters 

time and temperature can be varied easily and accurately over 

wide end finely divided ranges; secondly, the historic effect 

of heating at different temperatures is theoretically eliminated 

and in particular the possibility of entrapping carbon by fusion 

of the bond can be examined - 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 resistance heated muffle 

furnace. ‘The pellets were fired individually. 

In this series of experiments two abrasives were used 

viz. 46 niesh green silicon carbide and 120 mesh white alumina. 

The latter was introduced to examine the effect of bond on 

binder burn-out independently of silicon carbide oxidation; 

these tests were carricd out over.a lower temperature range and 

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 
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been carried out first it might have been sensible to use 

120 mesh silicon carbide though comparison would still have 

been hampered severely by the fact that different bond systems 

are used in silicon carbide wheels. However, the task under- 

taken in this project is to elucidate the mechanisms involved 

in firing; 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 based 

on the following reasons: it is an intermediete grain size in 

the precision range, and it was used extensively in the thermo- 

gravimetric work, section 2.1. 

The pellets were prepared by thoroughly mixing abrasive, 

bond and water so that the binder and water were evenly spread 

over the surface of the grains. The bond was then added and 

mixing continued to allow the bond to adhere to the wet surface 

of the grains producing a very even coating of binder, bond and 

water. The pellets were compacted in two ways: those containing 

silicon carbide were produced individually by pressing into 

a 2" diameter cylindrical mould using enough mixing to produce 

a@ pellet approximately 2" longs; the alumina pellets, however, 

were pressed in square bars measuring 6x i x i" and then 

sectioned into five 1" cubes ~ }" was removed from each end to 

eliminate end skin effects, Both silicon carbide and alumina 

pellets were pressed to 2 t.s.i. and after pressing they were 

dried at loc for ae hours. Compositions are given under 

Cont'd.
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“Material 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 a diamond wheel using water as a coolant. The 

silicon carbide pellets did not section successfully in these 

ways, the hack saw method was quite inadequate and the slitting 

wheel produced surface effects that made interpretetion difficult. 

Therefore, the silicon carbide pellets were broken into two 

{ox more) pieces by carefully hammering the cylindrical pellets 

on a hard surface ususlly produced a clean fracture through the 

centre parallel to the length. 

2232 Compressive Strength testse 

: 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 
if o 
extra pellets were fired at 1000 C. 

2a, Material Selection. 

All materials were supplied by Universal Grinding Wheel 

Co. Ltd., It was decided not to use specificeliy high purity 

chemicals but those uged in the industry since the two might 

have different properties and this could be misleading. All 

materials were stored in a cool dry place. 

Cont'd.
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The low temperature binders chosen were the hydro-~ 

carbons starch, dextrine and glucose and the abrasives used 

were green silicon carbide end white alumina these being about 

99.5% pure. The high temperature bonds used are listed in 

table 2.1. and in table 2.2. are given the compositions of 

mixtures used to make Bearers’ 

  

Bond Designation ARF CRR RF. Re 

aa 68.1 73.0 69.7 69.8 

mC. iS 0.2 0.5 0.5 

oe asar. 14.8 17.6 15.0 

Fe 0 0.2 93 0.5 ok 

2S 
BO 4 367 2.6 5.6 
23 

cad Onu Oo 1.2 0.7 

MgO Ol 0.2 On ene Oe 

KO 4.9 4.0 309) 
2 } 7.6 

sag - 3.4 302 

PO =. e 0.5 O72 
25 ; 

Softening Lenperature 1340 12h0 1200 11950 

Water content 3.90 2.68 2.82 3.29 

Clay content(nominal) 30 22.5 2k 27 

Flux content ( Er SO 2265 27 57.5 

(fhe data for this table was obtained from Universal Grinding 

Wheel Co. Ltd.,) 
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Table 2.2. 

Composition of Mixings Used in Pellets. 

Per 100 Parts Abrasive SiC Pellets Al o Pellets 
Z 

Bond 20 30 

Dextrin (binder) 2 2 

Water 6 uy 

2.5_Seerezation Exoeriments. 

S1l 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 removed 

was attached to a large funnel; the whole apparatus was filled 

with 7 kgm. of 22 mesh silicon carbide abrasive and samples 

were drawn off, screened and weighed. 

e. £ nb. 

4 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 furnace. Yo estimate this a number of inch cubes 

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

7 calorimeter. Ths 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 aiteusify 

is approximately three times that of alumina. 

2.7. fhe Thermodynamic Sreatment of Silicon Carbide 

ion t D cer. 

In section 4 the equilibrium states of five different 

systems are considered using thermodynamic and stoichiometric 

equations. The solutions of these equations is very complex, 

in some cases, and requiring iterative solutions and it was 

therefore necessary to use a digital computer to perform the 

necessary calculations. Since this aspect of the project is 

intended to generate rather than process information it was 

felt that the programming of the computer could. be treated as 

part of the experimental procedure and it is 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 PRECONPILZ. One part, which will be called the 

master programme, was written with all the common operations, 

processed and then output in sum checked binary. To examine 
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any particular system the master programme was then read in 

at speed followed by 8 slave programme containing thos¢d 

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 a setting up stage 

and in this section the identifiers, shown in table 2.3. ara 

declared. The first three statements specify output format 

while the next three determine, in degrees Kelvin, the tem- 

peratures for which calculatéer are required. I is a switch 

identifier subscript; it is set equal to 2 so that subsequent 

return from a slave programme will be at the next print state- 

ment labelled START 2. oexit from the master programme is then 

caused 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 programme. The leading statement 

outpubs a title and a statement which partly defines the system. 

fhe definition is completed by the next five statements some of 

which are conditional and controlled by values assigned to 

Cl, Sl and S2 in the slave programme. Column headings are then 

printed, and again sone of the statements are conditional, 

following a pattern similer to thet used to specify the system. 

Cont'd.



EQULIBRIUM PARTIAL PRESSURE CALCULATION® 
BEGIN REAL P02, PCO2, PCO, PSIO, PTOT, PN2» NSI» NSIC, NS1O2" 

INTEGER T,DT,TM | 
BOOLEAN C1,S1,82 
SWITCH “SSt@START4, START2s REP» CALC" 
PREFIXcE 79° 
SCALEDC3> 
DIGiTS¢4>' 
READ T,DT, TM" 

Tietia73" 
gore START1' 
COMMENT) END OF SECTION 1° 

START2:PRINT ££L812?7 TABLE? , £ES2R3? «PR2SAR157SHOWING) EQ?, 
£LUILIBRIUM CONDITIONS FOR THE SYSTEM $1C/02?' 
IF S2 THEN PRINT £/8102?° 
PRINT £/S107' 
IF: 84 THEN PRINT £/SI7" 
PRINT £/C02/c0?" 
IP C4 THEN PRINT £/c?' 
PRINT ££L398127PCOB«R) P¢co2> PCcO) PCSIO) PCN2> 2, 
RE PCTOTI LT -e* 
IF.C1 THEN PRINT £ NCC?" 
IF $1 THEN - PRINT £ esi?! 
PRINT £ NCSIC)2° 
IF S2 THEN PRINT £ ncsio2)2" 
PRINT £ NCOZL) 2° 
IF NOT C1 THEN PRINT & Acco?! 
IF NOT $4 THEN PRINT £ -ACS192" 
IF NOT $2 THEN PRINT £ AcSI0297° 
PRINT £81272" 
1i=3 i 
COMMENT) END OF SECTION 2° 

REPEPRINT eetoes POR, P02, PED, PSI, ALIGNEDCA, 32 ¢PN2,FREEPOINTC3). 
PTOT, £ -2, 1-273 

NS102+=C0.25ePN2-PCO2-P02-0» 5ePS10-0.5#PCO}/PTOT! 
NSIsmC2*PCO2+4.5ePCO+PO2-0«5ePS1 0-0 o25ePN2D/PTOT! 
ALIGNEDC1, 3)" 
IF.C1 THEN PRINT £ %,SPECIALC2),~NSI' 
IF $4 THEN PRINT & 2,SPECIALC2),NSI' ELSE NS] s=0' 
PRINT £ 2, SPECIALC2), ~¢NS1O24PS10/PTOT#NSI> 
IF $2 THEN PRINT & %,SPECIAI.C2>,NSIOg" 
PRINT & 2,SPECIALC2),~PN2/4/PTOT,£ 7 
SCALEDC3)! 
IF NOT C4 THEN PRINT: EXPC20533/T~20.94)/PCO2ePCOePCO! 
IF NOT S41 THEN PRINT: EXP€=11646/T=0)e 12) «PS10/SORTCPORD * 
IF NOT 52 THEN PRINT: EXPC93660/T~31442ePS10eSQRTCPO2) 
PRINT ££L222° 
COMMENT: END OF SECTION 3° 

  

TraT4pT! - 
IF CTeSIGNCDTD) LESSEQ CTHeSIGNCDT2> THEN GOTO CALC! 
PRINT S€R100L8127P = PARTIAL PRESSURE IN ATHOSe — T = TEMP?, 
SERATURE IN DEGeCe A = ACTIVITY OF SOLID PHASESEL??, 
£ES127N = MOLES-OF REACTANT OR PRODUCT PER MOLE OF GAS PHASET. 
£ CREACT. “VE 2 PROD. +VEDELR 10077, ££R10077' 
ELLIOTTE7+0008+0+0507003) 
ELLIOTTC 7» 304+ 

START1#ELLIOTTCO) 05000 05 089! 
COMMENT) END OF SECTION’ 4 
PRECONPILE® 

    

FIGURE 2.2 The master programme



Before this section is left.£ 

23 

is changed to 3 so that on all 

subsequent returns from the slave programme entrance occurs 

at the statement labelled REP which heads section 3. 

In section 3 the partial pressures, calculated in the 

slave programme, are printed. Molar yields and activities are 

calculated and printed, using conditional statements which 

follow the same pattern as in section 2. 

yield of carbon is not calculated separately since from section & 

However, the moler 

  

  

N = WN 
C (NSiso) Si (NC=0) 

Table 2.3. 

Label | _typ0 Function 

P02 Real Partial pressure of oxygen 

Pco2 a ie carbon éioxide 

PCO * 4 carbon monoxide 

PSIO u se silicon monoxide 

PN2 Ly x nitrogen 

Pror " Totel pressure of system 

NSIT n Molar yield of silicon 

WSic ut n silicon carbide 

NSTO2 a i silica 

g Integer Absolute. temperature 

Dr, IM y Temperature control constants 

GL Boolean CGavbon is included in system 

Si = Silicon i . 

S82. = Silica . -       

  

  

   



= gk s 

Section + is entered after exit from section 3 end it 

is basically a control routine:. The current temperature, T, 

is raised by DI and compared with TM; if it is in range,control 

is transferred back to the slave programme; if it is out of 

range the programme is terminated, 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 master programme in preperation 

for the slave programme of the next system. 

The slave programmes are shown in figures 2.3 to 2.7 

and in each of these the following three operations are per~ 

formed: firstly the system is defined; secondly the equilibrium 

partial pressures of the gaseous components of the system are 

caleuleted for one temperature; and thirdly control is trans- 

ferred back to the master programme using subscripted switch 

identifier SS. 

The formula used in the slave programmes are taken from 

section 4 where they were derived. 

Cont?d.



COMMENT SIc/o2 = $10/co2/co' 
C1r™S1:=S2: =FALSE" 
CALU: 
BEGIN REAL A,8,KA.V" 

OWN REAL x" 
BOOLEAN Low" 
REAL PROCEDURE FCA,3,C)' 
VALUE A,B,C' REAL A,8,C{ 
BEGIN REAL Nt 

N:SLNCcJeB+A! 
| FHSEXPCIF N GR 170 THEN 170 ELSE.N? 

END 
IF 1=2 THEN X:=1! 
Az =-49290/T+42.325' 
B: =-67940/T+20. 335" 
KAt SEXPC-A)* 
FOR 

    

x WHILE Low, 

x/2, 
v/2 WHILE V/X GR @-5. DO 

BEGIN X:=CIF LOW THEN V ELSE -v)+Xx! 
poo B+SORTCX**O+49F CA, 4,X22900.5°KA! 
Po2:=FC8,2,PC02/X2" 
PTOT: =8*PCO2+5*Po2+6ex' 
LOW: =PTOT LESS 1 

    

END' 
PCO: =x" 
PS10:=PCO2+PCO! 
PN2: =PTOT-PO2-2¢PS10"' 
GoTo Ss¢1> 

END 
END' 

FIGURE 2.3 Slave programme for the solution of system I 

COMMENT Sic/o2 = $102/S10/co2/co" 
$2: "TRUE! 
C1: #81: =FALSE* 
CALC: 
BEGIN REAL A,B,C,V" 

OWN REAL X 
BOOLEAN LOW" 
REAL PROCEDURE FCA,B,C)' 
VALUE A,B,C' REAL A,8,C! 
BEGIN REAL N‘ 

NCCI@B+A! 
FisEXPCIF N GR 170 THEN 170 ELSE N2 

  

END! 
IF 12 THEN X2=1! 
At =146500/T-20.332' 
B:=112530/T-9.912" 
C:=31.40-93880/T" 
FOR vi=0, 

x WHILE Low, 
xX/2, 
v/2 WHILE V¥/X GR @-5 DO 

BEGIN X:SCIF LOW THEN V ELSE -V2+x" 
PCO2:=FCA,2,X)! 
PCOr=FCB,165,X?! 
PS10:=FCC,-0.5,x?! 
flgnscoexegehaacs [Pc Fs 10. 
PN2:=C4eX+BePCo2+6ePco)-2*PS10" 
LOW:®PTOT LESS 1 OR PN2 LESS O 

    

END! 
Poe: =x! 
GOTO SSC1) 

END 
EnpD' 

FIGURE 2.4 Slave programme for the solution of system II



COMMENT S1C/02 = 510/S1/c02,‘Co" 
$1: =TRUE" 
C1: =S2: =FALSE' 
CALC: 
BEGIN REAL KA, KB, KC,A,B,DIS»RX" 

END 
END' 

KA: =EXPC40916/T+0.96) 
KB: =£XPC7006/T+11.372' 

KC: =EXPC11646/T+10.12)' 
ArsCKA+12#5! 
B:=CKB+KC)#3' 
DIS:=B*B+4eA! 
RX: =C-B+SORTCDIS29/A/2' 
PO2:=RX*RX! ; 
coe eens FIGURE 2.5 

PSI Rx*KC! 

  

  PTOT: =PCO2+PCO+PS10+P02' 
IF PTOT LESS 1 THEN PTOT:=1' 
PN2:=PTOT-PO2=-PC02-PCO-PSI0' 
GOTO SSC¢1) 

Slave programme for the solution of system IIT 

COMMENT SIC/02 = $102/S10/S1/C02/CO‘ 
$22=S1:=TRUE' 
C1:=FALSE® 

CALC: P02: sEXPC=105526/T+21628)' 

» END‘ 

PCO2? =EXP(~64552/T+220228)' 
PCO2@EXPC~45759/T+22°008)' 
PS10:=EXPC+A1417/T4200 76)" FIGURE 2.6 
PTOTs =PCO2+PCN+PSI O+P02 
IF PTOT LESS 4 THEN PTOT:=1° 
PN2: =PTOT=CPC2+PCO+PS10+P029" 
GOTO SSCI)D 

Slave programme for the solution of system IV 

COMMENT SIC/02 = $102/S10/Cc02/c0/c* 
C1:=S2:=TRUE* 
S1:=FALSE' 

CALC# P02? sEXPC~99093/T+20s 432)' 
PCO2 =EXPC~51686/T+20-532)' 
PCO =EXPC~36110/T+20¢ 7369 
PS 102 sEXPC~44334/T+212184)' 
PTOT: =PCO2+PCO+PS10+P02' 
IF PTOT LESS 1 THEN PTOTz:=1' FIGURE 2.7 
PN2?=PTOT=PCO2—PCO=PS10-P02' 
GOTO SSCI)D 

Slave programme for the solution of system V



  

  

fable 2.4 

Label Type Function 

Vv Real Partial pressure range 

x it Iterated partial pressure 

A,B,C 4 

KA ,KB,KC z Constants 

RX, DIS " 

LOW Boolean PTO. lor PN2 0           
The analytical calculations require minor trans~ 

iterations only from algebraic to algorithmic form though 

the iterative calculations require further explanation. 

In all iterative solutions a FOR loop is used. Before 

it is entered a number of identifiers shown in table 2h. 

that are to be used in the loop, are declared. Among these 

is the OWN REAL identifier X which is initially defined by a 

conditional assignuent statement. Also a R&AL PROCEDURE F 

is declared which evaluates expressions of the form 

A B 
e ¢ @ 

with a minimum likelihood of overflow. & few constants are 

then calevlated and the FOR loop is entered where X is 

iterated over the range y. 

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 value of LOW remains true 

the range is doubled. 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 range in conjunction with 

the leading IF clause in each loop. iteration continues 

until accuracy is better than four figures.



SOF 

3. RESULUS » 

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~ 

balance. Followed by the pyrolysis of binder/abrasive mixings 

and one binder/abrasive/bond mixing. In addition binder — 

pyrolys@s were stopped at various temperatures to allow 

visual examination of the partially decomposed binder. in 

section 3.2, experiments to examine the oxidation properties 

of silicon carbide are reported, using the same apparatus, 

although particular attention is paid to isothermal firing. 

In section 3.3, the results of firing isothermally pellets 

of silicon carbide, bond and binder, and pellets of alumina, 

bond and binder are presented. Fourthly, a series of ad hoc 

experiments Lage performed and these are reported in sections 

3.h, 3.5 end 3.6. he final part of the investigation con= 

sisted of a theoretical analysis of the oxidation of silicon 

carbide in air using a digital computer and this is reported 

in section 4. 

3.3 Binder Pyrolysis. 

fhe calculations necessary to transfer the result of 

pyrolysis recorded on the thermobalance output chart were 

calculated as follews: the origin on the thermobalance output 

Cont'd.
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chart was taken as 100% and the weight per cent of the 

sample was calculated from this point. In each of these 

figures the abscissa is temperature and the rate of heating 

was approximately 50 ¢ per hour except in the case of one test 

performed on dried glucose where a very rapid heating rate 

of ca 300 ¢ 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 which rapid 

changes in welght occur are probably higher than those that 

would have heen obtained hud either a very much slower heating 

been used or a series of isothermal firings to constant weight 

been used although both these methods would have been much 

more protracted - to take an example, drying will proceed at 

100°C if sufficient time is allowed putiithe results of these 

experiments it is indicated that drying is not complete until 

120°C, this temperature head of 20° is presumably necessary 

to transfex heat from the furnace to the crucible and into 

the mass of binder. 

The results of pyrolysis up to 700°C. are given in 

figures 3.1.1 to 3.1.3 for each binder, In figure 3.1.4 the 

pyrolysis on a 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 samples of glucose 

and dextrin ave given which show an apparent increase in weight 
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following 8 vapid weight loss; this anomalous behaviour was 

the result of very large dilations of the binders causing then 

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. and 3.2.2. show the state of the 

binders at three different temperatures, they were produced 

by discontinuing the pyrolysis et the temperatures stated. 

Starch remained compact and similer in appearance to dextrin 

heated to 220°C. 

The pyrolysis of pure binder differs from practice in 

two very significant ways: first, the binder is finely dis- 

persed in a wheel and not concentrated in one area, and 

second, the bond and abrasive can impede oxygen transfer 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, ie: 50° per hour, and the 

method of calculating weight per cent is similer although the 

weight of binder was only a proportion of the totel sample 

weight. Since water was added to facilitate mixing the 

initial weights were greater than 100%; however, due to 

evaporation they were less than might have been expected from 

the mixing compositions end consequently the minimum weight 

recorded after the completion of pyrolysis is assumed to be 
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zere, 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 containing 

starch, silicon carbide, bond and water. The first test 

followed the same programme as the binder/abrasive (only) 

tests and the result is shown in figure 3.4.1. although the 

second test, shown in figure 3.4.2, isothermal firing at 

000°C was used; in this graph the abscissa is time, and a 

logarithmic scale is used. 

3s2_Silicon Carbide Oxidation. 

The thermobalence work on birder pyrolysis was extended 

to study silicon carbide oxidation and two types of test were 

used, the results of which are shown in figures 3.9.1 and 

3.5.3» In each of these figures the changes in weight as 

ppm of original sample weight is plotted either against 

temperature or time. Figure 3.9.1. shows the effect of 

programmed heating on silicon carbide while in figure 3.5.2 

the effect of isothermally firing the same grit is shown. 

In the first experiment the origin on the thermobalance 

output chart was assumed to be zero and woight change was 

calculated from this datum although in the second experiment 

a different technique was used. 

For the results shown in figure 3.9.2. 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 temperature and it is observed that in ali but the 

highest temperature tests the weight recording reaches a 

peeeay velue within & minutes and this is maintained for 

varying lengths of time, a longest time being at the 

lowest temperature of 500. C, when it is just under 8 hours. 

The weight recorded after 4 minutes is higher than the 

recording before lowering the furnace and it is probably due 

to impingenent of steady state conMection on the base of 

the erucible: this weight plateau is therefore assumed to be 

zero and changes in weight are expressed as ppm of the 

original sample weight from this datum. For the higher 

temperature tests, viz: 800 end above no plateau is observed 

and therefore a datum is calculated by averaging the drop in 

weight recorded ae the initial increase to the plateau 

observed below 800° €, (a correlation on this drop with 

temperature 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 is distinguished by an asterisk placed after 

the temperature designation. 
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‘The Microsconic Bxamination of Tsothexmally 

Fired Pellets. 

Whe results of these tests described in section 2.2 

are shown in figures 3.6.1 to 3.7: figures 3.6.1 to 3.60% 

are contained in a pocket at the back of the thesisi 

fhe silicon carbide results which are the mein aspect 

of the thesis are shown actual size in figures 3.6.1 to 

3.6.4. Four different compacting pressures were penataesr’ 

_and es different temperatures covering the range 1250" ¢ 

to 1400" C. These extended the thermobalance work. In the 

tests up to and including pellets fired for 1 minute, a total 

of four zones or structures can be distinguished, viz: 

Ae Dark - friable 

B. Light grey ~- friable 

Cc. Black - hard 

De Green ~ hard 

After 20 seconds the specimens were dark brown and A wps the 

predominant zone, although some B was visible mainly at 

corners. After 40 seconds many of the specimens showed a11 

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. Subsequent firing 

eliminated the friable .zones end in some cases only the hard 

green structure (D) was found. However, the photographs of 
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some of the pellets containing only the hard zones are rather 

deceptive: initially zone C, although it was quite distinct 

from 4, tended to be slightly matt and this contrasted well 

against the surrounding D. With continued firing C became 

progressively more shiny and failed to contrast against the 

outer zone. Because of this effect a prief description of the 

hard structure pellets is given. 

The results of firing pellets at 1250 C are shown in 

figure 3.6.1. Pellets fired at this temperature after con- 

pacting to 1.1. t.s.1 achieved uniform green colour in 

3 minutes. Those compacted to 2.2 t.sei achieved this structure 

in 10 minutes; after 3 minutes a small triangular patch of 

zone G still remained. The pellets compacted to the higher 

pressures in both cases retained gone C up to 14 hours 

although the area was no more than +" soe 

fhe results of firing pellets at 1300" C are shown in 

figure 3.6.2 in which zone C was more persistent. 4 border 

of D surrounded a core of C up to 14 hours, 6 hours, 18 hours 

and 24 hours in pellets compacted to 1.1 test, 2.2 tei, 

k.5 tesei, and 5.6 t.s.1, respectively, with the exception of 

one pellet compacted to 1.1 t.s.i, and fired for 3 minutes. 

This pellet was uniformly green. The border of D was about 

#" deep on pellets compacted to 1.1 t.sei changing to 4" deep 

on pellets compacted to 5.6 t.s.i. However, the depth was 
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FIGURE 3.7 The isothermal firing of alumina pellets



ae 

affected little by time: the changes to uniform green were 

abrupt. 

The pellets fired at 1350" C@ are shown in figure 3.6.3. 

These pellets when compacted to 1.1 t.s.4 and 2.2. t.eSed 

yetained zone C up to 20 mimites and 2¢ hours while thoss 

compacted to higher pressures retained zone C up to 2% hours 

and the depth of D was about } deep - in the previous pressure 

yenge D was about 4" deep. 

The pellets fired to 1400" CG are shown in figure 3. 64. 

Their structure in each case 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 about 3" deep in pellets compacted to 1.1 t.sei end fired 

up to 100 hours and in pellets compacted to 2.2 t.5.i and 

fired up to 100 hours. In pellets compacted to 4.9 t.s.i 

the zone was less than 1/16 ‘up to 6 hours increasing to 3" 

at 18 hours and longer. In pellets compacted to 5.6 hours 

the zones were less than 1/16" up to 18 hours becoming $" at 

50 and 100 hours. The centre zone was shiny black up to 

18 hours; however, at 50 and 100 hours the centre zone was 

much paler being 2 grey/green colour and not obviously 

carbonaceous. 

In figure 3.7 the alumina pellets are shown at less than 

actual size. Only one compacting ee was used and an 

maximum temperature examined was 1200" G although from 300° ¢ 
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to this temperature the range was well covered. 

th Te Pired P . 

Following the pyrolysis at 1000 ¢ of pellets made from 

silicon carbide, binder and bond, and 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 

stress in pounds/square inch is plotted against time using 

a@ logarithmic scele. 

3.5 _Silo Rxperiment. 

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 particle size’ to change with position 

in the sample and from this it is coneluded that sampling 

from silo is sufficiently representative of the bulk material. 

3.6.Heat Transfer. 

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: 

@ = Bise in calorimeter temperature x 100 .e.e6 (1) 

sample weight 
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is plotted against time, t. This funetion is proportional to 

the average temperature of the pellets and in the following 

treatment the time is found for this temperature to reach 90% 

of the equilibrium value, © » reached after infinite soaking 

time in the furnace. : 

The shape of the graph indicates an equation of the form 

BS a 8 a Un Nal owes celnrdeaper ae 
0 

Ss a first approximation n can be found as follows: 

differentiating equation 2 with respect to time, 

~nt 
dg8 = nOe ict ev oae se eeemee anemia on 

at 

Now 
} 

-nt : 
; 

e WL ee owpeeeeecereospessneee™ 4) 

(t=o) 
using Cha nerv lls ak te minvbe 

andthe slope 

ge + 3.1 LL Sisie- ous vam ainie Se yiven a ee etek (5) 

at 

Tf it is assumed that after 1 hour the temperature of the 

pellet has reached equilipriua 

@ = 12.5 eT aves eewar yes eeSaeein’ © (6) 

0 

and substituting 4, 3 and 6 in equation 3 

n@ 0.25 Sicbcced cour eeesessrosewe see (7) 

This solution is now improved as follows: Let § be an adjustment 

to n such that nt § is a better estimate of the required 

rate constant, then Cont'd.



ae gtr ie 
ont=tt 

@=e@ -98e Wo ody hate cect ose sew eele site) 

4f is small 
: =nt 
6=e@ - se Clos) ewes seas seceee 09) 

  

0 

whence 
-nt -n& 

@=9 (lee 49 Ste ECG visee mkt 

o 9 
=nt 

Dividing though by l-e i 
on 

8. wH=0 + 0 Ste Wonca setae) 
oe 0 9 ont 

l-e l-e 

Using all the results shown in figure 3.10 equation a 

was solved by corrolating 
ont 

pe! on § te. 8 
ant -nt 

1-e 1-8 

and it was found that § = 0.01  .s+eeseseeee (12) 

@ =11.0 Pick Gacclues ccceames qevmeme(lon 
; He 

and 1 = 0126 svcerevevcceecvccscaceossoos (14) 

Substituting this value of n in equation 2 for 

@= 90,8 
0 

100 
~0.26 t 

alse pu revssecceccenccoeres (15) 

whence 
< 
90% (Al 6 ) = 9 mins bieerotcoss seecen (lO) 

23 : 
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in the case of silicon carbide the rate of heating will be 

faster since : 

1. Pellets are slightly smaller. 

26 Surface enieivity of silicon carbide is 

higher then that of white alumina. 

3. The thermal aiftusifty is about three times 

greater. 

Therefore, 

“gog (sic) * 3 mins Sho deRae ey oqemer eRe?



.. THERMODYNAMICS OF SILICON CARBIDE OXTDAUTON. 

41 The Natpre of the Problem. 

The system under consideration is the oxidation of 

silicon carbide in air. It, therefore, contains the four 

elements, oxygen, nitrogen, silicon end carbon. It is 

assumed that nitrides do not form but silicon carbide, 

during heating, reacts with oxygen to form at least one 

oxide. Since both component elements of silicon carbide 

form two oxides a comprehensive treatment of the system 

must incluce the following : 

ae eeic 

Dans 
: 2 
BN 

i 2 

4,  -Si0 
2 

5,  si0 Table 4.1 

6. Si 

Wee = 0ed 
2 

8. co 

Socmn G 

9 elements and compounds. 

fhe aim in thermodynamics is to determine the con = 

ditions of equilibrium. In table 4.1, eight reactive com- 

ponents are listed end it can be shown that these lead to the 

Cont'd.
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following reactions ~ table 2s 

fable 4.2 

  

Reaction or Reaction fyne No, of Reactions. I 

Silicon carbide formation 

  

Silicon carbide oxidation by oxygen 

Reactions involving silicon and 

oxygen only 
y 

Reactions involving carbon end   
oxygen only 

uy 

Redox reactions involving oxygen, 

silicon and carbon 9 

Silicon carbide oxidetion by oxide sae 

Lotsl 40_       
  

4.2 Sssumptions. 

fo make the problem tractable some simplifications 

ave necessary. Already it hes been assumed that nitrogen 

cs inert and this reduces the number of equilibria to be 

considered, but those outlined above are not all independent 

and in fact only five are needed to completely define the 

thermodynamics of the system. In table 4.1, five compounds 

Bie listed end the formation of these will be used as basic 

f equations from which all others are derived. these reactions 

together with their standard free energies (aa) are given 

; 
Cont'd.



Ta Ve 

in table 4.3. 
FIGURE 4.3 The free energy of formation of the principal 

  

  

om 

si + ¢ @ sic MG. 2 wo78Os 1 Pe eee 

2Sir 0 e 2si0 6 = --46280-40.27 ....0808 

Si + 6 8610. AG) = -209680142.97 2. .0ees 

2c + om 2co" Ac. = = F3400-41 ET oc eee eee 

c 4 0, co "AG = -94200-0.27 — veeseeee 

(1) 

(2) 

(3) 

(4) 

(5) 
  

Although kinetic factors such as diffusion of air 

between the grains, way affect the approach to the equilibrium 

‘state, the systems examined are assumed to be closed in 

which equilibrium is attained. 

fhree other assumptions mede in this diseussion are 

as follows : 

1. Gases behave ideally. 

2. fach solid component exists as a separate phase 

exhibiting only negligible solubility of other 

components. 

Se The system is at unit atmosphere pressure. 

4.3 Method. 

Phe second assumption necessitates restrictions since 

all 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 euployed is to consider e number of condensed 

phase combinations. sch combination is then examined in 

the temperature range oc to 2000°C in 100° inerements using 

thermodynamic and stoichiometric relations, and the results 

are given as tables 4.5 to hd. 

The first stage in the analysis is to establish a 

formula for calculating the equilibrium partial pressure of 

one of the components in the gas phase (co, CO , SiO and O ys 

fhis proved to be the most difficult part ekeiane sons of 

the equations are extremely complex and required iterative 

methods for solution with the aid of a digital computer. 

fhe partial pressure of the remaining components in the gas 

phase are then readily celeulated including the partial 

pressure of nitrogen which is generally calculated by 

difference. hese results are given in tables 4.5 to 4.9. 

y £fter composition of the gas phase has been established 

the quantities of the condensed phases that participete 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 49 

and further summarised in table 4,10. In this summery cone 

densed phases are specified as being either reactants or 

products as functions of temperature. 

Cont'd.
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Using the calculated yelues of partial pressures of 

the gas. phase components, the systems are then re~examined. 

by considering the hypothetical state in which all the solid 

phases are present. This necessitates the assignment of 

non-unit activities to those phases originally excluded. 

these activity data are used to ascertain the, stability of 

the system using the foxzoing argument: if the activity is 

less than one the escaping tendency or chemical potential is 

less then the pure phase and therefore the system is stable, 

sithough if the phase was introduced into the system (physically) 

it would react with it; if the listed activity is greater 

then one the ‘converse is true and the system may be said to 

be supersaturated with the excluded phase. 

At high temperatures in the four phase systems it was 

found that the solution is only possible at pressures above 

one atmosphere. it follows that beceuse practical firing or 

silicon carbide wheels is normally performed at about one 

atmosphere pressure the system is unstable and therefore 

oxidation will proceed until stebility is attained by eliminatio: 

of one of the condensed phases. 

In table 4.11 the activity data and system pressure data 

are summarised using the above arguments, when three states 

are specified >; 

1. If the system shows supersaturation the relevant 

phases are shown. 
he 
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Qa If no supersaturation is evident and if 

equilibrium is reached at unit atmosphere 

pressure the system is said to be "stable". 

ge If the system ettains equilibrium only at 

elevated pressures the system is said to be 

Munstable". 

The first system to be analysed is the simple two 

phase system containing silicon carbide and gas 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 and 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 fomrolng subsections they are referred to by Roman 

mumerals as follows ; 

I. ‘silicon carbide/ges, 

II. silicon carbide/silica/gas, 

TIT. silicon carbide/silicon/gas, 

IV. silicon carbide/silicon/silica/gas, 

V. silicon carbide/silica/carbon/gas. 

Throughout the calculations the following symbols 

(table 4.4) are used. 
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Table &.& 

Symbol Function 

p partial pressure 

a activity 

n number of moles 

N Fractional molar yield per 

mole of equilibrium gas 

phase (reactants are 

treated as negative products) 

Ac standard free energy 

t | absolute temperature Cx) 

K Bquilibrium constant at 

i : temperature Tf.     
N and n are also subscripted by the chemical symbols 

and the letters m, u, W, X, Y, 2, are used to denote number 

of moles in some of the stoichiometric equations to simplify 

retation. 

Lu. System I > Silicon Carbide/Gas. 

Yhe fundamental reaction to consiuer in this section is: 

mSiC + nOWxSi0 + yCO + 2CO .,.....010. (6) 
2 2 

this equation is the summation of equations, 1, 2, and 5 

and thermodynamically it may be resolved into an initial 

Cont'd.
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dissociation of silicon carbide (equation 1) followed by 

oxidation of the elements to form a mixture of volatile 

oxides (equations 2, 4 and 5). Nitrogen has been omitted 

for simplicity but it should strictly oecurjboth sides of 

equation 6. 

The method adopted for finding the conditions of this 

equilibrium, consists of developing an equation containing 

the partial pressures of the reactive constituents of the 

gas phase, reducing the degrees of freedom with thextio- 

dynamic and stoichiometric restrictions, solving for one 

of the partial pressures and then by substituting back 

into previous equations finding all the equilibrium pressures. 

T£ n moles of oxygen are available for the oxidation 

of silicon carbide, then for conservation of oxygen in a 

closed system ~ 

n= n +4 +4n +n E lemee eine (ee 
02(R) sio co co2 

where n = number of moles of unreacted oxygen 

02(R) 

n = ws bi silicon monoxide = x 

Si0 

n = a " carbon dioxide = y 
C02 J 

n = " tt carbon monoxide = z 
co 

Assuming air to contein 60% nitrogen and 20% oxygen the 

mumber of moles of nitrogen, ae will be given by ~ 

n sln=ln + hn & 2n + 2n eee eGo 
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but from the ideal gas assumption equation 8 may be rewritten: 

= lp + 2p « 2p wena es NO) 
p + hp 
N2 C02 co gio 02(R) 

where p = partial pressure. 

fhe total pressure of the system Pare is given by 

pe? pe t by untae wyaeanerto) 
del ne” Poste). 7002 "66 Bd 

therefore from equations 9 and 10 

p = 5p oF r +3 Rsistened ee 

mop ~~ 02¢R) * ®o08 3Po0 P50 4 

but p =i tee a aus rise de nsneemeaeer Vie 

ror 

therefore 

5p Sp 2 Sees 3 =l ieee les KIO0 

02{R) co2 co Peso 

Silicon carbide contains equiatomic proportions of 

silicon and carbon hence 

n =n +n eto t oes eretocveesorsesoes qh) 

SiO co2 co 

or p =P 2p) PO een ah eee onthe eemuLOn 

Si0 co2 co 

substituting in equation 13 

5p + & + 6 sil Se stance tee WiC) 

oa(n) ” cor co ‘ 

Equation 16 can now be solved using equilibrium constants 

to relate p , Dp and p », derived from the basic equations 

‘ 020) COZ co 

1 to 5. 
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Bliminating the elements oxygen, carbon and silicon 

from equations 1, 4, % and 5 yields : 
97940 - 841 

fh i 
° 

Sic + 2c0—>Si0 + 3COAG = Devecues 
: 2 

whence KG”, the equilibrium constant, is given by” 

P p> 
K =p S840 4 200 
Or ees. Bavieee (ene neeeeeereeeeonaoens (18) 

co2 

substituting an from equation 15 end rearranging 

K op oo ee + ~P rt Ot gnwinter Gee) 
(17) co2 co. =—c02 co 

Equation 19 is a quadratic in p es for which the positive root is    
=D : aca seu (oO) 

ak 
(17) 

The value of Aa) can be derived from the standard free 

° 
energy, AG , of equation 17 thus ~ 

K = Jpevrr e 9290/2 + 42.325 .... (21) 
T(17) 8 

To complete the solution of equation 16, re on be eliminated 

as follows :_ 

from egations + and 5 
9 

2co+0 = 260 AG = -139000 4 4LUE  ....05 (22) 
2 2 

whence . 
2 -6790/T - 20.84 

K (22) =p = 6 
= E02, 

2 
DG Dak SUS Fee eek Coane Vee eDN 
co” 02(R) 
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The summation of equations 16, 20 and 23 reduces to : 

5p 3 a 
COK (22) (p +1)8p_ K (2p_ +2) 

t co O° (17) co 

2 “1 “1 2 “1 1 
“Pp (5K K (Sp «K K 

co (17) - b. (22) CO.-T Cart Cee) 

+12p -2) +36)+12p -1= 0 wiWiare, vie) hee) 
co co 

Equation 24 cannot be solved analytically, therefore 

an iteretive method mst be used. 4n Blliott 803 computer 

was programmed to solve the equation by such a method over 

the temperature range O to 2000°C and the results are given 

in tabie 4.5. ‘he details of the programme are given in 

section 2 but the general method was as follows: .a value for 

Pp was assumed and p was calculated by substitution into 

co co2 

equation 20. These values for p and p were inserted into 
co2 co 

equation 23 to find es and then equation 16 used to find the 

resulting atmospheric pressure. If this pressure was less 

than one, Pie was dowbled and the procedure repeated until the 

equilibrium atmospheric pressure exceeded ons. fhe result of 

these Spatations determines a range in which the correct 

valne of PR must lie, viz: between the last two values cal~ 

culated, repeated bisection of this range was performed until 

the possible exrof was insignificant. 

In table 4.5 the number of moles of silicon carbide 

(N _) and the number of moles of initial (or atmospheric) 
sic ; Cont'd
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oxygen arte involved in the reaction are given. These 

quantities are defined as the number of moles produced per 

mole of equilibrium ges phase. Jt should be noted therefore 

that reactants are treated as negative products. 

For the conservation of silicon : 

N +N +p OW 2 0  ciwcavee C20? 
Sic 802 _Sid Si 

Poor 

but in this section the yields of silica and silicon 

menexide are assumed zero thus equation 25 reduces to 

N = p /p Macie yoebeleens snes’ e eee Cee) 
Sic 6i0 Tor 

Similarly, 

N Doe Pp P 
02(T) + _02(R) + Fy02 + va + Peso 20s reese 

Pp B 2S p 
ror TOPS STOSs Sever 

Combining equations 9 end 27 

N ee-p /y CvGakeescoensdes paleo) 
02(T) N2 Pon 

fo 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 exists 

between the equilibrium constant end the stendard free energy 

of a reaction. Calculetion is made simpler if reactions 

involving only one condensed phase are used, 
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From equations 4+ and 5 : 
9° 

ee, + Gp2co AG = 40,800-41.67 peuteavicce, (29) 

-a0/ RE 
therefore K = _¢o = ¢ wainatee see ie 

129) Pg 
co02"¢ 

2 
whence a = foo 20533/T-20.94 

© Boos ® a pie ae sie cota) 

From equation 2 + 

2 2 23292/T+20.24 
K = /¢ = e20 

2(2) . S10 Poa" si ‘ Be 

whence 7 = Egio go TINONG/Dh Orde ieee (38) 

"02 

From equations 2 and 3 3 
oO 

2810 + ga AG = ~373080112%.8T ...06 (34) 

0 
therefore K eae /(" Payie se Le ahs 

£(3%) $102 S10 02 

whence a = pe = 9398877314 (36) 
§102 Psi0 02 

4.5 System IL ~ SiC/Si9 /Gas. 
Teh hans ge eer tees 

In table 4.5 it can be seen that the exclusion of 

silica from the products of oxidation leads to very high 

equilibrium activities for silica at low temperature; 

therefore at these temperatures silica would be expected 

to form. In this subsection the general equation 

wsic > Se + x8i0 + a, * S00. aseacew (39) 
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will be considered. ‘his equation is similar to equation 6 

except that silicon forms both its oxides. A similar 

treatment will be followed for equation 37 as for equation 6 

although different equilibria and stoichiometry are pertinent. 

For n moles of oxygen equation 7 now reads ; 

n=n wn tn + $n + dn endoee ASG) 
02(R) $102 co2 co Sid 

whence 

n= ln = hn + On + hn WEN! isa seisee 59) 
N2 $102 810 co2 co 

However, equation 39 cannot be converted to a partial 

pressure equation since it contains n oA but from the 
SiO. 

stoichiometry of silicon carbide 

n +n =n =n ere TeniWeiceenie COO) 
$102 S10 Sic co2 co 

substituting for n in equation 39 yields 
S102 

Nn = kn ~ 20 4 On ba ccices saeteo snr cnt) 
Ne 02(R) Si0 co 

whence 

p = 4p - 2 + 8p + 6p eveeeves (te) 
N2 02(R) Pst0 co2 co 

and 

D = 5 - + 9 +? aden wenn ctae 
tor PoacR) Peto "02 *o0 

Equation 43 contains 4+ unknowns Mek = 1) and therefore 

a further three equations are required for its solution. 

Ne 
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These may—be-obteained as foltows. - 

From equatiorsl, 3 and 5 : 
° 

SiC + 20—) Si0 2 co AG = -291100+ 4o.ur .. (Ur) 
2 a 2 

whence the equilibrium coefficient is given by 

. 3 2 ~APRE un) 
= = 6 evevouvcese 

TC) "02 , 02 

From equations 1, 3 and $+ 
Qo 

Sic + do, ->si0 + CO AG = «223600 + 19.7T oo. (46) 

2 

whence i 530/ 
112530/T-9.912 

K = / =e Souceeeee CHD 
2(46) "eo os 

From equations 2 and 3 + 
° 

canto a *, AG = 186540-62.42  ..ceeee0. (48) 

whence 
1 ee ~93880/1+31.% : 

K =p 2 =e nee ceeaeen cre) 
£(48) 02 810 

Substituting and in equation 43 and equatin; 
Foon’ Poo * 510 2 . i 

P to one yields : 
Tor 

2 
Re i Sp -K 4 = Live 450) 
acy? oo * “ncusy® o2 * 7Po2 ~ “2cuey” o2 

+ 
If equation 50 is multiplied by p & it can be seen that 

it is a fifth order polynomial in p as It is impossible to 

solve a fifth order polynomial anslytically and therefore 

equation 50 wes solved iteratively in a similer manner to that 

Cont'd.
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used in the previous section for the two phese# system. 

The details of the programms are given in section 2. However, 

it was found during the early stages of development that the 

solution could yield negative values of p_ at high tem~ 

peratures and therefore iteration was noai tied to find the 

lowest value of p consistent with a minimum value of oné 

for vee and a el value of zero for 2a The results 

of this calculation ere shown in table 4.6. 

In table 4.6 the molar yields of silica are included. 

ware 
Theseses calculated as follows: for the conservation of 

oxygen, using the same conventions as in section 4.4. 

N +N +N +N eAN 4 BN =O coos (51) 

o2(L) 02(R) $102 c02 GOT = pL 

whence 

N aru - ¢ * * + Mv wok ney 

$102 02(1) voatR) Pco2 Pog Beso) Spor j 

OCT cannot be converted to a pressure quotient since / 

the initial oxygen does not appear in the equilibrium state. 

However , Hates ean be eliminated from equation 51 using: 

equation 28 thus ; 

= (ip N = - ~ tt  )/ 20. 053) 
$102 oo * Pror wo ~ Poatr) ~ "co2 340 

The other values in columns 8 to 11 in table 4.6 were 

calevlated in exactly the same manner es before except that 

N 4s not zero and must be included in the calculation of 

si02 i 
u - equations 25 and 26. 
Sic Cont'd.
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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 4.6 

shows that the introduction of silica (which is always present 

in vitreous grinding wheels) renders carbon stable at low 

temperature and silicon stable at very high temperatures. 

In the next three sections therefore the systems containing 

1. Silicon 

2. Silicon and silica 

3. Carbon and silica 

will be examined. 

4.6 System TTL - Silicon/Silicon Carbide/Gas. 

The reaction to be considered is 

mSic + nO sp wSi + xSi0 + yoo, HCO” ca seccsie Cot) 

in which silicon is only partially oxidised to S10. 

The arguments that applied to the two phase system 

apply here as far as equation 13 viz + 

5 Spe Uaeap) cre do sect sence (i900, 
co iP * 5p 

02(R) co02 S10 

though it is not possible to apply the restriction 

enw oka Poh Nae eoek ocean seers webntOanl) 
$10 C02. co 

and therefore the restriction 

a s1 Teac coun ve se Guns anle assess) (90) 
Si 

will be used to solve equation 13. 
Cont'd.



From equations 

SIC + O~> Si + 
2 

= 56 6 
Land 5: 

vo ae = +B1420 - 1.91 secves (56) 

whence 
- 40976/1+0.96 

Sarcige = 7: T(56 ae, Uegeeeeecaven (92) (56) Boos 

From equations 1 and + : 
° 

2sic + Gosa00 + St AG = -278H0-45.20 c.c0. (58) 

whence 
i i 2 / 14012/T+22.74 (59) 
158) ? 6 oe Range wnne ; 

From equation aus S 
‘ 2 23252/T+10.. 

K =p fp mie ae ecvcovee (60) 
(2) sig "02 

Substituting the above in equation 13 to eliminate p ¢ 

Pp and p Lelds 
oo P10 * 

5(1 ) Kk 
(56) 

@ quadratic: in p 

Pee ae 
3 OK t 

$ T( 58) 
B 

02 

Values of p were c. 
9 92 

Q to 2000 ¢ 

59 and 60 values of 

+ K a 3¢ 

oe 

+ ¥ Kbps Ons. den(O2) 
"(58)  «-B(2)* 02 

pe of which the only positive root is 

1 
+ 2 

x & ) +20(14K 6 
T( 56) 

+ fa : x ~ 
T(2) 2(58) 2(2) 

10(1+K ) 
(56) 

alcilated over the temperature range 

using equation 62 and then using equations 57, 

and p were calculated: Be 
; SiO 

Cont'd. 
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the results are shown in table 4.7. 

In table 4.7 the moler yield of silicon is given; 

this was calcvlated as follows. 

From the stoichiometry of silicon carbide 

N oN +N =N tN GN nasecee 40d) 
Si GG" 2G S102 810 co2 

but in this section 

N =0 Smilaeesiweasecesesees OW) 

c 

therefore 

N =N +N +N PilveceesseeenO) oN 
Si. co2 co 8102 $i0 

Eliminating Bao using equation 93 and assuming ideal 

gases equation 65 reduces to 

N= (2 sf epua © * - Vv eo (66) 

Bi Poon” ‘ Foo Poacn) "xp Peso Poor 

Other values in table 4.7 were calculated as in the 

previous section except that the value of Ba from squation 66 

must be substituted into equation 26 to calculate Mie 

  

The equation to be considered is the sum of equations 

6, 37 and 5%, viz: 

mic + n0 ~p vSi0. + wSl0 + xSi + yCO + 200 coo (67) 
2 2 2 

fhe restriction n =n +n Eee as oe LD 
$i0 C02 co 

Cont'd.
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cannot be used but the restrictions 

a o=l Gras ea eve e see ences emu ty 
Si 

and a =1 Daan esate s seu mae com ueon) 
6102 

are available and these reduce the complexity of the algebra. 

The restriction 

P el FapecsWesseusesececeses Nee) 

is now superfluous. This latter point will render the 

solution at unit atmosphere pressure impossible if the sum 

of reacting gases is greater than one, therefore the procedure 

will be to calculate p ™ from the equation 
tor ‘ 

=p tp +p dessebenves (09) Pp + 

TOT co2 co S10 PoacR) 

then if 

z 
Pp <1 
Tor 

pi seiierp 2 
N2 Tor 

and 

ae =1 Pla uewineseumectosecyccevieces'e hey Uy 

otherwise 

po =0 
N2 

and 

2 pur Ce Liens See a Canis Ses eum 
Pron Prot 

Cont'd.
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The equilibrium partial pressure of p ,p 4p and 
' co2. co = 810 

p can be calaulated as follows : 
02(R) 

From equations 2 and 3 
° 

iO + $81-0510 AG = 81700~11..255 idee we el ere 

whence ok 
1117/T+20. 

K =p =e Lal eslneessoodeme CAR) 
172) SiO 

From equation 3 6/ 
105526/T~21.2 

K = iI/p =e - : Hepes cusasicce Cra? 
(3) 02 

whence 
~105526/T+21 29 

ac Saweceisvecensasenecwe 700 

From equations 1, 3 and 5 
° 

sic + mo 60, + 284 AG = 1286260-l4,2T ... (76) 

whence 6450/2 
- 0/T+22 22 

K = = RGeseacsuteecare re) 
1(76) P coe : 

From equations 1, 3 and & 
° 

SiC + 4810 -> CO + 1482 AG = 90920-43.752 ... (78) 
2 

whence 
-$732/T+22.02 

assevececcescecs (79) K = 

(78) *co 

The values of p oR ees and p Were calculated over 
C02 4 CO 840 02 

the range 0 to 2000 C and the results are shown in table 6.8; 

Cont'd.
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Cor and a wore calculated from equations 1 and 72 and 

the remaining quantities were calculated as described in 

the previous subsectionse 

  

The equation for consideration here is 3 

-meic + me YEAS + wSL0 + x00, + yCO + ZC ceoe (80) 

The equation differs from equations 6, 37, 3+ and 67 in 

that it contains carbon in elemental form; however, its 

treatment is identical to the previous case except that 

a = 1 Cee iiaseibes «ewer 2. \0n) 
¢ 

and a pas Be eee ean celaelcis welca a erate) 
S102 

but a x Gli cue pele Oer oe wensues esas onecue? 

a? 

Therefore from equations 1, 3 and 5 3 

o 

Sic + a 810, 4 20 AG = -102700+%0.8T oe (83) 

whence s1b9G/ 4 . 

~§1690/1+20, 

2 = 1/K ne pawascavecsm kel) 

co2 (83) 

From equations 1, 3 and Wes 
° 

$816 + Gor? wei + 3/20 AG = -7L750r41.2T 00 (85) 

whence 
#36110/T+20.73 

p= i/k =e SER Copetess 1D) 

co T(85) Contida,



tal Giles 

From equations 1, 2 and 3 ? 
° 

#810 + ee le sio+ 4c AG = 88090-4217 20. (87) 

whencs 
3 33/T221 219 

Pp = K 2 @ 

610 T(87) 

From equations 1 and 3 
o J 

Sic + a B10, eG AG = =196900H40.62 e000 (89) 

walvons peu ssihenu geo? 

whence ~99094,/2+20.43 
= 1/K = 

Poocr) (89) 
The values of p 

cseeteses (90) 

9 D and p were calculated over 

02(R{ = C02 $i0 

the range 0 to 2000 C and the results are shown in table 4.9; 

p and p were calculated as before from equations 71 

Tor N2 

and 72. The molar yield of carbon was calculated as follows: 

N +N +N. oN EON tN eageccs Od? 

$102 810 6i co2 co c 

put since 

N #0 Maths ec Pate aaseeetai sae re vesinai as) 

84 

NeW 2N -~W -N Gea cege smneese (02) 

¢ $102 $10 co2 co 

Comparison with equation 65 shows that 

ices cca exe vvleee COS) N = oN 
C(NSi=0) s2(Nc=0) 

Cont'd.



TABLE 4.5 SHOWING EQUILIBRIUM CONDITIONS FOR SYSTEM |. VIZ sic/o2/s10/co2/co/n2 

P(02.R) 

3.83461 

305 10-6 

2.408-37 

1008-31 

8,96@-28 

706. 08-25 

1,36@-22 

7.878-21 

1,68@-19 

1,328-18 

5360-18 

1,618-17 

44, 084-17 

96148-17 

1,86@-16 

3490-16 

6.118~16 

1401815 

1.6 08-15 

2420-15 

3538-15 

P= PARTIAL PRESSURE IN ATMOS. 

P(co2) 

1.@-01 

1,258-01 

1,25@-01 

1,25@-01 

1,25@-01 

1,35@-01 

1228-01 

14@-01 

5988-2 

1,84@~02 

4320-03 

1108-03 

3.298-04 

114-08 

4478-05 

4958-5 
9.28806 

4, 768-05 

2.618~5 

1,5 18-05 

9.16@-07 

P(co) 

6164-21 

6.266-14 

545 08-10 

2.368-07 

1,678-05 

3.93@-0 
4408-03 

2,71@~02 

8, 708-02 

142@~01 

1,618-01 

1,65@-01 

1,66@-01 

1678-01 

1,678-01 

1,6 78-01 

1.67@-01 

1678-01 

1,67@-01 

1,678-01 

¥.678-01 

P(S10) 

1,258-01 

1,25@-01 

1.258-01 

1,258-01 

1,.25@-01 

1,258-01 

1,26@-01 

1,32@-01 

1478-01 

1,6 18-01 

1,654-01 

1,66@~01 

1678-01 

1,678-01 

1.6 76-01 

1,6 78-01 

1678-01 

1,.67@-01 

1.67@-01 

1,67@-01 

¥.67@-01 

T = TEMPERATURE IN DEG.C. 

P(N2) 

0.750 

0.50 

0.750 

0.50 

50 

0.59 

0,748 

04736 

96797 

0.679 
0,670 

0,667 

0,667 

0,667 

0,667 

0.667 

0,667 

04667 

0,667 

0,667 

0,667 

P(ToT) 

1,00 

1400 

1,00 

1.00 

1,00 

1,00 

1,00 

1,00 

1,00 

1,00 

1400 

1,00 

T 

0 

100 

200 

300 

4oo 

500 

600 

700 

800 

900 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

1700 

1800 

1900 

2000 

N(SIC) N(O2.1) 

0,125 

0.125 

0,125 

=06125 

05125 

0.125 

=0,126 

~0,132 

0.147 

~0.161 

70,165, 

~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 

A(c) 

1138-16 

2.01@-11 

1398-08 

1.318-6 

3218-05 

3-43@-08 

2. 108-03 

8.28@-03 

2, 084-02 

3453-02 

4,88@-02 

6238-02 

7658-02 

915@-02 

1078-01 

1423@-01 

1,398-01 

1455@-01 

1.728-01 

1,88@-01 

2,058-01 

a(si) 

2.420406 

7418403 

2. 0864-02 

24376401 

5.136400 

1.666400 

7.008-01 

3.79801 

2. 798-01 

2, 758-01 

3068-01 

3468-01 

3878-01 

4.278-01 

4.67@-01 

5 .05@-01 

5418-01 

5. 76-01 

6, 108-01 

6428-01 

6738-01 

A = ACTIVITY OF SOLID PHASES 

N= MOLES OF REACTANT OR PRODUCT PER MOLE OF GAS PHASE (REACT. -VE 1 PROD, 4VE) 

A(Sto2) 

0, 008400 

0, 0084-00 

2.23053 

1.308041 

30308432 

1.408426 

1.718421 

2.166+17 

1,388414 

2 04GH11 

9.410408 

7638406 

1.17845 

3056403 

1.236402 

Jo118400 

55 7@-01 

5668-02 

7.168~03 

1108-03 

1,988-08



TABLE 4.6 

P(02.R) 

8648-78 

8648-78 

2,668-67 

2808-55 

7.86@-47 

theo 

9688-36 

6.638-32 

8.758-29 

34398-26 

5. 168-24 

3778-22 

1.54@-20 

34938-19 

6828-18 

8, 788-17 

9420-16 

4038-14 

¥5298-13 

+628@-12 

6038-11 

P= PARTIAL PRESSURE IN ATMOS. 

SHOWING EQUILIBRIUM CONDITIONS FOR SYSTEM II. viz Sic/o2/s102/s10/co2/co/N2 

P(co2) 

1.256470 

4.148407 

3418-08 

5268-07 

3615@-07 

6.228-07 

1.GO-6 

145 98-0 

2624@-06 

2.978-06 

3s 768-06 

4608-06 

5488-06 

6408-6 

76308-6 

8. 758-6 

1,220-65 

2,808-05 

4218-08 

4,58@-08 

1548-03 

P(co) 

14308459 

1.326411 

¥443@-01 

14643@-01 

  

1438-01 

¥443@-01 

1643-01 

1643@-01 

4443@-01 

1443@-01 

1443@-01 

1438-01 

+643@-01 

te44@-01 

4508-01 

6778-01 

3+07@-01 

8,64@-01 

2,21@+00 

55208400 

P(sto) P(N2) P(TOT) 

0, 008400 

7278-58 

5.33840 

54 748-31 

1.288-24 
6,5 18-20 

2, 768-16 

2518-13 

4668-11 

4108-09 

6798-07 
44,5 08406 

6318-05 

8.328-04 

Jo 078-03 
4678-02 

2.41@-01 

9228-01 

24598400 

64636+00 

14566401 

T = TEMPERATURE IN DEGsC. 

& 

& 

06857 

0687 

06857 

0.857 
04857 

0.857 
0.857 

0.857 

06857 

0.857 

06857 
05856 

0,849 

0,804 

0,582 

0,000 

0,000 

0,000 

0,000 

& 

& 

7,00 

1.00 

1,00 

1,00 

1,00 

1500 

1,00 

1,00 

1,00 

1,00 

1,00 

4400 

1,00 

1,00 

1,00 

1423 

3646 

8.83 

20.8 

at 

° 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

1700 

1800 

1900 

2000 

n(sic) N(Si02) N(O2.1) 

0.111 

0,143 

05143 

06143, 

06143 

0,143 

0,143 

0,143 

0,143, 

05143, 

06143 

0.143, 

0.143, 

05 143 

“051 

~0,150 

0.177 

05250 

~0,250 

~0,250 

05250 

40.111 

40,143, 

406143 

405143 

40.143 

+0, 143 

40.143, 

$0,143 

40.143 

406143 

406143, 

40.143 

+0,143, 

40,5142 

406137 

+0,103 

~0, 064 

~0,500 

~0,500 

04500 

-0,500 

05222 

~0,214 

~0,214 

0.204 

0.214 

~0,214 

~0,214 

0,214 

0,214 

0,214 

~0.214 

~0,214 

~0,214 

~0,214 

0,212 

~0,201 

06145, 

+0, 000 

+0,000 

+0,000 

+0, 000 

A(c) 

5.046471 

2. per29 

3.4keH5 

4eT7e+11 

9.286408 

9. 0884-06 

2.566405 

1.516404 

1.5 08+03 

2.226402 

4426401 

1126401 

3+39@+00 

4208400 

4, 83@-01 

2.208-01 

1419801 

8,99@-02 

9s9he@-02 

1,098-01 

1188-01 

A= ACTIVITY OF SOLID PHASES 

N= MOLES OF REACTANT OR PRODUCT PER MOLE OF GAS PHASE (REACT. “VE t PROD. 4NE) 

a(si) 

0, 008400 

2.0037 

8.436-22 

6528-17 

1. 788-13 

6.258-11 

5. De-O 

2098-07 

3.878-06 

4,378-G 

3378-08 

6938-03 

8738-03 

3.26@-ce 

1038-01 

2.828-01 

6308-01 

9497-01 

15066400 

1.118400 

16166400



TABLE 447 SHOWING EQUILIBRIUM CONDITIONS FOR SYSTEM III. VIZ sic/o2z/s10/s1/coz/co/ne 

P(02.R) P(co2) P(Co) P(sio) P(N2) P(TOT) T (St) N(Sic) N(O2.1) A(c) —A(s102) 

5008-67 2,008-01 8568-18 5.908-11 0,800 1,00 © 40,200 =0,200 -0,200 1.36@-10 0,008+00 

tehg@-lg 2008-01 %,81@-12 3.488-07 0,800 1500 100 40,200 ~0,200 -0,200 7253@-08 0, 008+00 

1.828-39 2,008-01 1,008-08 5.23@-05 0,800 1.00 200 40,200 -0,200 ~0.200 2.888-6 8, 136445 

6698-33 1998-01 1.¥5@-056 1368-03 0.799 1400 300 40,198 -0,199 -0,200 3.09@-0) 3.676438 

2668-28 1.92@-01 4698-0) 1.33@-(2 0.79 1.00 400 405179 -0.192 -0.199 1,64@-08 1.908431 

5830-25 1.608-01 5.71@-0} 6,62@-02 0.773 1.00 500 40,094 0,161 -0.193 5.65@-01 6.488425 

Ye40@-22 8.86002 3.13@-03 1.83@-01 0.726 1.00 600 -0,091 ~0,092 =0.181 1.46@-03 2.516421 

5.15@-21 2628-02 8,34@-03 2,81@-01 0,684 1,00 700 -O.2h7 0,035 -0.171 3.12@-03 3.736417 

5808-20 5.82@-03 1.43@-02 3.098-01 0,671 1.00 800 0,289 =0,020 -0,168 5. 788-03 1.716414 

3.71@-19 1.¥i@-03 2,07@-C2 3.108-01 0,668 1,00 900 ~0,288 =0.022 -05167 9.63@-03 2,508+11 

1471@-18 4,25@-0} 2, 708-02 3408-01 0,667 1400 1000 ~0.277 ~0,028 -0,167 1.488-02 9800408 

6.168-18 1.47@-0% 3.54@-02 2,908-01 0,667 1400 1100 -0,262 ~0,036 ~05167 2.14@-02 8.168406 

1.85@-17 5828-0 4,34@-02 2,908-01 0,667 1.00 1200 0.246 0,013 -0,167 2.94@-C2 1637845 

4, 78G-17 2578-0 5«15@-C2 2,628-01 0,667 1400 1300 -0,230 -0.G2 0,167 3888-02 3.736403 

1.098-16 1424@- 5.96@-02 2.7I@-01 0,667 1,00 Thoo -0,214 =0,060 -0.167 4.96@-02 1.556402 

2.258-16 6418-6 6.77@-c2 2,66@-01 0,667 14.00 1500 ~-0,198 0,068 -0,167 6,16@-02 9.11@+00 

288-16 3.558-06 7.55@-02 2,588-01 0,667 1.00 1600 ~0,182 -0,076 0,167 7.488-02 7228-01 

7588-16 2,078-05 8,318-C2 2.508-01 0,667 1400 1700 ~0,167 -0,083 -0;167 8,908-ce 7.348~02 

6268-15 1,278-0 9,01@-2 2,438-01 0,667 1.00 1800 =0,153 ~0,090 ~0.167 1.048-01 94278-03 

2.008-15 8078-07 9. 748-02 2.36@-01 0.667 1400 1900 -0.139 -0.097 0,167 1.208-01 1.41@-03 

3203@-15 5.33@-07 tsO¥@-01 2,298-01 0,667 1400 2000 ~0,125 ~0,10 =0,167 1.378-01 2528-08 

P= PARTIAL PRESSURE IN ATMOS. T = TEMPERATURE IN DEGsCs A = ACTIVITY OF SOLID PHASES 

N= MOLES OF REACTANT OR PRODUCT PER MOLE OF GAS PHASE (REACT. “VE 1 PROD. +VE)



TABLE 4.8 SHOWING EQUILIBRIUM CONDITIONS FOR SYSTEM IV. VIZ S1c/o2/sto2/S10/s1/co2/co/nz 

P(02.R) 

0, 008400 

0, 008400 

0, 006400 

1628-71 

1.40859 

9008-51 

5560-4 

1,368-38 

3390-34 

1.48430 

16 748-27 

7-298-25 

16358-22 

¥.288-20 

7-G@-19 

2478-17 

54938-16 

1030-14 

44368-13 

1428-12 

1,208=11 

P = PARTIAL PRESSURE IN ATMOS. 

P(co2) 

0, 004.00 

3.12066 

2428-50 

5.34@-40 

9.94833 

2.43@-27 

3476-23 
6493@-20 

3368-17 
5678-15 

4288-13 

6720-11 

4,184-10 

65 78@-09 

7-808~08 

6948-07 

4, 85@-05 

2, 788-5 

1,35@-0} 

5.65804 

2. 098-03 

P(co) 

5808-64 

1,908—44 

3.498-33 

7-5 18-26 

1078-20 

078-17 

6,220-14 

1,36@=11 

1098-09 
4.13@-08 

8.85@-07 

1.218-6 

5178-08 

8.408-08 

4, 788-03 

2,2he-02 

8878-02 

3068-01 

9.36@-01 

25296400 

6.536+00 

(S10) 

4, 1@-57 

1398-39 
1,838-29 

7118-23 

3088-18 

8.23@-15 

3.64812 

4618-10 

2.378-08 

6420807 

9. 748-06 

14028-08 

7828-08 

4618-03 

2.208~c2 

8,808-02 

3038-01 

9238-01 

2.526400 

6.29@+00 

Te@+O1 

T = TEMPERATURE IN DEG.C. 

P(N2) 

1,000 

1,000 

T,000 

1,000 

1,000 

1,000 

1,000 

1,000 

4.000 

1,000 

1,000 

1,000 

06999 

0,995 

0.973 

0,890 

0.608 

0,000 

0,000 

0,000 

0,000 

P(Tor) 

1,00 

1,00 

1,00 

1400 

1,00 

+500 

1,00 

1,00 

¥.00 

1.00 

4,00 

1,00 

1400 

1,00 

1.23 

3646 

8.87 

21.0 
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hoo 

1500 
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N(S1) 

~0,250 

~0.250 

~0.250 

~0,250 

~0.250 

~0,250 

0,250 

0,250 

~0,250 

04250 

~04250 

0.250 

~0,250 

-0,250 

0.247 

0,233 

O17! 

+0, 002 

40,081 

+0, 083 

406123, 

N(Sic) N(S102) N(O2.1) 

+0,.000 

+0,.000 

+0,000 

+0,.000 

+0, 000, 

+0,.000 

40,000 

+0,000 

40,000 

0,000 

~0,000 

-0,000 

~0,000 

0,001 

~0..005 

~0,022 

~0, 089 

=06249 

0,271 

~05292 

0.311 

40.250 

+0,250 

+0,250 

+0,250 

40.250 

40,250 

404250 

404250 

40,250 

40,250 

+0,250 

+0,250 

+0,249 

406246 

405200 

+0,167, 

05 4 

0,500 

~0,500 

0,500 

~0.500 

70,250 

0,250 

0,250 

0,250 

~0,250 

0,250 

0,250 

~0,250 

-0.50 

0,250 

~0,250 

05250 

0.250 

-0,249 

~0.243 

~0,222 

~0.152 

+0,000 

+05.000 

+0,000 

+0,000 

A = ACTIVITY OF SOLID PHASES 

N= MOLES OF REACTANT OR PRODUCT PER MOLE OF GAS PHASE (REACT. -VE t PROD. +VE) 

A(c) 

0,.008+-00 

0, 008400 

2908-06 

3.118-05 

1.65@-04 

5688-08 

1478-03 

35 148-03 

581-03 

9.698-03 

t.4ge-02 

2.16@-02 

2.96@-02 

3918-2 

4,99@-02 

6.208-02 

7.53@-2 
8,96@-02 

1605@-01 

6218-01 

1388-01



TABLE 4.9 SHOWING EQUILIGRIUM CONDIDIONS FOR SYSTEM V. viz Sic/o2/s102/s10/co2/co/e/ne 

P(02.R) 

0, 008400 

0, 008400 

0, 008400 

5.06@-47 

8.47056 

1.598-47 
0, 782-41 

4408-36 

5 838-32 

1.53@-28 

1.178-25 

3388-23 

4.54@-21 

3278-19 

1.4@-17 

3.958-16 

7-888-15 

1, 15@-13 

1,30@-12 

1178-11 

8.71@-11 

P = PARTIAL PRESSURE IN ATMOS, 

P( coe) 

4ghe-7h 

5.M6e-52 

2.898-39 

5538-31 

3.660-25 

71-55@-21 

1,608-17 

7-38-15 

9-93@-13, 

6.038-11 

1,928-09 

3.708-08 

4. 768-07 
4430-06 

3-168-05 

1,818-0} 

8.56@-04 

3.478-03 

1423002 

3.86@-0e 

1108-01 

P(co) 

3.64-49 

94158-34 

7-098-25 

44,33@-19 

5+ G8-15. 

5 .228-12 

1.108-09 

7. Be-8 

2.4606 

4.33@-05 

4, 666-04 

3.838-03 

2.298-c2 

1,09@-01 

4284-01 

1.45400 

4, 29@+00 

1, 146401 

2, 768401 

6.158401 

1.280402 

P(S10) 

4710-62 

3.810-43, 

3.12832 

3960-25 

0, 908-20 

1.966-16 
1.408-13 

2,588-11 

1,608-09 

611-08 

1.198-05 

1,508-05 

1.358-08 

9.128-08 

4.91@-03 

2.198-C2 

8,32a-02 

2,769-01 

8,178-01 

2.198400 

5.360400 

T = TEMPERATURE IN DEG.C. 

P(N2) 

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(Tor) 

1.00 

1,00 

1.00 

1,00 

1,00 

1,00 

1.47 

4,08 

W147 

26.4 

63.7 

133 

T 

0 

100 

200 

300 

4oo. 

500 

600 

700 

800 

900 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

1700 

1800 

1900 

2000 

N(c) 

40.250 

40.250 

40,250 

40,250 

40.250 

#04250 

40,250 

40,250 

40,250 

40,250 

+0,249 

+0,243 

40,210 

+0, 060 

-0.498 

1.470 

16462 

14453 
13, 

1.432 

-1.420 

A = ACTIVITY OF SOLID 

N(SIc) N(sto2) N(oz.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 

70,233 

-0,169 

+0, 070 

40.485 

40.481 

F0T] 

+0471 

+0, 466 

+0460 

40,250 

+0,250 

40,250 

40,250 

+0,250 

+#0.250 

+0.250 

40,250 

40,250 

40,250 

40.250 

40.247 

#04233, 

+0,168 

0, 05 

0,500 

0.500 

0.500 

0,500 

0,500 

0,500 

N= MOLES OF REACTANT OR PRODUCT PER MOLE OF GAS PHASE (REACT. -VE t PROD. +VE) 

0,250 

0,250 

0,250 

~0.250 

~0.250 

~0,250 

~0.250 

+050 

~0,250 

-0,250 

0,250 

~0,249 

~0,244 

~0,223 

0, 142 

+0, 000 

+0,000 

+0, 000 

+0, 000 

+0,.000 

+0, 000 

PHASES: 

A(S1) 

0, 0084-00 

896416 

2.950430 

3.118-0 

1,65@-08 

5 .64@-O} 

1,4 78-03 

3. 14@-03 

5, 81@-03 

9.698-03 

1,49@-02 

2.15@-ce 

2.96@-02 

3.91802 

4, 998-02 

6208-02 

7+530-02 

8.96@-02 

1.5801 

1,21@-01 

1, 382-01
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‘49 Detailed Discussion of Thermodynamic Tables. 

The object of this section was to find the equilibriun 

conditions for silicon carbide oxidation. The chemistry 

is complex but in section 4.2 it was reduced thermodynamically 

to five reactions. Assumptions were made to render the problem 

tractable and in particular it was assumed that the system 

was closed. Analysis procceded by studying various phase 

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; stoichiometry, 

is: 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. i 

In all cases the oxygen content of the equilibrium 

phase, as indicated by its partial pressure, is very small, 

being less than 10° @ though it increases with rise in 

temperature. These factors are consistent with the instability 

of silicon carbide discussed in section 1 and the exothermic 

nature of silicon carbide oxidation. 

The equilibrium partial pressure characteristics of 

carbon monoxide and carbon dioxide vary considerably between 

systems. In the two phase system (system I) table 45, 
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earbon dioxide is predominant at low temperatures changing 

over to carbon monoxide at high temperatures the change 

over point being ca 800°C. This phenomenon is related to 

the thermochemistry of carbon. The enthalpy of oxidation 

to carbon dioxide is more negative than to carbon monoxide 

and therefore at low temperatures, when the entropy con~ 

tribution to free energy is small, 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: 

ae re veneer ikea oa wcieeienceselccweas eoet? 

Consequently the entropy of the system increases resulting 

in a large free energy reduction at high temperature, so 

that at higher temperatures the monoxide becomes stable <« 

in the case of pure carbon oxidised by oxygen at one 

atmosphere pressure the change over occurs at ca 723 C. 

The introduction of silica, table 4.6 (ie: system IT) 

changes the ‘reactions completely. Below 200°C the iterative 

solution has not converged correctly owing to a computer store 

size limitation but at 200°C and above it can be seen that 

carbon monoxide is the chief oxide and that the partial 

pressure of carbon dimxide rises slightly with temperature. 

The reason for the low carbon dioxide partial pressure is 

presumably e result of the high stability (very negative free 
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energy of formation) of silica. The partial pressure of 

oxygen is therefore low promoting the formation of carbon 

monoxide. However, this very negative free energy is largely 

due to its enthalpy of formation ~ the reaction is extremely 

exothermic ~ and therefore as the temperature is raised the 

oxide tends to dissociate producing a rapidly rising oxygen 

partial pressure and this increases the tendency to form 

carbon dioxide. 

The introduction of silicon into the systems doos not 

change the basic pattern described above although actual 

partial pressures are changed. In the case of the system IM 

(ie: silicon carbide/silica) the effect of silicon, table 4.8, 

veduces the partial pressures of all the gaseous products, 

It can be seen from inspection of table 4.8 that this is due 

largely to the instability of silicon which is oxidised 

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 for a different reason. 

In the case of carbon table 4.9 (system V) it tends to be 

liberated at lower temperatures by partial oxidation of 

silicon carbide to silica and carbon; therefore an atmosphere 

very rich in nitrogen tends to develop especially at low 

temperatures. 
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Silicon monoxide is a major product in the two 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 system tends 

to reduce the partial pressure of the silicon monoxide as 

discussed above in relation to the effects of silicon and 

carbon. The inclusion of silica effects a reduction in silicon 

monoxide yield because of its greater stability (ie: its 

more negative free energy of formation). 

The behaviour of nitrogen, at lower temperatures is 

the reverse of silicon monoxide: in the sense that increasing 

the complexity of the system tends to increase its 

equilibrium partial pressure. in the simplest two phase 

system only gaseous products of oxidation can accrue while 

in the more complex systems solid products are possible, 

eg: silica and elemental carbon, so that in extreme cases 

nitrogen may be virtually the only gas present in the gas 

phase. However, silica can also be a reactant at high 

temperatures becoming an oxidising agent. When this happens 

solution at unit atmosphere may be impossible, as the 

system is defined, and it becomes necessary to raise the 

system pressure to a level at which solution is possible, 

this has the effect of excluding nitrogen from the system. 

AlL the. data for the gaseous components has been 

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 q uantity and this can be 

achieved by dividing each partial pressure by the total 

pressure of the system (usually 1) to give mole fraction, 

ies moles per mole of equilibrium 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 products and this is signified by sign as 

stated previously. Atmospheric oxygen is treated as the © 

condensed phases; it cannot be assigned a pressure since it 

does not exist in the gas phase and it participates as ¢ 

reactant. In table 4.10 a summary is given showing for 

each system how oxygen and the condensed phases react over 

the total temperature range. In this table the components 

are specified as being either reactants or products. 

For the simple two phase system 1, table 4.5, it van 

be seen that #t0°C 3 

asic + $6 OrPBE10 + RCO ssaeeeeesaceeees (9H) 

ignoring the trace concentrations of oxygen and carbon 

' monoxide and omitting nitrogen which was assumed to be 

inert in 4.1. 
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Equation (94) can be rationalised by removing the fractions, 

when 

2 Bic + 30 —> 2610 + 200, Ee ueecoweaien ese NCO) 

° 
Similarly at 2000 C 

293 SIC HL Od. SR0.4 ICO  secvceveresesee (96) 

é or 2 é é 

whence 

sic + ee ea og Wu suet evousijesscs all (97) 

Equations 95 and 97 define the stoichiometry of pure 

silicon carbide oxidation at Low and high temperatures 

respectively. However, there must be a change over point 

and from inspection of columns 8 and 9, table Wo5, it er: 

be ee) that there is a transition range from about 700" c 

to 900 6 where both reactions are important. 

Applying the same procedure to system II (table 4.6) 

at 200°C (below 200°C iteration is incomplete) it can be 

seen that 

2 Sic + saa Pee +200 sesasccnsvieecvessst 402 

ge: when silica is introduced into the system it forms in 

paprerene to gilicon ses Equation 98 applies up to 

about 1400" € though above 1400" C the silica yield decreases 

and oe monoxide becomes a significant product; at 

1500" C about 30% of the silicon from the carbide is oxidised 

to the lower fore bt 1600 ¢ silica becomes an oxidising 

agent and at 1700 °C it replaces air completely so that the 
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stoichiometry becomes 

sic + 2810 =) 3840 + CO Vio 0dbeeavacesieees: C990 

The introduction of silicon rather than silica (ies 

system III table 4.7) results in a more complex system of 

reactions. Up to and including 300°C the principal equation is 

Sic + oe + o aoe evesesevesciecseceses (LOD) 

ie: silicon now replaces the silicon monoxids of equation 95. 

However, above 300°C the yield of silicon decreases rapidly, 

silicon being partially oxidised to the monoxide. At 600°C 

and above silicon ceases to be a product and the following 

three equations have to be considered. 

SiC + 0 > 810 + CO Sesely accu velncoeciveness C97) 

2810 + 30 2810 + —; coctovccccsscccvessce (95) 

261 + (pes QBIO | cvdaveseceswuccdvverecesteweee: (h0a) 

ie: (95) low temperature oxidation of silicon carbide (97) 

high temperature oxidation of silicon carbide; (201) silicon 

oxidation - all in the absence of silica. At 600°C equations 

95 and 101 combine to produce 

SiC + Si + ee eee ¢ oe accecccccccceeee (102) 

and the contribution made by equation 97 is negligible. 

At 700°C equation 97 starts to gain significance at B00 C 

it exceeds the contribution made by equation 95 when the 
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contribution of equation (101) reaches a maximum. As the 

temperature is raised the same trends continue so that at 

2000°¢ the stoichiometry is approaching 

28iC + 281 + ser UBIO + 2CO eseccccsscecses (103) 

this equation can be resolved into 

Sic + oe SIO\H CO) Law wancececaesesrestshecs ASG) 

and 281 + —- 2810 CAeN Ue Wen swe euesaswenecsss GhOL) 

- ie: the chemistry of this system approaches that of the 

two phase system I with the oxidation of silicon superimposed. 

When silica and silicon are both included in the 

system we find that silicon is preferentailly oxidised to 

silice up to ik00°C by the equation 

Si + 0 —» Si0 SU dks PeiieNe ce biicwewersearnes CLOW) 
2 2 

Above 1ko0°c the oxidation of silicon carbide becomes 

significant though at 1600°¢ the proportion of silicon 

oxidised to silicon carbide oxidised is still 2:1, when the 

gross stoichiometry is 

SSAC + 6510 + 108i + 70 > 21 G10 + FCO ss, (ied 

this equation can be resolved into 

sic + we CO + Si0 Pisses eee visaweese soon ay) 

Sic + oh 3510 + CO sig He Caio ad Reece sue CoO) 

281 + am 2840 ea Nelnp ot eb cnes.cine sees es ncLon) 
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thus the reaction described by equation 105 is similar to 

that of system If except that silicon oxidation, to its 

monoxide is superimposed. At 1700°C the contribution made 

by equation 101 becomes negligible and equation 97 drops out 

completely, ie: the system becomes virtually identical to 

system II. Above i700 ¢ silicon becomes a product and the 

stoichiometry can then be resolved into equation 99 (ie: 

system IL) together with the equation 

2sic + oo 381i + 2C0 Wieauwsccererameesee (200) 

Carbon like silica can be a reactant or a product 

tending to be a product at low temperatures and a reactant 

et high temperatures. System V, ie: silicon ecarbide/silica/ 

carbon/gas, is given in table 4.9 where it can be seen that 

up to 1200°C gilicon carbide is partially oxidised yielding 

silica and carbon according to the equation 

Sic + a 640, +¢ EA Cee acum pease ceel Chey) 

However, at 1200 °6 the gas phase starts to become sent 

Initially the gas phase is carbon monoxide and at 1300" G 

the equation for oxidation is 

3 Sic + iene 3810, + 2CO + CO ssceccvecescoe (108) 

which can be resolved into 

SiC + 0 —» S10 #C Rec tea setvine fee LUT) 
2 2 

and 2S8ic * 505% 2810, * 260 da tnslecve se volver sige) 
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thus the formation of carbon is reduced, and the stoichiometry 

approsches that of the silicon carbide/silica system ~ 

presumably the two systems become identical when the caxbon 

activity in system II is one. At 1400 c equation 107 is 

reversed with the result that both silica and carbon become 

reactants yielding the equation 

7c + oi + 20, S46 + 6CO asccccecccvesces (109) 

As the temperature is raised silica becomes the only source 

° 
of oxygen and at 1500 C the equation becomes 

3c + igo ice + 2c0 Laeveceneses ivceeseesee enol 

As the temperature is further raised silicon monoxide 

formation starts to become significant according to the 

equation 

c+ ayo 0 + CO wie Cay oaiieie cine eee ey CELE) 

° 
at about 2000 C equation 110 and 111 occur in the ratio 

9:1, thus : ; 

28C + sake Q81G + GLO + 19CO ceveeeveceor (122) 

The third, and final, aspect of this discugsion con~ 

cerns the activity data presented in the terminating columns 

of tables 4.5 to 4.9. As already pointed out the significant 

factor is relative size of these figures compared to unity 

and as explained in section 4.3, @ summary is given in table 4.13 
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The starting point in this thermodynamic section + 

has been the consideration of the oxidation of pure oe 

carbide. In table 4.11 it can be seen thet up to 500 © this 

system is supersaturated with both silicon and silica. 

If silicon is included as a condensed phase table Hell 

shows, that this system, ie: system II, is still ananete 

saturated with silica and remains so up to 1500" C; this leads 

to the prediction of system IV (see section 4.3). Table 4.11 

shows that system IV shows no supersaturation although at 

1700°¢ and above, equilibrium is only obtained above unit 

atmosphere pressure. However, in system IIT, at and above 

160°C, supersaturation with silica ceases. Therefore 

thermodynamically for systems IIT and IV no distinction 

of maximum likelihood can be made in this temperature range. 

Above 5006 system T still exhibits supersaturation 

with silica though when silica is added to ewe system It 

carbon supersaturation is evident up to 1300 "Ce This fact 

predicts system ¥ to be more likely up to 1300 We (in the 

absence of silicon). However, in system Vv isos pressure 

is <n for aa at and above 1u00" C. Over the 

range 100 G to 1500" C system I is still supersaturated with 

silica ‘though system II is unsaturated; therefore in the 

absence of silicon and carbon the most Likely system in this 

temperature renge is system It. 
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At and above 1600°C system I ceases to show super- 

saturation and in fact only system II shows any supersaturation 

above this temperature and this commences at 1800°C3 therefore 

in the range 600°C to 700°C no thermodynamic prediction 

of maximum likelihood can be made and from 180°C all that 

ean be stated is that system II is unlikely. However, it 

must be noted that in this temperature range ali those 

systems containing silica do not necessarily reach equilibrium 

at unit atmosphere pressure. 

These facts concerning the probability of various 

phase combinations are summarised in table 4,12 where the 

expected phase combinations are shown as functions of 

temperature and original composition. 

In section 4.3 it was shown that not all combinations 

of condensed phases are possible. However, 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 derivation 

of tables %.5 to 4.9 and it was not introduced as an additional 

ease since the combination is not found in practice. 

Nevertheless for the sake of completeness this system can be 

ineluded in table 4.12 where it is referred to as system VI. 

From table 4.10 (system V) it can be seen that in the presence 

of icon carbide and carbon, silica is a product of 
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oxidation up to 4300 6. From table 4.11 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 1300°C it can be assumed 

absent since it only enters system V as a reactant. 

4.19 Conclusions. 

ne thermochemistry of silicon carbide oxidation can 

be explained by the relative stabilities of the various 

oxides, ie: by their free energies of formation. At low 

temperatures the free energies of formetion fall in the 

sequence 

4a’ <do  2ao cao <0 
§i0 co co $10 sige 0e.biod (0 R37 

2 2 

so that the most stable oxide is silica and the least 

silicon monoxide. 

For system I, silica formation 2s prohibited and 

therefore the two possible oxidation equations must be to 

silicon monoxide and either carbon monoxide or carbon dioxide 

but since carbon dioxide is more stable thefccarbon monoxide 

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

2 Sic + gy oe aete ae Lax Goasawaseeweeent on) 
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In system If silica, because of its greater stability, 

replaces silicon monoxide but in addition it tends to 

take the oxygen in preference to carbon so that oxidation 

proceeds by the equation 

neste 30> 2810, i ACO m  pabedsie loner aicratare aoe eit 0) 

In system III an analogous mechanism operates. Here 

the very negative free energy of formation of CO takes 
2. 

the oxygen preferentially so that the oxidation equation is 

Sic + 0 —$Si + CO Ueewsle saga vbeces teRae'ee  CLU0) 
2 ee 

Leaving aside system IV for the moment, system V 

is seen to be a further extrapolation of system I7 in which 

all the oxygen now goes to the silica, thus: 

Sic + 0 ~pSi0 +¢ Leceremssttaves ceva soeen MOLUg) 
2 ie: 

Equation 107 shows thet silica is e much more stable oxide 

than eny other (at low temperatures) and forms preferentially 

even bresking weee silicon carbide bonds. In system IV 

essentially the same principle operates by a different 

mechanism, ie: the preferential oxidation of silicon which 

again avoids the oxidation of carbon, thus ; 

Si + 0 —> S10 Suiainie ic saa ccwces erect lor 
2 2 

When the temperature is raised the relative stabilities 

may change beceuse of the different entropies of reaction 

due largely to the different volume changes associated with 

Cont'd.
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the formation reactions of the oxides. fhe contribution 

to free energy, made by entropy, in the case of silicon 

monoxide approximates to that of carbon monoxide since the 

two reactions of formation, viz: 

ea saree nL ah Lot dees ouarwemana lines, hte 

and 2Si + O gaeety hae har rine Cana S) 

are similar, both involving the volume increase associated 

with one mole of gas. Therefore, when the temperature 

is raised the relative free energies of formation remain 

the same though both become more negative. (The expansion 

is associated with a positive entropy change). However, 

the silica formation reection 

si + 0 ~» 810 Bats che, Ocekb ss ue esente onan 

2 2 

involves s volume decrease, necessitating a decrease in 

entropy, so thet raising the temperature reduces the 

stability of this oxide. The free energy of formation, 

and hence stability, of carbon dioxide is affected little 

by temperature since the formation reaction 

C+ 0 > co 5 Pas shies BIS S.0:F e-uiale AImniniele sie wee (5) 

2 

involves no major volume change. The overall result. is that 
§ ; 

at high temperatures (ie: at 2000 C) the free energies 

‘of formation rank 
° ° Ou ° 

ac < ac € 46 2 aa iS AO geeks 
CoO Si0 Sid co 

2 2 
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Tt may be noted that silica is still more stable than carbon 

dioxide although crete free energies of formation will be 

closer. 

The relative change in stability between carbon dioxide 

and carbon monoxide produces a movement to the monoxide 

in systems I and III, with temperature rise, and in both 

cases the oxidation equation becomes 

sic + oa + CO Dede cletincw cosines ne eeas el 497) 

However, in system III the situation is made slightly more 

complex by the inclusion of silicon. As the temperature 

is raised a silicon monoxide yield increases rapidly 

and at 600°C it replaces silicon completely when silicon 

becomes a reactant. The first effect can be explained 

solely by the increase in stability of silicon monoxide 

though the second requires a little more consideration. 

in ie 4.9 the thermochemistry of Seaton! TIL, at 

600° C, was resolved into system I, ie: 

281C + are 2810 + aces Lage valve ose eeu emives “1k9e) 

with the oxidation of silicon to silicon monoxide super~ 

imposed. However, an alternative method would have been 

to superimpose the equation 

381 + eve 2810 + Sic saneb coeeeetecweees LLL) 

ag 
Now-at 900 C and below the oxidation can be resolved into 
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95 and the reverse of 116 viz: 

2810 + SIC => eS + 382 Ge aa eeOlaee Fa tecomento) 

and in fact equation 100 (the oc equation for system IIZ) 

ig the simple addition of 99 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 IL, IV and VY can be explained using similar 

techniques except here the relevant oxide stabilities 

as those of silicon monoxide and carbon monoxide over silica. 

In system II, equation 98 can be resolved into 

ace eae Sid + CO Pettis cseinssjewsccece kay) 

and 3Si0 + CO-»Si0 + Sic Waa eainvar eas swe someyeed ed 
2 

Equation 118 shows that it is the high stability of silica 

over the other oxides, at low temperature, that rendez's 

the formation of silica a more likely product of oxidation 

and this is shown right across table 4.12. However, as the 

temperature is raised equation 118 is epposed by the changes 

in oxide stability and at 1600°C it is reversed so that 

silica becomes a reactant in system Ii and no longer a 

likely product of oxidation of pure silicon carbide. At 

> Cont'd.
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° 
1700 ¢ the progress of equation 118 in the reverse direction, 

viz: 

sic + 2 “ $10 + CO ede reeeuwaagwcpe. Vat) 

produces sucha high yield of silicon monoxide and carbon 

monoxide that equilibrium can only be reached at elevated 

pressures and the contribution made by atmospheric oxygen 

to the. oxidation process is eliminated. 

In system IV the low temperature equation 

si + 0 —> 510 cecccccceceveensessesccnscs (10k) 

2 2 

can be resolved into 

2616 + on sca +. 260 A Or COE ce 

end 381 200 251 + S10, ge IA he seid s MLD 

ie system II together with the pimigbansous replacement 

of silicon carbide by equation 119 driven by the high 

stability of SiO over CO. However, as the temperature is 

raised equetion t9 becomes less likely and consequently 

some silicon carbide is oxidised. Similarly system TV can 

be resolved over the entire temperature range in this way 

and consequently its thermochemistry is basically that of 

system Ii. In table 4,12, for example, it can be seen that at 

1600°C silica also ceases to. be a likely product of oxidation 

of silicon carbide in the meseuce of silicon. At 1800°¢ 

Cont'd.
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equation 119 is reversed to give 

28i¢ + BSD Re APs + 2co sia cvensetsonwenes (200) 

so that system IV is similar to system Ii with equation 106 

superimposed. It also means that silicon becomes @ jikely 

product of silicon carbide oxidation in the presence of 

silica at high temperature. 

System V can be treated in the same way resolving 

equation 107 into 

28ic # ed Sas + 2co Mids Wega saspendseeean oo) 

and SiC + 200 -> a + 3¢ pebeeyisesesiesneeea eGteu) 

As in the case of equations 118 and 119, equation 120 is 

favoured by the high stability of silica and it is this 

equation which is responsible for the likelihood of carbon 

formation, et low temperatures, in the absence of silicon. 

Again, as the temperature is raised equation 120 is opposed 

and at 1300°C equations 98 and 120 occur in the ratio 4:1 

to give i, : 

3Sic + NO -> 3810, * 2600 « C Mey aiceecaite seo. CLOG 

further increase in temperature reverses equation 120 to give 

BC“ G10 = C10 1200! testcase er esseweecer's (i210) 
2 

i 

° 

so that carbon becomes 6 reactant. At 1400 © the promotion 

of equation 110, by the relative increase in stability of 
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gilicon monoxide and carbon dioxide over silica, causes 

silica and silicon carbide to change sides of the equation 

and in the presence of carbon therefore silica becomes an 

unlikely product of silicon carbide oxidation. At 1500°C 

{as in system II and IV at 1700°¢) the inverted equation 

suppressés oxidation by atmospheric oxygen with the con-= 

comitant elevated equilibrium total pressure. However, 

the equation 

CG ae SiO + CO Rao Aain miolendua Savers sa wiaaip 1 LAO 

is also favoured by the oxide stability changes and 

therefore silicon monoxide becomes a significant product 

of oxidation in system ¥ as the temperature ig further 

raised. Thus, in general, silica 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 

stability of silica, which favours such reactions as 

equations 106 and 111 although elevated pressure may be 

necessary.
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Sq. DISCUSSION. 
In section 3 basic studies were reported on the 

system silicon carbide/bond/binder while in section 4 a 

Vigorous analysis of the thermodynamics of silicon carbide 

oxidation was made. In this section the results of the 

experimentation and thermodynamic investigation ere dis- 

cussed and the sequence adopted approximates to that in 

which experiments were performed although the main object 

has heen to elucidate mechanisms. Thus the discussion 

may be divided into the two main aspects of the research 

viz: thermogravimetric examination of oxidation and visual 

examination of oxidation. The former’is discussed in 

section 5.1 through to section 9.9 and the latter in 

section 5.6 to section 5.8. i 

The first stage in the research was to consider the 

pyrolysis of pure binders and the results of these experiments 

are analysed in section 9.1. In section 5.2 and section 9.3 

the effects of morphology and dispersion are examined where 

the results of dilation experiments ars also examined. 

fhe effect of bond on binder removal is first introduced 

in section 5.4 where tests performed at 1000°¢ are examined 

together with compressive strength test-resuits. In 

section 5.5 it is shown that oxidation of the abrasive, 

although it did not contribute significantly to the previous 

Cont'd.
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pyrolysis curves, did exhibit interesting characteristics. 

Yhe second aspect of the work is based on visual 

examination and two types of pellet were used, viz? elumina 

and silicon carbide. The alumina tests are discussed first 

where the effect of bond composition in particular is 

examined and from this a eriterion of carbon entrapment 

by the bond is evolved. In this subsection the beneficial + 
¢ 

   effects of controlled heating rates is demonstrated ond the 

411 effects of poor temperature distribution. In the next 

section (section 5.7) a thorough investigation of the 

kinetics of carbon removal from the silicon carbide pellets 

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 effect of decomposition, oxidation, fusion and 

wetting are related to porosity, permeability, time and 

temperature. In section 5.8 the thermodynamics of carbon 

burn-out are discussed and here both the silicon carbide 

pellet results and the thermodynamic conclusions are used. 

In particular a mechanism for the formation of the shiny 

plack core by the precipitation of carbon from partially 

oxidised silicon carbide is developed and it is shown how 

the closed system, originally conceived in section 4, can 

be realised by restricted ingress of air (or rae into 

the structure. 
Cont'd.
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Sei The Pyrolysis of Puxe Binders. 

The results of pyrolysis of pure binders are shown 

in figures 3.1.1 to 3.1.4. 

The pyrolysis curve for starch (figure 3.1.1) shows 

that the weight decreased with temperature rise. However, 

  

the curve is not a smooth one but passes through five stages. 

The first is obviously due to drying and it can be sesn 

that the rate of drying was not constant but increased 

rapidly with temperature. It started immediately above 

room temperature and it was completed by approximately 

120°¢, and as indicated in section 3 an excess of 20°C 

above 100°C is probably due to 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 constant weight period, 

bounded by the maximum temperature for drying ar the 

minimum for decomposition. During the third period the 

vate of change in weight with temperature reached a maximum. 

At about 260°C the rate of weight loss abruptly changed to 

a lower value and weight loss continued, with slight 

fluctuation, until the final stage, which is essentially 

constant weight, was reached. Figure 5.1 illustrates a 

typical cycle. 

Cont'd.
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cirves for the     

3,1.2 to 3.1.4 where the same anatys:s can oe 
  

applied to dextrin, glucose and a sample of dried glucose. 

In the case of dextrin (figure 3.402) stage Il wes particularily 

well defined though for glucose (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 cen 

be agen that stage Iii had no definite starting temperature 

which is consistent with the poorly defined stage II in 

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 eee test. In all aneeh 

stage I terminated at ca 120° G and stage III at ca 260" ¢ 

even though the dried ne gample was heated 2 a very 

much faster rate (ca 300" C per hour instead of 50°C per hour). 

fhe termination temperature of stage IV was different for 

each binder. The glucose decomposition was completed at 

ea 430°C, eesieres by dextrin at ca 480°C and starch in 

excess of 500 Po ~ it is difficuit to quote a oo “ee 

starch since the weight decreases from ¢a 450°C € to 600 | Cs 

fhe affect of rapid heating (in the case of eo glucose 

was to raise the termination temperature ca 150 C due to 

heat transfer and kinetic factorse 

Starch and dextrin are both solid binders and the 

weight decrease at stage I was 9 = 9.5% (ca 9% for starch 

Cont'd.
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be noted here: firstly, drying may have an important effect 

on porosity and pore structure and consequently this stage 

may havecimportant indirect effects on subsequent binder 

removal: secondly, a lerge reduction in binder at this 

stage means a smaller mass to be removed at stages TIT 

ht 
and IV for equal starting weights.    

Stage II is essentially time wasted in the kiln during 

mamafedture. Furthermore, it may be disadvantageous, 

tending to promote migration of binder towards the centre 

of a wheel leading to the formation of a relatively dense 

carbonaceous "plug" difficult to burn out. During the firing 

process a temperature gradient in the wheel.is essential 

for heat transfer. However, this will mean that the centre 

of a wheel may be at stage IT although the surrounding area 

contains binder undergoing thermal decomposition. It seems 

likely that this combination will result in some of the 

products of pyrolysis escaping towards the “cold centre™ of 

the wheel, particularly heavy tar-like fractions which can 

econéense readily. The mechanism is illustrated in figure Sues 

Stages III and IV represent the bwlk of the weight 

loss, due to pyrolysis, and thelr sum is in fact equal to 

the ary fraction of the sample (see figure 3.1.4). Con= 

eidering the binders in the sequence, starch, dextrin, 
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glucose and dried glucose, stage III constituted ca 50%, 

30%, 37% and 40% of the total weight loss of the binders while 

stage IV ca 40%, 60%, 50% and 60% of the total weight losses. 

Stege III is probably due mainly to dehydration which 

in contrast to drying involves the removal of hydrogen and 

oxygen bound chemically into the carbohydrate molecule. 

The process is called caramellisation and it produces a 

residue rich in carbon. Consequently the ratio of stage 

III to stage IV, is related to the degree of carbonisation. 

Comparison between starch and dextrin curves (figures 3.1.1 

and 3.1.2) shows that starch is carbonised more at stage III 

than dextrin. If it is assumed that only dehydration occurs 

at this stage and that these binders, in the dry state, 

contain 28.6% carbon (from the formula C H 0.) then at the 

end of stage III the starch residue will contain Se 65% 

earbon while the dextrin will contain only 43% carbon. 

From figure 3.1.3 it may appear at first sight that glucose 

was intermediate between these two. However, as already 

pointed out stage III commences more readily with glucose 

and this can be explained by its different structure. Unlike 

either starch or dextrin, glucose is not polymerised and 

the molecular formula is thus CH 0, (ie: n(C H 0_).HO 
6126 6 10-5."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 initiel carbon content was 254, it follows 

that at the end of stage ITI the glucese residue contained 

4ug carbon based on figure 3.1.3 and 41% based on figure 

3.1.4, ies glucose was virtually the same as dextrin in 

this respect with an average value of 42.5%. 

The chemistry of stage IV is probably complex involving 

at least two types of reaction: further thermal decomposition 

plus final oxidation. In all cases the slope changed 

during this stage tending to be steeper at higher temperatures. 

With increase in temperature xeaction rates generally 

become faster and this may explain most slope changes, and 

for starch there is no evidence to suggest any other mechanism. 

However, with the other binders the slopes changed more 

abruptly (over narrower temperature ranges). 

For dextrin in particular, and to a extent dried 

glucose, the slope decreased above 350 C before increasing 

again. This suggests that above 350" CG a reaction (or series 

of reactions) approached completion. itt appears therefore 

that the increase in reaction vete with temperature rise 

over stage’ IV is due, at Least in part, to a 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 become progressively more carbonised (or caramellised) 

and therefore it would be expected that two trends will 

Cont'd.
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develop consecutively (though perhaps overlapping in 2 

central temperature range). Firstly, the gaseous products 

probably become more dense (less saturated) as the reaction 

proceeds reflecting the inereasing complexity of the binder; 

secondly, at some stage the evolution of gaseous products 

will start to decrease as the residue becomes deficient in 

hydrogen and oxygen atoms. Under the conditions of testing 

the binder was placed at the bottom of a erucible while in 

the firing of a wheel the binder (or rather binder residue) 

will tend to be found at the centre of the wheel, ie at 

the centre of a porous mass. Im either case it seems 

likely that the evolution of heavy gases will protect the 

residue, partly by preventing access of oxygen to the 

residue and partly by limiting heat transfer. However, the 

rate of replenishnent of the gas must ksep pace with its 

oxidation or dispersion, due to convection 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 becomes utistable and 

ceases to protect the underlying residue. Up to this point 

the vate of weight decrease will be controlled by the rate 

of evolution of the gaseous products which in turn will 

be controlled by temperature and by the composition of the 

residue. Beyond this point however, the rate of weight loss 

will depend upon when the rate of oxidation controlled by 

Cont'd.
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tomperature end availability of oxygen. 

in both test and the manufacturing process the 

temperature increases with time, tending to accelerate 

oxidation. However, the change with time in the availability 

of oxygen may be different: under test conditions increased 

convection in the furnace will tend to bring more oxygen in 

contact with the binder residue, but in the wheel, con~ 

veetion and diffusion may be impeded by fusion of the bond 

if it reduces permeability. 

As already indicated starch is caramellised toa 

greater extent at stage III (65%) and consequently the 

concentration of hydrogen and oxygen atoms necessary to 

form volatile decomposition products, and hence a protective 

layer, will be less. Oxidation will start sooner and the 

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 weight zero « 

the lowest recording was obtained with dextrin (figure 3.1.2) 

and the highest with glucose (figures 3.1.3 and 3.1.4). it 

is difficult to analyse 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 was assumed to be 100% 

so that any discrepancy in the initial weight would appear 

Cont'd.
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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. 

522.Bi nder Morphology. 

Figures 3.1.5 and 3.1.6 show the results of two further 

tests performed on dextrin and glucose. These tests differ 

from the previous in one respect only: the samples used 

were larger, ie 1 gram instead of + gram. The two curves 

show stage III terminated by an apparent weight increase. 

To investigate these anomalous weight recordings, tests 

were made on dextrin and 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 

caused by the binders protruding above the crucible top 

and touching the furnace wall. in the case of starch no 

anottalous effects were found and when a sample was taken 

to 260°C and removed from the furnace the residue was stil). 

compacted in the base of the crucible, similar to dextrin 

at 220°C, 

The large expansions appear to be associated with 

glucose and dextrin which have smaller molecules. Furthermore, 

the glucose molecule is much smaller than dextrin and 

figures 3.2.1 and 3.2.2 show that while dextrin was still 
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compact in the base of the exucible at 220" c e220"? had 

expanded to the rim of the crucible, and at Dhoe © the 

glucose sampie 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 not 

in the case of the already highly polymerised macro-molecule 

of starch. The highly viscous material produced is then 

dilated by water vapour. 

In the firing process this phenomenon may affect binder 

burn-out. It would seem self evident that for burn-out to 

proceed the wheel structure must remain permeable, ie the 

pore structure must not consist of discrete voids but long 

interconnected channels. This structure may be developed 

adequately by the proceeding operations of mixing, pressing 

and drying but at the firing stage become blocked if a viscous 

material expands to fill the open pores. Thus mass transfer 

will be restricted to that part of the wheel from which 

binder has already been removed and consequently binder 

removal will be limited to the progression of a narrow front 

at the junction of these two zones, instead of being dis~ 

tributed over a much wider band, as would be expected when 

porosity is interconnected and mass transfer unimpeded. 
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This is illustrated in figures 5.4.1 and 5.4.2. In both 

these figures, three structures are shown, viz3 those 

eontaining original binder, partially decomposed (or 

oxidised) binder and no binder, ail having simultaneous 

existence. However, in practice this need not occur although 

the above theory requires the existence of at least two 

structures (or stages) in figure 5.4.2 but not in figure 

5.4.1, where for thin sections particularly, the oxidation 

zone may extend over the whole section: this is illustrated 

in figure 5.4.36 

One beneficial effect of dilation follows from its 

effect on the morphology of the carbonaceous pinder residue. 

If the binders are placed in decreasing order of frothing 

tendency, they are 3 

Glucose - Dextrin ~ Starch 

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 

pinder which undergoes the least frothing forms the most 

dense residue, while the binder that undergoss the most 

frothing forms the most finely divided residue. Subsequent 

oxidation of the finely divided residue will tend to proceed 

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 estimate but it will probably be smaller than indicated 

by the tests made here since in a wheel the binders are 

already in e 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 

dispersion. 

52i__Dispersions 

The general shape of the curves discussed in section 5.1 

involving five stages appears to be reflected in figures 

3.361 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 defined. 

In these later tests stage I involved water added to 

facilitate mixing, and from the results on dextrin (figure 

323-2) 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 cass 

there appeared to be more superheat requirsd and this is 

presumably related to the extra mass to be heated to temp- 

erature. The weight percentages are in each case based on 

the initial weight of binder used. For dextrin the weight 

loss at the end of stage I agreed well with that obtained 

for the pure binder. 
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For starch, stage II was more clearly defined as a 

separate stage though three different weight values were 

observed. There did not appear to be any relationship 

between soence: ci ontand weight, and the differences were 

probably due to experimental error. if this ls assumed, and 

a “correction” applied, so that each stage II is brought to 

ca 90%, it can be seen that the starting weights for the 2% 

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 evaporation 

prior to weighing since a smaller error would be expected 

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 weight 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 is 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 

simost immediately on heating above room temperature and 

although the loose bond between the saccharide molecule and 

the extra elements of water may be important, some of the 

effect may have been due to protracted drying. In figure 

3.1.3 the poorly defined stage II may be explained similarly, 

and even though it is not eaey ico compare this test with 

figure 3,3.3, the inflection between stages I and III does 

appear to have approached 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 

tests than in the pure binder tests which is consistent with 

the idea of an increase in temperature head. 

At the end of stage IV, however, a different pattern 

emerges. As with pure binders starch required the highest 

temperature to complete burn-out, 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 was 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 a bigger influence 

tending to diminish the contribution made by stage TIT. 
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The effect on starch is particularly noticeable. In the 

pure binder tests 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 definite 

for starch than for dextrin or glucose. 

5, Binder Decomposition and Oxidation jn the System 

Silicon Carbide: Bond: Binder. 

So far pure binders have been 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 three components, were peT- 

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. 

fo produce the curve in figure 3.4.1 programmed heating 

of 50°C per hour was used and the weight changes were similar 

to those obtained without bond present. However, stage I 

was less well defined and this suggests that the bond, which 

contains a high proportion ef clay, tends to inhibit drying. 

Stage III commenced slightly earlier than in the binder/ 

abrasive tests and in fact the curve at this point is very 
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similar to that of pure binder. However, it is difficult 

to explain this in terms of experimental error ~ for 

example, as a zero error on the temperature scale ~ since 

bhe onset of stage IV was higher than in either the pure 

binder or the binder/abrasive tests, anc in fact occurred 

above 300°C. 

The high upper temperature to stage III may be ex- 

plained partly as the result of slower rate of decomposition 

(dehydration) and partly by a larger amount of decomposition 

at this stage. The first effect may be related to the 

poor definition of stage i. Clay tends to adsorb water 

onto its surface, but the saccharide molecule is surrounded 

by hydrogen and hydroxyl groups and it ig probabis 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 bond 

constituents or to a higher order of dispersion: 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 area, put 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 previous tests involving 

starch, gave no evidence of a transition from thermal 
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decomposition to oxidation. 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 of 

700°C had been attained ~ 200°C 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 1000°C and the curve showsmne of the 

characterisitics of the earlier programmed tests. When a 

pellet is 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, at points along the radius, 

and the result is a “smoothed or averaged" curve. 

One noticeable effect is that after about 1 minvte the 

burn-out rate decreased rapidly and there are two possible 

explanations for this. The first is that the change in rate 

of weight loss corresponded to the transition at stage IV 

from decomposition to oxidation although fusion or partial 

fusion of the bond reduced permeability, Initially, binder 

removal occurs by decomposition, and it seems likely that 

permeability will have minimal effect on rate since any 

constraint imposed by Low permeability will result in a build 

up of pressure which, if it does not disrupt the pellet or 

wheel, will force decomposition products towards the surface. 
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However, the oxidation stage requires diffusion to 

allow the transfer both of oxygen in and oxidation products 

out of the structure. Furthermore, the pressure must be 

atmospheric and consequently, permeability becomes a 

significant rate controlling factor. The second explanation 

is afforded by figure 3.8. In this test compressive 

strength is plotted against time, end although the results 

of these tests are extremely scattered, there was a 

minimum which occurred at approximately 1 minute. The 

initial decrease in strength was presumably due to binder 

decomposition and the increase to bond fusion. It has 

already been pointed out that burn-out will atart 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 near 

the pellet surface. This is reflected in the compressive 

strength tests as it allows both fusion of the bond and 

wetting of the silicon carbide by the bond which then 

develop résilience on cooling; in figure 3.4.2, the same 

effect leads to entrapment of the carbonaceous residue 

located near to the pellet centre. These two theories are 

not necessarily mutually exclusive and both a change in 

thermochemistry and a change in surface structure may con- 

tribute to the observed effect. Nevertheless, despite the 

seatter between results, figure 3.4.2 does show that sub~ 
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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). 

it was felt, at this point, that it was not pertinent 

to the programme to continue producing more data of the type 

above and subsequent pellets were not weighed but sectioned 

to permit visusl examinetion. 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. 

5.5_Abrasive Oxidation Experiments. 

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 changes shown in these figures : 

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 thet silicon carbide oxidation may have made 

in the binder pyrolysis tests was negligible. 

In figure 3.5.1 the results are shown of programmed 

heating at 50 C/hour for 46 mesh silicon carbide. Ths 

curve labelled che was a retest using the same sample of 

abrasive. It is seen thet during the initial test (labelled 

ch6) a minimum occurred in the weight at ca 750 C. This 

may have been due to the oxidation of non-stoichiometric 

carbon or impurities. It was decided to investigate this 

fhenomenon furthes and to do this samples of abrasive 

were isothermally fired at various temperatures on either 

side of the minimum. The results are shown in figure 365-2 

where the same sequence was observed. However, the initial 

weight rise was about 17mgm in each case and virtually 

instantaneous - this mist heve been caused by convection 

produced by plunging a cold crucible and sample into a 

preheated furnace. : 

For the tests performed at 650°C and lower the apparent 

weight dpereass can be divided into two stages separated 

by a constant weight portion. The first part was completed 

in each case within + minutes and it is assumed to be due 

entirely to the subsidence of convection, and therefore this 

has been taken as zero (see section 3.2). The second stage 

is again thought to be due either to impurity or carbon 

oxidation although the abrasive was not discoleyred. if 
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non-stoichiometric carbon is assumed, it suggests that 

discolouration by carbon formation involves the formation 

of a separate phase, which is consistent with the report 

in section 1 of work by ae who shows that the appearance 

of silicon carbide after oxidation by aix is different if 

previously discoloured. 

The tests carried out at 750°C and higher did not 

show the same 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 B50°C sample shows the 

same pattern up to ca 4 minutes but then the weight increases 

to a steady state plateau. The weight increase may be due 

to further oxidation although it is difficult to see why 

a constant weight should be reeched. Nevertheless, the 

difference between the two 850°C tests show that the slopes 

of the curves, at least below zero, are a property of the 

abrasive and not the thermobalance. 

In all cases except at the lowest temperatures of 500°C 

and 550°C, the curves pass through a minimum. Up to 750°C 

the minima tend to rise to higher weight recordings with 

temperature but above this temperature the minima decreased 

to g00°C then rose to B80 C3 thus the curve plotted through 

these points, shown in figure 5.5, passes through a minimum 
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and a maximum. The rise above Boo'c is probably due to the 

earlier onset of oxidation to silica with temperature rise, 

and the preceding maximum is probaly related to the 

minimum of figure 3.5.2. 

in figure 5.6 the time required to reach each minima 

(figure 3.5.3) is plotted against temperature using a Log 

time scale and a straight line is obtained. A regression 

analysis showed the equation to be 

log t = 6.54 ~ 060083T badrae Gee ceceeewes ia 
whee Cx Eime in hours Tebenpiratire in OC 

with a coefficient of correlation of 0.998 which for u 

degrees of freedom is more significant than 99.9%. From 

this regression two points may be noted. In view of the 

small weight changes involved this significance demonstrates 

the high accuracy of the equipment. Secondly, if it is 

assumed that the minima coincide with the onset of oxidation 

to silica, then from equation 1, the formation of a siliceous 

layer at 1000°C would be expected after ca 1 minute. Jt 

seems likely that the formation of this layer will assist 

wetting of the abrasive by the bond and this may be 

significant in the thermogravimetri¢ and strength tests 

on pellets ~ 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 Fusibility. 

To show this effect it wes decided to use fine white 

alumina pellets which it was thought would show the effects 

more clearly and avoid the chemical effect of silicon 

tarbide, ie the possibility 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 (see section 2, figure 2el)e 

The results of the experiments are shown in figure 3.7. 

In section 5.1 to section 5.4 the basic mechanisms 

of binder removal were examined, where it was shown that 

oxidation starts at about 400. However, this does not 

indicate how oxidation can best be done in prectice. It 

seems reasonable thet there exists an upper temperature Limit 

above which burn-out rate decreases due to entrapment Aes 

fuged bond. If such a limit exists heating after 400 c 

must be controlled. 

It can be seen from figure 3.7 that no entrapment 

occurred up to and including 1200°¢ in pellets that con~ 

tained ARF bond, the pellets that contained the less 

refractory Rf bohd, however, exhibited entrapment at 1200 ae 

put not below, while the very fusible RE bonded pellets 
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entrapped carbon as low as 800° C, resulting in pRaEAn eS 

burn-out which then appeared to stop completely at 1200" Ce 

it is concluded that for the ARF bond there is no optimun 

burn-out temperature range as first envisaged. However, 

the tests show that binder in product containing RF bond 

must be removed below 1200°C, ie the optimum oxidation 

range is hoo" to 100°C, The optimum range for RE appears 

to be 4.00" Cite 700" C, although the effect of sc nee 

does not appear to be excessive at, and below, 1000" Ce 

It is therefore proposed that to obtain the maximum rate of 

binder oxidation the ahi! progremme should be a 

vapid heating up to 400” G3 controlled heating to 700 nee 

vapid heating to top temperature. However, cebtain 

considerations should not be overlooked, for example, the 

possibility of inverse binder migration, or possible 

damage to the wheel by giecssive thermally induced stress. 

Furthermore in tunnel kilns control over the rate of heating 

ac not be adequate to ensure complete binder spires by. 

700 ¢ and therefore sae heating vate to 1000 °e may 

be necessary. Above 1000 ie continued burn-out appears un- 

likely, from the tests, and consequently subsequent heating 

rate may be faster. 

A very importent factor in commercial firing operations 

is the temperature difference that usually exists across 4 

wheel, often from top to bottom, when the bottom is invariably 

Cont'd.



- 107 - 

lower than the top, If, as was suggested in section 55s 

bond fusion reduces porosity of the surface and thus impedes 

ingress of air (or CO ) into the mass, this difference may 

become important Besuase a layer on the top and sides of a 

wheel could cause a premature entrapment of carbon stiil 

present towards the bottom centre where the temperature 

is lower. Probably for ARF bonded structures this effect is 

not important and for RF also it is probably slight, since 

at 1200°C where entrapment by this bond occurs the product 

will be approaching maximum temperature and the temperature 

difference will itself be small. For RE bonded products 

however, the situation is rere ate oret Over up 

optimum burn-out range of 300° C (from 4.00" C to en °a) the 

top to bottom temperature difference is often 100 6 or more. 

If it is assumed that this difference is the only temperature 

gradient (ie: if the contribution necessary for heat transfer 

is ignored) then 33% of the burn-out range is wasted. From 

4oo c to 700°C the heating rate is usually linear and 

therefore if the gradient were eliminated the time available 

for oxidation would be increased at least 50%. 

The reason for the severe entrapment of carbon by RE 

pond must be associated with its greater fusibility. The 

g@ Uestion arises whether entrapment is due to its overall 

fusibility or whether both its fusibility and its entrapment 

characteristics are due to the amount and fusibility of some 

specific constituent. 
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It can be seen from ‘Steuse 2.1 that ARF which gave no 

entrepment problem contains no flux while RE and RF do : 

furthermore, RE contains approximately twice the amount. 

A thedry is that entrapment occurs when the fused, vitrified 

or mobile components of the pond are sufficient to fill 

the intestices of the remaining solid pond components ~ ir 

the fluid in the bond is less than this the bond remains 

porous but if it is greater, a continuous and impervious 

structure is possiblg compacted by surface tension. The fiux 

used in RE and RF is very fusible and wi.dd therefore. form a 

fluid at a 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. In RE the flux con- 

stitutes 97% which is 135% of the remaining solid. The 

packing factor for these bonds is about 60% » 

Therefore, in RF, there is insufficient flux to satisfy 

the proposed criterion for entrapment at its melting point 

and therefore entrapment cannot occur in RF until the 

temperature is veached 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 light of this theory it should be 

possible to improve the characteristics of this bond (RE) by 

using a more fusible flux put in much smaller proportions, 
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eg 60% (or less) of the balance, which corresponds to 

a reduction of 20% (or more). 

5.7 The Kinetics of Buim-out. 

From an examination of silicon carbide pellets fired 

at 1250°C through to 1350, shown in figures 3.6.1 to 

3.6.3, two types of pellet can be distinguished, those that 

are wholly or partly 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 put in the friable structures it was note 

The formation of a continuous structure affects more than 

mechanical properties however. Any mixing, as first pre- 

pared, consists of grains of abrasive surrounded by a fine 

powdery bond material and held together by binder. When 

burn-out commences this mixture is rendered brown/black by 

caramellisation of the binder, shown in figures 3.6.1 

to 3.6.3 by pellets fired for 20 seconds. On further 

firing these péllets, up to three additional zones appeared 

(assoribed in section 3.3) thus making a total of four. 

fhe first of these zones was lighter in colour while the 

second was darker. It was surprising therefore to find 
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an intermediate light zone petween two dark zones: it 

seoms extremely unlikely that the residue of carbon should 

pass through a minimum. Tt is suggested that the phenomenon 

is the result of changes in optical properties which are 

related to the observed duality in mechanical propertiss. 

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 pond 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 carbon, but when the continuous state is reached 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 

section 3.3 were + 

he. eesesee Discontinuous with a high carbon content 

Be cvesens - low e 

Co eecccce Continuous a 2 

De wesecee ” and carbon free 

These four structures are similar to those observed in the 

"“goft core" defect shown in figure 1.2 and hence the same 

arguments can be applied. Cont'd.
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It is apparent from figures 3.6.1 to 3.6.3 that the 

effect of temperature and structure on the first zone A, 

developed after firing for 20 seconds, is negligible. 

This is probably a consequence of the method of 

representation had weights been quoted, differences may x 

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 50°C while the compacting 

pressures were in the ratio 5:1. Again, if figures 3.6.2 

and 3.6.3 are compared, in like manner, the same is found. 

From this it is concluded that temperature has the greater 

effect. After firing for 1 minute compacting pressure has 

distinctly more influence (on the progress of each zone) 5 

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 peliets are 

fired at 1000°C was considered. It was concluded that the 

transition at stage IV of pyrolysis from decomposition to 
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oxidation could be a contributing factor and the argument 

was based on expected sensitivities of decomposition and 

oxidation to permeability. it is interesting that even 

though the temperature in that test was lower than in the 

present series the discontinuity occurred aftex about the 

game time interval, and it seems likely that the change in 

sensitivity to porosity in each test is related at least 

in part to the same stege IV characteristic. 

So far compacting pressure, structure, porosity and 

pexmeability have been assumed equivalent, and it is 

significant that for firing times up to 1 minute, compacting 

pressure is the predominant factor. However, when bridging 

oceurs between grains of abrasive by bond fusion, pores 

will tend to become discrete and permeability wiil not be 

controlied solely by the volume of porosity: it will also 

be controlled by the effectiveness of bridging. For tests 

of 3 minutes 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 gless does not wet carbon,and therefore 

pridging is likely to be most effective in zone D. 

This concept is consistent with both the thexmo- 

gravimetric and the compressive strength experiments where 

the elimination of binder at and near the pellet surkace 

* Gont fd.



= UES = 

was also proposed to account in part for the observations. 

Yn this context the effectivences of bridging in zone D 

is particularly significant. It was also suggested in 

section 5.5. thet at 1000°C 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 12506 (figure 3.6.1) 

the following observations can be made: the pellet compacted 

to 1.1 t-s.i. completely purnt-out to structure D; the 

pellet compacted to 2.2 t.Sei retained a triangular zone Gs 

the next in the series contained B with a slight amount of 

A, and the fourth pellet, all four zones, including a much 

larger quantity of 4. 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 pellets 

it is seen that zone A has virtually disappeared at the 

lower pressure and zone C is near the centre but the total 

defective areas are approximately equal ~ the difference lies 

mainly in the width of each zone. Furthermore, in the 

2.2 t.8.i. pellet, zone C is much more extensive than in the 

two previous pellets. 

fn initial assessment of the results at 3 minutes 

suggests a relationship with temperature distribution within 

the pellets. As each zone approaches the centre of the 
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pellet it tends to become wider and if one correjates these 

gones with temperature, this pattern would be expected. 

However, the pellet which burnt-out Most. Was compacted 

Jeast and should therefore have the lowest thermal con- 

ductivity while the pellet compacted most purn-out least. 

This is clearly incongruent. Furthermore, temperature has 

been shown to have little direct effect on burn-out rate 

and therefore the distributions of the cones must be 

associated with diffusion. 

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 pellet; 

thus entrapment within this zone by lack of permeability in 

the surrounding continuous structure may be described as 

mpecoscunict However, zone C is continuous and it seems 

likely that carbon may be travped microscopically by fusion 

of the bond esround residual carbon peacticals and burn-out 

of this carbon is controlled by diffusion through the bond. 

The pellets pressed to 4.5 and 5.6 t.3.3 support this 

explanation of two types of entrapment since one would 

expect the removal of carbon entrapped macroscopically to 

be mich more sensitive to gross porosity than carbon entrapped 

microscopically. Also zone 4 was eliminated in less than 

10 minutes but gone C persisted for longer than 12 hours 

which further suggests two different mechanisms. 
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Phe aim of compacting is to press the abrasive grains 

  

closer together and it 1s unlikely the bond will be compacted 

mach but exuded into surrounding voids. It is therefore 

not surprising that retentions of zone C in the two pellets 

pressed to 4.5 and 5.6 t.s.i were almost idential. At 

the two lower pressures the same is not true and it is 

proposed that this difference arises from the different 

dependsneics of macroscopic oxidation and bond fusion cn 

time and temperature. 

The bond used to prepare the mixings consisted of a 

number of constitvents varying widely in fusibility. Con- 

sequently the bond vitrifies over a very large temperature 

range: as heating progresses the least refractory constituent 

will fuse or soften first, then as the temperature continues 

to rise other constituents 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 some direct effect 

on reaction rate sithough the main factor is time elapsed, 

since burn-out requires diffusion. An additional point 

may be noted heres from the heat transfer tests it was con- 

cluded that for silicon carbide the pellet would require 

  

about 3 minutes to approach the temperature which 
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       Considering chose factors together the 

emerges: because of the very open structure, binder in the 

lel tes.i pellets burnt-out very rapidly before the bond 

had fused sufficiently to cause entrapment; at the two 

upper pressures the lack of permeability delayed burn-out 

sufficiently for the bond to reach a higher temperature, 

%~ end thus en carbon micro- 

  

fuse to a greater ext 

  

scopically; the pellet compacted to 2.2 t.s.i was presumably 

borderline, ie time was not quite adequate to remove all 

of the binder before fusion but microscopic entrapment was 

not sufficiently severe to lead to a very protracted burn-out. 

In section 5.6 a criterion was evolved which stated 

that entrepment occurred when the fluid content of the 

bond is saffioient to fill the interstices of the remaining 

solids in the bond end this conclusion was drawn from the 

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

temperatures. No mechanism was proposed other than the 

bond becoming impervious once the criterion has been met. 

If one considers only macroscopic entrapment the criterion 

ean only operate by forming a completely impermeable structure 

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

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

° 
tests performed at 1250 C and therefore it is 

        

that. the terion 3 entrapment. 
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Applying thie concept the previous conclusions can be 

refined as follows: in pellets compected to 1.1 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 remaining solid 

bond constituents resulting in a burn-out period of longer 

than 14 hours. 

In section 3.3 a brief description of the pellets was 

given where it was noted that the peliets compacted to 

1.1 t.s.i and fired for 3 minutes at 1300°C had burnt-out 

completely. This observation is not consistent with the 

general trend at this pressure and temperature and the anomaly 

must be assumed to be due to experimental error. Also, the 

pellet compacted to 2.2 t.s.i and fired for 10 mimtes 

appears in figure 3.6.2 not to be very carbonaceous. However, 

the pellet was black at the core although contrast is poor 

throughout this photograph. In general the results obtained 

at 1300°C compare favourably with other temperatures. 

At 1300°C in particular, and for the 1.1 t.s.i pellets 

fired at 1350°C, a phenomenon that was not so obvious at. 

1250°C was apparent: the removal of carbon in a continuous 

structure (ie from zone C) differs fundamentally from the 

removal of carbon from @ discontinuous structure (ie; from 
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gone A). In all the cases of burn-out from zone © no 

reduction in its size occurred but it was observed that the 

"gone persisted for a period of time and then abruptly dis- 

appeared to leave the carbon free zone D. This agrees 

wall with the idea that the carbon of zone C is entrapped 

microscopically, that massive permeability is not the 

primary controlling factor, and consequently burn-out, at 

this stage, “= fairly even throughout the pellet. 

At 1300" C it is particularly noticeable thet porosity 

affects the total time required for complete removal of 

carbon. For the same firing the porosity of the pellet will 

affect permeability and it is possible thet this will have 

a direct rate controlling influence on burn-out, but in the 

light of the. above theory it is difficult to see how it 

ean make any major contribution simply by limiting air 

diffusion into the pellet - it has been argued that the 

rate controlling mechanism is diffusion of oxygen in the 

fused oz partially fused bond. However, the overlap theory 

is itself sufficient to explain the effect. It has been 

observed that porosity is the principal factor controlling 

the vate of burn-out in the early stages and consequently 

for any given temperature of firing the porosity will 

determine the amount of carbon yemaining in the pellet when 

microscopic entrapment occurs. Obviously the more carbon 

there is entrapped by the bond the longer it will take to 
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purn-out under similar conditions. An obserwation that 

supports this is that decreasing the porosity reduces the 

width of zone D that surrounds the core, It has been shown 

that gone A is removed by oxidation from the surface inwards 

and if reducing the porosity inhibits this process then the 

aréa over which entrapment occurs must be larger for lower 

porosity samples. 

From a general comparison of the tests (z50¢ to 

1350°¢) it is obvious that raising the temperature leads to 

more protracted burn-out rates which supports the idea 

that raising the temperature reduces permeability by pro- 

moting bridging, but an affect may contribute which can be 

considered the converse of the above mechanism. it has been 

shown that microscopic entrapment can be thought of as 

overlap between two mechanisms, viz: zone 4 burn-out and 

bond fusion and decreasing the porosity delays the former 

so that more overlap and hence more entrapment occurs. 

It has been shown that porosity is the main factor controlling 

this oxidation and so raising the temperature will again 

cause 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 compacted to 1.1 t.s.i 

and fired for 2 minutes at 1350°C, and to some extent the 

pellet compacted to 2.2 t.s.i, suggests that firing 
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temperature modifies the zone sequence 4 to B to Cs instead 

of gone B moving through the pellet across section 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 carbon. 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, 

¥iz: the point at which burn-out is well advanced and the 

point at which fusion is sufficient to satisfy the micro- 

scopic entrapment criterion. If an 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 general 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 more completely by carbonaceous 

matter. Consequently, in the case of pellets fuged at 

1250°C various stages of burn-out, achieved after 3 minutes, 

could be related to porosity and hence permeability but 

extrapolation cannot be made to include pellets fired at 

1350°C for the same time. After shorter firing times zone B 

exists, but then porosity and time become the controlling 
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factors and the effect of temperature and its concomitant 

effect on permeability are minimal. 

§,8.The Thermodynamics of Burnout. 

In the tests performed on alumina pellets (section 5.6) 

the defects were matt tending to be brown to black at low 

temperatures and grey to black at high temperatures. In 

the silicon carbide pellet tests it was reported in 

section 3.3 that early forms of zone C also 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 the 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 entrapment 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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It has been shown in section 4 that if oxidation is 

restricted, 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 kinetic but thermodynamic and is in fact a special 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 silicon carbide. 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, kinetically, 

and can in fact ba used to explain the parabolic rate law of 

oxidation. . However, free flowing silicon carbide does not 

blacken when oxidised in air or oxygen. Examination of the 

various systems considered in section 4 shows that 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 section 1 it was reported 

that if silicon carbide is heated in carbon monoxide to 

1300°C it is blackened and the reaction proposed was & 

SLC + 2C0-p3C + BIO, Lsiganieae ae neasaesen Cay 

fn this system CO is being used as & source of oxygen to 
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partially oxidise Sic; but the use of CO in this way is 

only another method of restricting oxygen potential. 

Furthermore, the activity (or fugacity) of the oxygen will 

be given by the equilibrium : 

2co#c +o bac Ue POMS Timosin bes nesae ahs? 

(although some at sane should be made for dissociation and 

dissolution 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 oxidise in the same 

way as silicon carbide, ic 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 facourable the Sic 

will blacken. It is proposed that under the conditions of 

tests this mechanism is kinetically favourable, that it is 

responsible for the shiny state of zone C, and that the 

seme must be true when the defect is inevrred during 

commercial firing. 

In section 1 it was reported that while CO blackened 

Sic at 1300°C it was unaffected at 1200°¢. It was suggested 

in the same section that this was kinetic, and the stability 
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of carbon in a closed system, found in section 4 supports 

this. In the yest tests the shiny eae 

observed at 1250" C. Unfortunately no refesence was found 

for this temperatures but if the temperature at which co 

blackens pure SiC is just above 3250°C it is still likely 

that blackening should occur in the pellets for the following 

reason. The tests reported in eee 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 and as reported in 

section 2 it contains a high proportion of metal oxides 

including ca 15% alumina. Consequently in the pelists 

there exists a low activity sink for silica which will 

promote any reaction involving silica as a product including 

equation 2. 

From the above theory a criterion of discolouration 

can be developed. It was shown in section 4 that for system 

pieret eae the predominant reaction to be expected at 

high temperature is : 

SiC * F 0-9 B10, + CO Getoskaceccwoeses A) 

but when carbon is precipitated the equation 

SiC + O =psio +C Poclic ves esuneclo ace ssinwe  O0) 
2 2 

should proceed. The problem is to find the point beyond 
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which equation 5 becomes more likely than equetion 4, ie: when 

AG -AG HO — cavoncccesccecesecscccesesere (6) 
i 5 

Equation 4. can be resolved into equation 5 and 

C+ 30>9c0 agSid ae Cosh de eaaicaee eons see CTD 
2 

Therefore the criterion for discol oration is that the 

free energy of oxidation of carbon to carbon monoxide is 

greater than zero, ie: when 

Feo > 0 ap cine ne o 
AG =2JAG + RE in 

7 7 @ 
02 

but (see section 4) 

Ac, = =26700 ~ 20.9 coveevesccccosccssces (9) 

whence S3400/T F4lS 

Pp 269084 +2656 
2 > © seewewsescecceseses (10) 

Po, 

At high temperature carbon monoxide is the most stable 

oxide of carbon and if for simplicity we assume nitrogen 

(from gir) to be absent the atmosphere will consist of 

oxygen and carbon monoxide. It has already been shown 

that the partial pressure of oxygen will be low when equation 

5 ts favoured. Therefore at unit atmosphere pressure the 

eriterion reduces solely to the partial pressure of oxygen 

Cont'd.



= 126 = 

_ and equation 10 reduces to 1 

—s3400/T—4l ¢ 

o<e Go, cto canoe nee enee een) 

= 

In previous subsections kinetics were assumed the 

main factors controlling burn-out. In many of the tests 

purn-ont wes not in fact completed. At 4300 °C 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 this case considering the 

general pattern, it is probably reasonable to assume that 

had the firing been continued, burn-out of these pellets 

would also have occurred. At 1350°C only the most porous 

pellets purnt-out and it is possible that the carbonaceous 

sore was stable at this higher temperature. 

In this discussion on blackening, the removal of carbon 

from one location is proposed to cause earbon formation 

at another, but no correspondence between the amounts of 

carbon has been suggested. In the tests where burn-out 

occurred the satesof removal of carbon must have bee 2 

greater than the rate of precipitation. However, in section 

5.8 reference was made to the likelihood of pridging in 

the outer, carbon free, zone: furthermore, with oxidation 

in this zone both the amount and fusibility of the bond 

will increase and it seems likely 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 

it 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 the ratio 

of carbon precipitated to carbon oxidised will be raised. 

The overall reactions may be resolved into three stages as 

follows: oxygen initielly at 0.2 atmospheres pressures, 

diffuses through an almost impermeable layer of zone D and 

its partial pressure is reduced, by diiution with CO; the 

oxygen then reacts with carbon entrapped by the bond so that 

the oxygen potential 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 in 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; eventually 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 

BIE + 0 => at me aeesguegecsenee seceee: (9) 

originally proposed in section 4 will proceed; thus the 

system becomes virtually closed. 
Cont'd.
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The partial pressure at, and below, which oxidation 

proceeds by equation 5 is that the amount removed should 

not exceed the amount precipitated. If we consider 1 mole 

of oxygen at a partial pressure of p where p 
02 mine 02 min. 

is the partial pressure at which reaction 5 proceeds, then 

there should be a range from p ’ top over which 
2 mine 02 make 

carbon is still formed although some CO is also formed. 

Tf the process ig considered as oceurring in two stages viz 

oxidation of carbon to carbon monoxide to reduce the partial 

pressure to p then p is that amount of oxygen 

: 02 min. 02 max. 
5 

which oxidises as mich carbon [is precipitated. For 1 mole 

of oxygen, 1 mole of carbon is precipitated but $ mole of 

oxygen is required to oxidise this to carbon monoxide 

and therefére -s3qor/t — G8 

3 326r90eAE-2T50 . 

Pp 3 =pe ecw (he) 

02 max. 2 Poe mine, Pe: qe 

The same arguments ean be .applied to any source of 

oxygen, when the criterion may be stated as follows : 

@iscol oration is thermodynamically possible only if the 

oxygen potential of the oxidising agent is insufficient to 

oxidise carbon to carbon monoxide. It may be noted that 

carbon monoxide always satisfies this eviterion. In the 

case of oxidation by carbon dioxice two moles of carbon must 
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be precipitated according to the equation 

Bic + ae a ee ese bba steno see awe oe oC LOT 

put this will require two moles of e. to oxidise this 

carbon to carbon monoxide, and therefore 

=3 on cesesiie teneeeecae 4 ltd 
P02 MaxXe P02 mine 

In section 4 it was shown that in a closed system 

carbon is stable up to 4300°¢ but not at 1hoo°c and above, 

when the reaction 

an fin sic + 2c0 Abele wee ouie  soeec05) 9) 

(ie the reverse of equation 2) will tend to proceed. 

It was reported in section 3.3 that after very prolonged 

firing times at 100°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 temperature and oxidation of the SiC, can 
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6. Concinsions. 

The thermochemistry of binder removal involves two’ 

types of reaction viz: anaerobic and aerobic and each of 

these can be further subdivided as follows : 

Anaerobic 1. Drying 

2. Dehydration 

3. Further decomposition involving 

evolution of carbonaceous gases ~ 

ie caramellisation. 

4. Macroscopic or primary oxidation. 

Aerobic 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 

carbide oxidation. 

The friable core was shown to be associated with non- 

wetting of the abrasive by the bond and with the presence 

of carbon macroscopically distributed. The hard shiny 

Qs
 

efect was shown to be associated with wetting of the abrasive 

by the bond and with microscopically entrapped carbon. It 

was further shown that tertiary oxidation ceased if the 

ingress of oxidising atmosphere was severely impeded, when 
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partiel oxidation of the silicon carbide to silica and 

carbon occurred. 

6,1_ Devine. 

Rate controlling factors during drying include heat 

transfer, water content, bond content and binder 

cheracteristics. The main factor was found to be total 

mass although porosity will tend to limit conductivity. 

Bond probably heips hest transfer in as much 9s it 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 Largs 

surface area minimises the effect. 

Drying may affect later processes by controlling 

porosity and amount of binder to be subsequently removed. 

Glucose was found to show the largest weight loss at this 

stage. 

6.2. Dehydration. 

The temperature at which dehydration commences wes 

found to vary between tests but no cause was apparent. 

The temperature at which this stage ended was found to be 

controlled by the bond and it was suggested that the effect 

was 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 permeability 

also had little effect. 

Dehydration, like drying, reduces the amount of 

binder to be removed subsequently. Unlike drying it may 

have a serious disadvantageous effect on porosity due to 

dilation associated with it since dilation was shown to 

reduce the oxidation zone width by severely reducing 

porosity locally. 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 undergoes most dilation, oxidises more rapidly than 

starch which exhibited no dilation, and oxidised slowest. 

However, starch showed the largest weight loss at this 

stage and it was concluded that the mechanism of dehydration 

was important - glucose and dextrin probably dehydrate 

more by polymerisation than starch. 

.3.Caramelli sation. 

The final stage of anaerobic binder removal is con- 

stituted by the initial part of stage IV of pyrolysis. The 

significance of this stage found to be determined by the 

amount of previous dehydration and it was shown that for 

starch the contribution was minimal. Porosity has little 
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effect on the progress of this decomposition although it 

  

(| on the point at.which it ceases to 

bave a rate controlling influence, since it was evident 

from pure binder results, in particular, that direct 

oxidation becomes the rate controlling factor when the 

products of decomposition cease to protect the residue. 

In general it was shown that decomposition products 

impede direct oxidation and hence promote overlap between 

binder removal and bond fusion leading to microscopicaily 

entrapped carbon. Wheel size is important here since in 

a large wheel the centre will heat up more slowly and de~ 

composition products will be evolved over a larger period. 

For large masses ghe temperature gradients near the surface 

tend to be steeper and hence inward migration, which was 

shown Aes from temperature gradients, may also be 

promoted in large whsels. 

bolt Macroscopic Oxidation. 

Macroscopic or primary oxidation follows decomposition 

and it is terminated when either burn-out is complete or 

bond fusion occurs. Consequently it is favoured by 

mechanisms that : 

1. Promote completion of decomposition 

2. Accelerate oxidation 

yy. Delay fusion. 
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The first of these has been dealt with in the previous sub- 

sections and the third will be considered in section 6.5. 

In this subsection, those faétors which directly affect 

oxidation rate ere considered and probaoly the most 

important single factor is mass transfer by diffusion, 

controlled by permeability. 

. In the discontinuous structures, porosity has been shown 

to be the main factor determining permeability and hence 

oxidation rate, and this structure is primarily associated 

with macroscopic carbon. 

The continuous structures are not directly associated 

with primary purn-out but the two types of structure often 

coexist and the outer structure may be an important factor 

affecting the rate at which oxygen (or CO ) reaches the 

discontinuous zone. In the continuous Sate actual 

porosity is less important, as bridging tends to promote 

the formation of discrete pores with a concomitant lower 

permeability. The smount of bond and its fusibility (and 

hence fluidity at firing temperature) may be very important, 

especially in large wheels: a large mass necessitates 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__Mieroscopic Oxidation. 

fhe concept of microscopic oxidation was demonstrated 

most clearly by the silicon carbide tests performed at 

3300°¢ where it was shown that the rate controlling factors 

were oxygen diffusion and amount of carbon entrapped. In 

the same section, however, no distinction wes made between 

secondary and tertiary oxidation. From tests on alumina 

pellets it was concluded that microscopic entrapment occurs 

when the fluid content of the bond becomes sufficient to 

fill the interstices of the remaining solid bond. constituents. 

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 particular. 

Oxygen diffusion across the fused bond will depend 

mainly upon temperature and thickness of the bond which wild 

in turn depend upon the amount of bond used and grit size 

(ie the surface area over which the bonds spread). A very 

fluid bond will elso promote bridging, particularly in the 

outer carbon free structure, and this will limit ingress of 

furnace atmosphere and hence the oxygen potential of the 

gas phase of the structure. This will in turn reduce the 

oxygen. gradient in the bond and thus reduce oxidation rate. 
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it was shown that during the early part of microscopic 

oxidation partial oxidation of silicon carbide to silica and 

carbon could occur. In this respect the oxygen potential 

of the gas phase is particularly important since a reduction 

of this leads to a reduction in the amount of carbon 

oxidised to carbon precipitated. 

6.6 Tertiary Oxidation and Ther mic si +t. So 

If an inert abrasive structure is considered, reducing 

the oxygen potential of the atmosphere should reduce the 

rate of oxidation in direct proportion but for silicon 

carbide the system is more complex. If the oxygen potential. 

is reduced sufficiently, partial oxidation of the abrasive 

occurs with accumulation of carbon and this occurs when the 

equilibrium partial pressure falls below : 
P ~20,900/T-20.2 

0 =e Tivseccreccseeoucss GL) 
2 

€o 
When the pressure falls betew ;: 

p ~20.900/T+20.6 ak 
Oa a! sovevccccoseshbecccoe (2) 

z 

only the reaction 

SiC + O-—>S81i0 +C Oe ovvvcccccecececsoos (3) 
2 2 

occurs. It was also shown that at very high temperature 

silica oxidises carbon, (ie equation 3 was 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 

BiG + 2610 > 3810 + CO Coeccccesccccrocs GH) 

The eee & of tertiary carbon is difficult to 

isolate as a distinct stage and it will in fect be con~ 

trolled by the same factor which controls sscondary 

oxidation, eg: the amount of carbon entrapped. Whereas 

the amount of secondary carbon will depend upon the inter~- 

action between burn-out and fusion the amount of tertiary 

carbon will depend upon the extent of partial oxidation. 

Thus tertiary oxidation will be promoted by the following: 

high oxygen potential and hence the amount of secondary 

oxidation required to satisfy equation 2 at the bond/ 

abrasive interface; unfavourable kinetics of carbon pre- 

cipitation; @ small amount of secondary carbon, and hence 

a minimum period over which secondary burn~out occurs. 

High silica activity may also impede partial oxidation by 

opposing equation 3 but was shown not to affect the maximum 

oxygen potential for discolouration. 

ON
 

ry. 

The two main defects viz: friable core and the shiny 

black core can berzelated to the failure to complete the 

oxidation stages. Matt black friable 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 microscopic scale. 
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Rate controlling factors during drying (the first stage 

of binder removal) includs heat transfer and clay content. 

Drying may affect Lat@er processes by controlling porosity 

and amount of binder to be subsequently removed. 

During caramellisation the effect of dilation may be 

restrictive, at that stage, but helpful in subsequent 

oxidation dus to a greater dispersion of carbon. It was 

found thet the carameliisation stage overlapped the primary 

oxidation stage to a greater or lesser extent dependent 

upon’ the binder used. 

When the bond fuses it entraps carbon microscopicaliy 

and in addition ingress of air or carbon dioxide may be 

limited by bridging of the bond between abrasive grains. 

Removal ofthe carbon may be very slow and controlled by 

temperature, amount of carbon entrapped end oxygen gradient 

across the bond. 

By thermodynamic calculation it was shown thet silicon 

carbide may be partielly oxidised to silica and carbon by 

air, carbon dioxide or carbon monoxide at af temperature of 

7K when ; 

2, @ Fi tal Oe eet ns 

2 

and Tag 1573 °K (1300 °C). At higher temperatures carbon 

yeduces silica and at still higher temperatures silica 

oxidises silicon carbide to carbon monoxide and silicon 

monoxide » 
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Futuke Work. 

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 suitable model, 

in wheels subjected to given firing cycles, and to perform 

Larger scale expsriments on wheels rather than pellets. 

These three eppreaches are considered in a little more 

detail below. 

Zoek Develonment of Smali Scpie Tests. 

The thermogravimetric work hes demonstrated the basic 

stages of decomposition but stage IV needs further analysis. 

Stege IV was shown to involve both anaerobic and aerobic 

thermochemistry and further study is required to isolate 

these. Also the determination of the heats of reactions of 

sach stage could prove to be useful. The effects of other 

wheel components could be examined further, in particular 

the effect of clays on dehydration. Subsequently the 

effect of clays on dilation requires examination and dilation 

itself could be studied further to determine the effects of 

heating above stage IV (ie: above 260°C in the absence of 

clay). 

Dispersion was though&to occur in two ways, eg. induced 

and inherent dispersions. The former was the result of 
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be adopted for mass transfer if data is obtained for the 

effects of various paremeters on permeability, including 

porosity, temperature, bond composition and the effects of 

residtial carbon on wetting and hence bridging. The inclusion 

of mass transfer could also lead to more accurate heat 

transfer calculations. 

From the above type of calculation, burn-out time 

could be calculated, and with the addition of thermal and 

mechanised date, internal stresses could be calculated. 

These stresses would arise partly from temperature 

differentials and partly from pressure decomposition products 

and in this connection the amount of drying necessary prior 

to e particular firing cycle could also be estimated. 

‘The number of calculations involved aid obviously 

be very large and the task could therefore only be undertaken 

if e computer was available. Theoretically either a digital 

ox an analyticel computer could be used although initially 

a digital computer would probably be better until the method 

had been perfected. Once the method had been worked out an 

analogue computer would do the calculations faster, but 

the expense of setting up modules to represent each node 

could be high. 

¢ ests. 

The type of work envisaged here is the examination of 

wheels fired in production. From the alumina pellet tests 
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it was concluded that firing should t dally be vapid to 

until burn-out       , constar 

was complete and then rapid again. Work is needed to find 

the minimum time required for complete burn-out et the 

middle stage. The above work (section 7.2) would be helpful 

but even without it useful data could be obtained by firing 

large wheels in this ideal way and examining the product. 

From these tests firing cycles could be made much more 

efficient particularly if a simple relationship could be 

found between time at burn-out temperature wheel size and 

porosity “(at has been shown that for the discontinuous 

structure porosity is the major factor). 

The occurretice of inward migration due to the inter- 

action of stage 2 and steep temperature gradients could 

probably be examined best in large wheels since in smali 

peliets the effect is bound to be less detectable. This 

migration nécessitates condensation towards the cold 

centre of the wheel of heavy tar-like distillate fractions 

Possible beneficial effects of controlled drying should be 

investigated, since steam evolved from the centre would 

tend to sweep these fractions outwards towards the surface 

and prevent them condensing.



   
     

    

  

   } hobati 

  

The oi from the t 

      Length of hart, a sample of 

figure A, This is not the most convenient form mainly 

because of the length of the chart and therefore in this 

work those graphs are reduced to figures of smaller size 

in which weight or a function of the weight is plotted 

on a continuous scale either against time or\'temperature. 

In the binder tests weight percentages of burn~out are 

used for the silicon carbide oxidation studies. In each 

case recorded weight is read off on the chart at frequent 

temperature or time intervals and to illustrate this the 

procedure is now given in detail for figure 3.g.1, section 3. 

_ Figure A is the thermobalance output for the pyrolysis 

of a sample containing 2% water, 2% starch and 95% silicon 

carbide (46 mesh) heated at a programmed rate of approximately 

50 G/howr. The problem is to present the relationship 

between temperature and weight in a more convenient form. 

In order to facilitate comparison with the pyrolysis of pure 

binders and on mixtures of different compositions the 

weight scale is expressed as a function of initial binder 

in the sample. The weight of the sample used was 

12.000 gm so that it must have contained 240 mgm starch 

and this was called 100%. Again to assist comparison the 

final, weight of the mix after pyrolysis is assumed to be 

zevo and therefore since the mixing contains equal parts







10 

14 

12 

RS FSR Ne WS 

Gulbransen Z.A. Corrosion 24 (3) 76 (1965) 

Wiebke G: oxidation of silicon carbide. (1960)Beriehte 
DKG,37,5pp 219~226 

Erwin Jr.G:Oxidation behaviour of silicon carbide. 
JoAmer Ceram Soc. 44 (1958) p 347-352 

Lea A.C: The oxidation of silicon carbide refractory 
materials. J.Soc.Glass Tech. 33 (1949) p 27-30. 

Jorgensen P.J: Oxidation of silicon carbide. J.Amer 
Ceram.Soc. 42 (1959) p 63-619 

Baimforth W: Universal Grinding Wheel Co. Ltd. 

Private communications 

Katz Az Mit Forek.Inet.Verein, Stahliwerke,Svazek C. 

2 (4930). 

Kajnarskii I.8.a Degtijarera E.V:0kislajemost 

Kerborundo ~ Wych Ogreuporor: Metody ee Snizeria. 

Ogreupory, 2 (1960) p 77 ~ 84, 

Chapman A.T:,St.Pierre G.R., Porter WR... Sherlin 7.8: 

Concerning the stable phase of silicon monoxide, Ohio 

State University. Tech, No. 60-154 (1960) 

Greenwood C.1. Knox J.H., Milne B: High temperature 

pyrolysis of starch. Chem, Ind. (London) 1878 (1961) 

Gardiner D.G: The pyrolysis of some hexoses and 

Di-,fri-& polysaccarides, J.Chem. Soc. ¢ AL 1473 (1966). 

Bloede V.d. A comprehensive survey of starch chemistry 
Chem. catalogue Co.Inst.NY¥(1928) p 158 

Pictet A.,Sarasim J: Isolation of levoglucosan Helv, 
Chim.Acta 1 87 (1918).



14 

15 

16 

Biggin P: Universe). Grinding Wheel Co. Ltd. 
Private Communication. ae 

eam. 
Paradine C.G;RivettB.H:/ Stastical) methods for 
technologists - The “nglish Universities Press Ltd. 

(1966) 

Schenck H; Fortran methods in heat flow ~ Ponald Pe 

(1963)



Photographs of silicon carbide / glass /s      tarch pellets fired at l250 deg.C. 
  

  

  

    
  

  

40 | 2 Ke) 20 
Seconds   40 

Minutes 

a   Firing |time —»     
Hours



     Pe ah et deg. 
Photographs of silicon carbide/glass| /starch pellets fired at 1300 degC. 

  

  

  
    40 

— Minutes Hours 

wa Firing, time—>    



hs of silicon carbide /glass /lctarch pellets fired at 1350 deg.C. 

      20 40 
Minutes 

Firing time—»       

    

  

    

Hours    



Making 
yressure 
n t.s.i. 

Photographs 

  

2.2 

4.5 

5.6 

    
    40 

Minutes 

——— 

of silicon carbide /glass/starch pellet — 

  

  

    Firing time —» 

s fired at 1400 deg.C. 

  

loo 
Hours



  

: 3 r 

Photographs of silicon carbide Pglosed tarch pellets fired at 1250 deg.C. 

  

        3 10 | 20 40 % — in we 

Seconds ‘ Minutes \% 2% 6 18    



P. YOUNG FIGURE A 

 



  

  

  

        
  

Makin pressure Photographs : 
in t.s.i. Ss fired at [400 deg.C. 

I 

2.2 

4.5 

5.6 

40 1% 2% 6 : 
Minutes : iS So 100 

Firing time —» Hours    



Makin g 

  

pressure 

In %.S.1 . 

| Photographs of sllecn a ane $F Sh areh pellets fired at 1250 deg.C. 

mae, 

4.5 

5.6   
  

ae oO 40 1% | : 6 18 
20 4° : ee Minutes : as Hours 

Seconds Firing time —»  



[Making 
pressure | 

ine t=Scie aa 

    
& 
Photographs of siliconcarbide/glass / 

  

2:2 

45 | 

5-6 

| 

20 40 
Seconds     

starch pellets fired at 1350 deg.C. 

4:0 
Minutes    



Making 

  

  

  

    

  

pressure 
intes oe 

hl 
/starch pellets fired at 1300 degC, 

2.2 

4.5 

5.6 

20 40 3 ro 

Seconds 
= , % 

° inutes 
Firing    



Making 
{pressure 
is tese1. 
  

2.2 

4.5 

D6 

    Photographs of silicon carbide / glass /s 

      

tarch pellets fired at 1250 degC. 

  

  

    

20 40 | 3 j 10 
Seconds   20 40 

Minutes 

Firing         timo —r» 

18 
Hours


