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sm~ii.'\RY 

The object of this rezcarch ~.;as to determine the 

effect of additions fron the CaO-llgO-Si02 ternary phase 

system on the sintering behaviour of high purity magnesia. 

This sy::;tem was chosen because it ~;as relevant to the 

production of corunercial refractory material used in 

steel manufactur• 

Additions of forsteri te, nonticellite, ner\tini te, 

dicalcium silicate, tricalcium silicate and calcium oxide 

were made to magnesia, having a total impurity content 

of 27 p.p.m. This \tas specially prepared by calcining 

at 800°C magnesium oxalate obtained by chemical means 

from pure magnesium metal. Mixtures were sintered 

between 1400° and 1800°C for times bet~;een 0.1 and 8 

hours, and the kinetics of their densification and crys~al 

growtr. follov:ed. 

The additions were found to have an effect on the 

densification, porosity and grain growth kinetics of 

magnesia. Activation energies for the grain growth 

processes ~~ere obtained. 

Electron microprobe and X-ray diffraction analyses 

of the fired compositions containing calcium silicate 

additions showed that lime was lost from ~he silicate and 

entered solid solu~ion in the magnesia phase. ~he stabi

lity of the silicates fired in the presence of magnesia 

decreesed with increasing Ca0/Si02 mole ratio. 

These analyses enabled explanations to be made on 

the sintering behaviour of the mixtures in this system 
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and its relevance to the commercial production of den~1e 

nagnesia refractor~es. 

Thin the::; is has resulted in the publication of the followmg papers:-

(1) "Sinterir.g behaviour of pure magnesia with additions from the 
CaO-MgO-SiO system". D.R.F. SPENCER and D.S. COLEMAN. 
Presented a~ "Science of Ceramic::;" 5th International Cinference 
of the European Ceramic Association, Ronneby Brunn. Sweden. 
April 21st, 1969. 

( 11) "Densities of sj licates 1n the CaO-MgO-Si02 system". 
D.R.F. SPENCER and D.S. COLEMAN. 
Transactions of the British Ceramic Society 68, (3) May, 1969. 

(jii) "The high temperature solubility of ljme in magnesia from 
silicates in the CaO-MgO-Si02 system". 
D.R.F. SPENCER, T.W. BEA~lOND and D.S. COLEMAN. 
Accepted for publication in the Transactions of the British 
Ceramic Society. 
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1.00 TITT'10DUC'l'IOH. 

The 1vork described in this thesis is a project in 

a series which has the general title: "Investigation 

of the interrelations between composition, high temper

ature strength and microstructure in ceraoic bodies." 

Most comoercial ceramic bodies for use in high 

temperature applications consist of a matrix of grains 

held together by a ceramic bond developed as a result 

of a firing process. It is the properties of this bond 

and its degree of compatibility with the matrix that 

the performance of the ceramic body ultimately depends. 

In most cases the bond used is complex and consists of 

several components, <Thich are present naturally, or 

intentionally added. It is usually difficult to sort 

out from this multi-phase system the contribution of 

the individual cooponents to its high temperature 

~hysical properties. Whilst the high tempera"ure pro

perties of sooe pure single crystal and polycrystalline 

materials are knoun; little information is available 

about the way ·in vrhich the high temperature strength is 

influenced by such factors as composi~ion, grain size 

and residual porosity. 

The broad aims of this project were to determine 

the influence of specific additions on the properties 

of certain pure oxide matrices such as magnesia, alumina, 

silica and zirconia by using each addition individually 

in known amounts and then in various combinations. The 
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effect on the properties due to the additions could 

then be compared 1vith the properties of those of 

commercial materials with similar compositions. In 

this WJ.Y it would be possible to assess the contribution 

of each additional component in the commercial material, 

to its physical behaviour. 

Magnesia 11as selected for investigation as the first 

material of the series due to its groliing use as a 

refractory material~ The gro1vth in the manufacture of 

higher purity magnesia extracted from sea-water, has 

been hampered by a lack of kno1vledge of the effect of 

impurities on its sintering, grain growth and high tem

perature strength behaviour. 

There are two commercial sources of magnesia, the 

naturally occur:rirg magnesites (!1gco
3 

from Greece, 

Austr5a, etc) and the magnesia already mentioned above, 

which is extracted from sea-water. The naturally 

occurring material nornally has a !1g0 content of approxi

mately 90% compared with sea-water magnesia which can 

be produced to over 98% MgO purity~ The latter material 

has the greater refractoriness and, unlike the naturally 

occurr~ material, does not have to be imported into 

Britain. In the follovling p'lragraphs a brief sut:U-nary 

is given of the developmen~s in the prog=ess of magnesia 

containing refractories in order to put the present 

investigation into perspective. 

The loss of cohesiv~ strength of magnesia 

refractories at elevated temperatures has been reg'lrded 

as the principal cause of their breakdown in service. 
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The chrome-magnesia brick, containing a major propor

tion of chrome ore, was developed to overcome this low 

strength. In these bricks the 5rains of magnesia and 

chrome ore were bonded together on firing solely by 

101~ melting point eutectic phAS"S for.!led by the re

action of mdny impurities, mainly silicates, that can 
li-be found in the rm'l materials. Hayhurst found liquid 

to be present in chrome-magnesia refractories at 1360°C. 

In service, the strength of this refractory is lost as 

soon as this phase begins to soften~ Firing in excess 

of 1550°C led to the development of the direct bonded 

brick~ Here the grains of magnesia and chrome ore are 

bonded directly together, the liquid pllase migrating 

into small sinks at the grain boundaries. In such a 

bonded brick, much of the strength of the refractory 

is maintained when the silicate phase softens. 

The development of the oxygen steelmaking processes 

led to hi5her steelmaking temperatures and the re~uire

~ent of a higher refractoriness than could be oboained 

from the chrome-magnesia refractory. ro obtain a 

material capable of wit~standin~ t~ese higher temperat-

ures, the percentage of chrome ore in the brick has 

been gradually decreased, until at the present ..... 
"'J..me 

100}~ magnesia bricks are being used. Problems are no'll' 

encountered with the sintering and high temperature 

strength of high purity sea-water magnesi~ owing to the 

low level of a bonding liquid present at the firing 

temperc..ture. 

The main impurities in sea-water magnesia are the 
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oxides of aluninium, calcium, iron and silicon with 

traces of boron, manganese and alkali oxides. The 

equilibrium phase assemblage of the 5 component 

system formed by the major impurities with magnesia 

was investigated by Brampton et al? They found that 

i;he spinels and silicates forme-; vrere solely dependent 

on the lime to silica ratio. Because of the importance 

of this ratio it was decided to investigate the effect 

of specific additions of single phases from the ternary 

system: Ca0-MgO-Si02 on the sintering, microstructure 

and high temperature strength of pure magnesia. 

The phases that are present in the system: CaO-MgO

Si02, given by Levin et al~ are shown in Figure I. 

The phases that are compatible with magnesia in this 

system are forsterite, monticelli te, mer11ini te, dicalciu!ll 

silicate, tricalciun silicate and calcium oxide. 

The effect of additions of these co~patible phases 

on the densification and grain growth of fine pure 

magnesia between 1400° and 1800°0 is presented in this 

thesis. The determination of the high temperature 

strengths of the sintered products was initially consid

ered in this ?roject and an apparatus ~1as designed and 

built for this. The develo~ment of the sintering 

investigation was far greater than expected, so that 

the determination of the high temperature strength of 

ceramic bodiee such as magnesi~ with silicate additions, 

has been left for another investigation on a separate 

project. HO\vever, the apparatus that was designed and 
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built is explained in Appendix I Hith descriptive 

diagrams and photographs. 
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2. 00 REVIE1,{ OF LITER.',TURE 

2.10 General Considerations of Sintering 

2.20 Mechanism of Material Transport 

2.30 Sintering Hechanisms 

2.31 Initial Sintering Stage 

2.32 Intermediate and Final Stages of Sint
ering 

2.40 Sintering in the Presence of a Liquid Phase 
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2.10 General Considerations of Sinte~ing. 

The term "sintering" is used to refer to the 

process by which compacted crystalline or non-crystal

line powders are consolidated into strong and usually 

dense. aggregates, by heating at temperc_tures below the 

melting point of the bulk phase. Metal pm-;ders start 

sintering \vhen the ratio of the firing temperature 

to the melting point (in deGrees absolute) is approxi

mately 0.6. Sintering is the normal fabric~tion 

process for ceramic materials, where for oxide S;)'stems 

this ratio is usually slightly lo~1er. However, the 

presence of impurities in the system can greatly affect 

the temperature at vlhich sintering starts. 

Physical and sometimes chemical changes can occur 

in the compacted phase during the firing process. ?or 

example, chemical decomposition or phase transformations 

may take place on heating initially. Further heating 

of a fine-grained porous coropact normally produces 

three major changes which are as follows: increase in 

grain size, change in pore shape, and change in pore 

size, resulting in decreased porosity. As heating 

con~inues many of the pores can be eliminated completely. 

It is these phemonena to which sintering theories have 

attempted to describe and postulate the mechanisms of 

the process. In systems containing more than one phase, 

such as when impurities are present or additions of 

other phases are made, liquid phases may be formed at 
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the sintering tempereture. These phases may react to 

form different chemical compounds or solid solutions 

with the bulk phase. Phases may also decompose to the 

gaseous state. All these processes make it very 

difficult or impossible to identify in many practical 

systems the densification process with that predicted 

by theories, ~~hich are derived from model or ideal 

systems. 

The driving force, that causes densification and 

grain growth, is the tendency to decrease the surface 

area of the system and hence lower the surface free 

energy by the eli~ination of solid-vapour interfaces. 

This results in the formation of new lower energy 

solid-solid interfaces, the number of \lhich ~~ill 

decrease as grain growth proceeds. The surface energy 

of a solid arises from unsaturated chemical bonds at 

its surface and exists as a property of both solids 

and liquids. In liquids it is the measureable surface 

tension. In natural processes, systems will alvays 

change in such a manner as to minimize their total 

free energy. Normall~ these reactions are not spon

taneous and energy has to be supplied. In the sintering 

of ceramic powders, heat energy is supplied which over

comes an energy barrier (knO\m as the activation energy) 

so that the sintering process will proceed. The resul

tant sintered system will have a lo1,er free energy th2"'1 

that of the original pressed powder compact. 

Many theoretical and subsequent practical investi-
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gations have been made, to provide a greater under-

standing of the sintering process. These investi

gations have mainly been based on model systens with 

the objective of understanding quantitatively the 

fundamental steps of the sintering process. Determin

ation of the varir~bles and their effect on the process 

has enabled sintering mechanisms to be proposed. The 

resultant objective being to quantitatively predict 

the behaviour of the complex systems met in practise. 

But, owing to the complexity of many of the practical 

systems and the difficulty in controlling the many 

variables, a full understanding of many of the processes 

is difficult. For example, the si~ultaneous grain 

growth with densification during the later stages of 

the sintering process make it difficult to follow either 

process using theoretically derived expressions. ~esearch 

has ho;vever shown the important variables and indicated 

th~ir effect on the different stages of sintering. 

Only a general introductory discussion of the 

sintering process is presented here. ~here have been 

many recent review articles, such as those by Cable an( 
9 11 "10 Burke and by Thu~~ler and Thomma, which give detailed 

accounts and discussions of the sintering theories and 

their applicability to experimental observations on 

real systems. These review articles include all the 

necessary references to the original papers on all known 

mechanisms involved in the process. 

The purpose of the work presented here is a 

9. 



phenomenological study of the effect of additions, 

mentioned in the previous chapter, on the densifi

cation and grain growth of high purity magnesia, 

rather than a fundamental approach to the application 

of sin~ering theories. A brief survey of the pro

cesses that can occur in sintering is presented here, 

with the major emphasis on the processes most 

applicable to the present investigation. 

2.20 Mechanism of Material Transport. 

In order to predict how the changes will occur 

during sintering, it is necessary to identify the 

mechanisms by which the important atom or ion move

ments occur and to define the effect of the significant 

variables upon the rate of sintering. 

The transport of material during sintering in the 

presence of a liquid phase is discussed later in 

section 2.40 of this chapter. 

The mechanisms by which material transport occurs 

are considered to be the following:-

(1) Viscous or plastic flow 

(ii) Volume diffusion. 

~ii) Surface diffusion. 

(iv) Evaporation and condensation. 

Mechanism (i) involves the bulk movement of material 

compared with movements of individual lattice structural 

components in the other three mechanisms. 

These mechanisms can be divided into two types: 

those that can produce shrinkage, and those that cannot. 
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For shrinkage to occur it is necessary for the centres 

of contacting grains to approach each other. Viscous 

flo~1, which will occur in systems \-li th a liquid phase 

at the sintering temperature; or plastic flow, caused 

by internal stresses in the solid compact, can both 

cause shrinkage. The matter at the contact area be

t\1een the adjacent grains may be transported to pores 

or the surface by a diffusion process, so the grains 

approach each other. These are the only processes which 

will cause a decrease in the porosity of the aggregate. 

The process involving evaporation from high vapour 

pressure sites, and subsequent condensation on lo\1er 

vapour pressure sites, will only predominate in 

systems where the vapour pressure is appreciable at the 

firing temperature. A similar rearrangement may occur 

by diffusion over solid-vapour surfaces. These mecha

nisms will cause changes in the shape of pores, but 

unless pores are continuous to the surface, no 

shrinkage will be observed. Both processes can cause 

the growth of a neck or conta~t area between t~1o 

sintering particles during the initial stage of 

sintering and hence increase the strength of the compact. 

More than one of these material transport ~echanis~s 

may operate simultaneously. For example, a compact 

may increase in density by a diffusion process and at 

the same time pores may be rounded by an evaporation

condensation mechanism. The resulting decrease in 

surface area would decrease the driving force for all 
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material transport processes and would decrease the 

rate of shrinkage by the diffusion mechanism. 

Most of the evidence from detailed studies of 

sintering processes supports the vie1-1 that in a single 

phase ..:rystalline material having a lo1o~ vapour pres

sure, sintering usually occurs by a diffusion process, 

where grain boundaries act as sinks for diffusinr; 

vacancies and pores. 

2.30 Sintering Mechanisms. 

In most systems of particle compacts it is 

observed that the rate of shrinkage of the compact 

changes as the process proceeds. It is thought that 

the process of material transport is the same throughout 

sintering, but since changes in the geometry of the 

system occur, various stages in the sintering process 

can be identified. The earliest workers in the field 

defined the stages of the process in terms of changes 

in strength or electrical conductivity. The stages 

or the sintering process are now defined in terms of 

the position of pores and grain boundaries. 

Coble11 defines the process of densification 
r or compacts as occuring in three stages:,.. 

(i) The initial stage of sintering is the formation 

of a neck betv1een adjacent particles. This was 

first analysed by Kuczynski; 2 whose work has 

had a great impact on the recent investigations 

on sintering models. 

(ii) An intermediate stage is considered to exist-
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after some grain groNth has occurred. In this stage 

the pores are a continuous channel and all the 

pores are intersected by grain boundaries. 

(iii) During the final stages of sintcring the continu

ous pore channels become discontinuous, pores may 

be isolated from the grain boundaries and trapped 

within grains, especially \~hen discontinuous 

grain gro~1th occurs. 

In the present investigation measurements were 

taken on the compacts that had reached the latter 

stages of sintering when grain growth was occurring. 

2.31 Initial Sintoring Stage. Here a "neck" 

is formed bet\'leen adjacent particles so that their mid

points approach only slightly. This corresponds to a 

small contraction, but a marked decrease in surface 

activity takes place, although the po1~der particles 

retain their individual shape. 

Kuczynski analysed the simple model of spheres 

sintering to a flat plate and conducted measurements 

o£ neck growth between the species. He derived the 

follo\ving expression for grmvth of the neck:-

. . . . . . . . . . . . . . ( 1 ) 

where K is a temperature dependent constant, t the time, 

x the radius of the neck and 'a' the radius of the 

sintering sphere. The values of n and m depend on 

the mechanism of material tran-port. He found that 

glass sintered by a viscous flow mechanism with n = 2 

and m = 1, whereas copper sintered by a lattice 
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diffusion mech:mism 1'1ith n = 5 and m = 2. It \4as 

assumed that lattice vocancies 11ere created at the 

'neck' and were transported aw1y froo that site by 

lattice diffusion. Grain boundaries act as sinks 

for the diffusing vacancies, and duri~g the elimi-

nation of porosity, the grains move closer together 

and hence the compact shrinks. 

Measurements made by Kingery and Berg1 3 during 

the initial sintering of sodium chloride showed that 

the neck growth kinetics were consistent 1~ith an evap

oration-condensation transport mechanism. Coble14 

found that the shrinkage, during the initial stages 

of sintering of alumina, indicated a bulk diffusion 

mechanism of material transport. 

2.32 Intermediate and Final Sta~es of Sintering. 

From a practical aspect, the ;aost important stage in 

the sintering process is the intermediate stage in 

which most of the densifiuation occurs and the par-

ticles lose their identity. 

If a diffusion mechanism operates duri~g sintering, 

one wvuld predict that pores which lie on grain 

boundaries must disappear more rapidly than those 

which lie in the centre of grains. Alexander and 

Baluffi's1 5 investigations on the sintering of 

copper wires and Cable's investigations on the sin

tering of alumina, have shown that the pores only 

shrink and disappear l·rhen they are connected to a 

grain boundary during this intermediate stage. The 
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grain boundaries either short circuit the diffusion 

paths or act themselves as vacancy sinks. Burke16 

noted that in the early stage of sintering, pores 

must lie on grain boundaries, because they are 

regions where the initial particles are not in 

contact. Pores isolated inside grains, by the process 

of controlled and discontinuous grain gro;tth, \~as one 

of the reasons for the stopping of sintering before 

theoretical density is attained. Pores at or near 

grain boundaries can be removed on further heating, 

but those far removed from the grain boundaries 

persist for indefinite periods. 

At the beginning of the intermediate stage of 

sintering, the grain boundaries are pinned •lithin 

their circumscribing pores and the grain diameter 

remains constant. As the pores reduce in diameter, 

they begin to lose their continuity and the grain 

boundaries are no longer pinned as strongly. Grain 

growth begins and pores .1re left stranded, being no 

longer connected to a grain boundary. At this stage 

only those pores which pin a grain boundary, reduce 

appreciably in size until the grain boundary breaks 

away and is pinned by another pore. This is due to 

the diffusion along a grain boundary being 2 or 3 

times faster than within the grain itself. At this 

stage of sintering the change in the shrinkage rate 

of the compact becomes increasingly slower and for 

practical and commercial purposes sintering may be 

considered to te complete. 
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It is very difficult to predict the shrinkage 

kinetics in practical systems, because of the simul

taneous changes in grain size, pore geometry and pore 

location. 

In the final sintering st&ge the isolated pores 

become increasingly spheroidised. Further densifi

cation proceeds slowly so that it is often impossible 

to decide whether the residual porosity is permanent 

or not. In cases where gases are enclosed in the 

residual pores, being unable to diffuse out, further 

densification becomes impossible when the pressure of 

the gas equals the negative pressure due to the surface 

tension of the enclosing solid. The sintering atmos

phere is thus critical in the sintering process. 

Cohle1 7 has shown that nitrogen, argon and helium 

physically inhibit the sintering of Al2o
3 

to theo

retical density, which can be obtained in 0A7gen, 

hydrogen or a vacuum. In the present investigation, 

air \'las t!le sintering atmosphere. 

During the final stage of sintering, grain gro~rth 

is either continuous or discontinuous. In continuous 

or normal grain growth the size of all the grains is 

approximately equal, but in discontinuous grain gro1~h, 

markedly mixed grain sizes arise. Discontinuous grain 

growth is cow~on in high purity and dense alumina and 

has been observed by Br01m;8 and LO\·trie and Cutler 1 9 

in high density pure magnesia. 

2.40 Sintering in the Presence of a Liauid Phase. 

In the present investigation small amounts of 
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liquid will be present in some of the mixtures at the 

higher sintering temperatures. This is due to the 

formation of liquid from the silicate and the bulk 

magnesia phase. A brief discussion is presented here 

on theories concerning the sintering mechanisms 

involved under such conditions. 

This form of sintering is governed by the degree 

of wetting of the solid grains by the liquid. For 

oxide grains, this wetting is governed by its surface 

energy and its constant angle. If the contact angle 

is greater than 90°, the grains will not be wetted by 

the liquid phase and hence greater solid-solid bonding 

will occur between the grains. On the other hand, if 

the contact angle is less than 90~ the grains will be 

wetted and the degree of penetration of the liquid 

phase between the grains will be determined by the 

surface energies of the liquid and solid phases. The 

equilibrium contact angle formed by the solid and 

liquid interfaces is known as the dihedral angle. 

A detailed discussion of sintering in the pre

sence of a liquid phase is given by Kingery~0 

Comments here will be limited to that of sintering of 

reactive solid-liquid systems, where the solid phase 

shows a limited solubility in the liquid at the 

sinterinG temperature. This will be the case for 

the ~ompositions in the present investigation. 

Kingery describes three stages that can be 

distinguished in the process. 
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Firstly, rearrangement of the residual solid 

phase by viscous flow in the liquid during \vhich 

rapid shrinkage occurs. This relieves stresses induced 

during the compaction of the particles and produces a 

more stable system. 

Then a process of solution and reprecipitation of 

the solid in the liquid starts, during which densi-

fication occurs more slmvly. 

Finally, a coalescence process proceeds \'/here 

incomplete wetting of the solid grains is present. 

The solid grains are partly in contact \v·~ thout complete 

penetration of the melt, 

In such systems, after the completion of the 

first stage, the processes that are found during sin

taring in the absence of a liquid take place, ~1hich 

become rate determining. 21 Cannon and Lenel suggested 

that the requirements for complete densifications 

are: an appreciable amount of liquid, an appreciable 

solubility of the solid in the liquid and complete 

wetting of the solid grains. The solubility of the 

solid in the liquid phase is therefore the critical 

factor upon which the sintering process depends in 

the se systems. 

The generally accepted explanation to this process 

was originated by Price, Smithells and Willians~2 They 

suggest that very fine particles have a higher solu

bility in a liquid than larger particles. During 

Liquid-phase sintering, the fine particles dissolve 

in the liquid; but because of the lower solubility of 

18. 



solid phase in liquid near the larger particles, 

this material is redeposited on these larger particles. 

Thus, the fine particles shrink and disappear, \lhile 

the larger particles grow larger. Kingery disagrees 

with tnis mechanism. He points out that because of 

packing requirements, transfer of material to form 

larger spheres cannot lead to complete densification, 

unless the liquid content is larger than that experi

mentally found to be necessary. In the later stages 

of the process, densification continues even after 

the solid particles are quite large. Finally, 

although samples with large liquid contents show 

isometric grain growth and rapid densifications, ob

servations of sintered samples with smaller amounts 

of liquid indicate that the particles do not remain 

spherical but grow to the shape required for maximum 

density. 

Kingery concludes that the process is better 

understood by considering the forces acting on the 

system due to the surface energies involved. Compo

sitions containing large amounts of liquid at the sin

taring temperature solidify rapidly due to: surface 

tension forces, flow of the liquid, and solution of 

some of the solid giving a moderate to fine grain 

size with equiaxial particles. For small amounts 

of liquid, solution occurs at the contact points be

cause of hydrostatic pressure arising from the liquid 

surface tension and not related to differences in 

solubility at the radius of curvature of the particles. 
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I 

The grains tend to gr01r into shapes lvhich will fill 

the volume most efficiently. In either case, conplete 

~letting and penetration of liquid between the particles 

is necessary. If this is not the case, the po1;der 

compact will sinter by a procebs analogous to solid

state sintering. 

2.50 Kinetics of Grain Gro~1th. 

Kingery23 describes the terms "recrystallisation" 
u " . r and grain gro1vth as occuring in three distinct .. 

processes:- recovery, primary and secondary 

recrystallisaticn. 

Recovery is the relief of stress 1dthin a heavily 

deformed crystalline matrix rli th no change in the 

microstructure, at a temperature below the minimum 

recrystallisation temperature for the material. This 

process is very common in metals and alloys \vhich can 

undergo heavy deformation, but for ceramic materials 

which (because of differences in atomic and ionic 

bonding) cannot easily be deformed, this process is 

usually ignored. 

Primary recrystallisation is the process by 

which nucleation and grolith of strain-free grains 

,occurs from the "recovered" matrix. Grain gror1th 

is the process by which the average grain size of 

strain-free or nearly strain-free grains increases 

continuously during heat treatment without a change 

in the grain size distribution. 

Secondary recrystallisation, sometimes referred 

to as discontinuous, abnormal or "cannibal" grain 
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gro~1th, is the process by Nhich a fet-r large grains 

are nucleated and grm1 at the expense of other finer 

grains. The latter tt~o processes are the predominant 

ones in the latter stages of sinter1ng of ceranics. 

2. 51 Continuous Grain Gro1·Tth. '~l'lether or not 

primary recrystallisation occurs, an aggregate of 

fine grained crystals increases in average grain size 

1~hen heated above its minimum recrystallisation tem-

perature. As the average grain size increases, some 

grains must shrink and disappear. If all the grain 

boundaries are equal in energy they will meet to 

form angles of 120°. In a two dimensional system, 

angles of 120° bet~reen grains 'l'rith straight sides can 

occur for only six sided grains. Grains having 

fewer sides will have boundaries that are concave 

when observed from the centre of the grain. Since 

grain boundaries migrate to1~ards the centre of cur

vature, grains \'Tith less than six sides will tend 

to grow sm~ller and grains with more than six sides 

trill tend to gro1t larger. 

For any one grain, the radi•ts of curvature of a 

side is directly proportional to the grain dianeter 

and therefore the rate of grain growth is inversely 

proportional to the grain size. Thus at constant 

temperature:-

dD/dt = k/D • • • • • • • • • • • • • • • • • • • • • (2) 

On integrating this equation becomes:

D2- D~ = K(t- t
0

) ••••••••••••• (3) 
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where D is the average grain diameter at time, t, 

D
0 

the grain diameter at time, t
0 

(>~hich is u:3ually 

0) and K the constant; of grain sro~rth rate. 

Since D
0 

is normally small compared with D, the 

grain gro\~th equation is often represented in the 

fo=:-

Dn = Kt • • • • • • • • • • • • • • • • • • • • ( 4) 
I 

or n log D = K~log t. 

When log D is plotted against log t a straight 

line is commonly observed at least for moderate amounts 

of grain growth. For a variety of reasons, usually 

associated with impurities, the value of n in 

equation (4) is often found to be greater than 2 and 

is frequently about 3. This is thought to be due to 

impurities segregated at grain boundaries inhibiting 

the grain grOI'Ith at constant temperature. The squared 

relationship of equation (3) has been verified experi

mentally by Daniels et a124 and by Spriggs et al25 for 

fully dense magnesia, and by Budnikov and Charitonov26 

for magnesia 1-lith hafnium oxide additions. 

The cubic relationship (i.e. n = 3) has been found 

for ~rain gr~wth of ceramic materials in the presence 

of a liquid phase~7-31 Greenwood32 in a study of the 

growth of uranimn particles in lead-uranium and sodium

uranium slurries, derived the follo11ing relationship 

based on diffusional flo1t for the change in particle 

size. 

D3- D~ =3d s 2MOt/RTp2 ••••••••• (5) 

where d is the diffusional coefficient, S the solu

bility, M the molecular vreight of the solid,'( the inter-

22. 



facial tension and p the density of the solid. 

Investigations have shown that grain grovtth can 

be limited to a size controlled by second phase in-

elusion, which includes porosity. From grain growth 

equations it would be expected that the process would 

continue to produce a single crystal l·thich is the 

thermodynamically most stable state of the system. 

It is possible to determine the activation ener

gies of the grain growth process from the values of 

the rate constant, K, at various temperatures by using 

the Arrhenius equation:-

K = Ae -E/RT ••••••••••••••••••.• (6) 

11here A is a constant, R the gas constant, E the acti

vation energy at an absolute temperature of T. The 

activation energy can be calculated from the slope of 

the plot of ln K against 1/T which will be a straight 

line providing that a constant mechanism of grain 

growth is proceeding throughout the investigation tem-

perature range. 

In metals of commercial purity, the activation 

energy for grain growth is comparable to the activation 

energy for self diffusion in the material. Aust and 

Rutter~3 have observed however, that in high purity lead, 

the activation energy may be very much 10\·Ter (and the 

migration rates very mueh higher) than in slightly 

alloyed material. The interpretation is that solid 

solutioL elements tend to segregate to grain boundarie~ 

and slow down their rate of movement. 

Kingery an1 Francois34 observed that as the 
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majority of the pores remain at ~rain boundaries 

during grain gro>Tth, pore migration \~ill be accomplished 

by the same material transport as during densification. 

The activation energy for grain ~rowth must be con

sistent ~lith that for densificetion, but this will no 

longer be the case for the activation energy of grain 

grov;th in porosity-free material. 

2. 52 Discontinuous Grain Gro'tlth. This often 

occurs when multiple sided grains occur in the struc

ture of a lo\1 porosity material. The grain l'lhich has 

many sides \dll have more strongly curved boundaries, 

which will be able to move past inclusions and thus 

be able to gr0\'1, although grains having fewer sides 

will be unable to do so. As this grain consumes its 

neighbours it \o~ill add even more sides, the boundary 

will become even more strongly curved and its growth 

potential 1·1ill increase even more. Coble 11 showed 

that small additions of magnesia to alumina acted as 

a grain growth inhibitor and prevented discontinuous 

grain growth from occurring. The resultant effect 

of the addition on the sintering process is that 

almost fully dense alumina can be obtained. 
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3.00 REVIEW OF PREVIOUS RESEARCHES ON THE SINTERING 

OF MAGNESIA 

3.10 Sintering of Magnesia 

3.20 Effect of Additions on the Sintering of Magnesia 

3.30 Effect of the Lime-Silica Ratio of the Addition 

on the Fired Properties of Magnesia. 
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3.10 Sintering of I1afmesia. 

The term calcination is used to describe the 

firing process by \~hich the magnesia precursor, usually 

the hydroxide, carbonate or oxalate, is decomposed to 

an active fine po\ider. 

Clark and White35 studied the sintering charac-

teristics of calcined magnesia as \vell as those of 

powdered soda-lime glass and calcined alumina. They 

attempted to evaluate the rate constants and activation 

energies for the sintering process by means of 

"shrinkage-time" expressions. Further investigations 

by Canno~Clark and White36 into the sintering be-

haviour of calcined magnesia showed that increasing 

the sintering temperature increased the shrinkage. 

They found that magnesia calcined at 900°C sho~1ed a 

greater shrinkage on sintering than material calcined 

at 1450°0. 

The effect of the calcination temperature on the 

sintering of high-purity magnesia was sho~m by Allison 

et al37 to give a marked decrease in density of the 

sintered compacts, where petrographically identifiable 

periclase was formed on calcination. 

Brown18 described a method for preparing high 

purity (99.999%) magnesium oxide via the oxalate. 

This method was used as the basis for the preparation 

of magnesia in this present investigation. A study 

of the densification rates of this material between 

1300° and 1500°0 showed that an empirical equation:-

sa = k ln.t+c ................... (7) 
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\>/as obeyed. Where Sa is the sintered bulk density and 

is taken as a measure of shrinkage, t the sintering 

time, k the temperature dependent densification rate 

constant and c a constant. Morgan and Welch3S first 

proposed this empirical equation bet~reen the shrin

kage of metal oxide compacts and sintering time. The 

straight line plots could be predicted from Cable's 

model for the intermediate stage of sintering. Bro\>/ll 

obtained an activation energy for densification of 

pure magnesia of 27 Kcal , which is considerably 

lower than the determined values of 62.4 Kcals 

for the diffusion of oxygen ions or 79 h cals for 

the diffusion of magnesium ions through magnesia. 

Brown concludes that this low activation energy could 

support a mechanism of grain boundary diffusion 

rather than a bulk diffusion mechanism for material 

transport. 

In an investigation of the sintering and re

crystallisation behaviour of pure magnesium oxide, 

Budnikov et al39 found that zero porosity cannot be 

obtained with chemically pure magnesia by normal 

sintering techniques. They suggested that this was 

due to micro-cracks between individual grains and 

internal crystalline closed pores. 

Bessonov and Semavin40 sho1>1ed that the rate of 

heating to sintering temperatures of 1650°0 affected 

the final density of the magnesia, as well as the 

original particle size of the material. For ~eating 

rates of between 0.05° and 0.33°0/sec highest porosities 
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were obtained with the faster heating rates. 

Reeve and Clare 41 shO'tTed that from Cable's 

equation for his model of the intermediate stoge of 

sintering, the activation energy for grain grovTth and 

densification should be added to give the actual value 

for the diffusion process responsible for densification. 

The corrected activation energy for Bro~m' s ~~ork 11ould 

be 85 Kcals 11hich is in better agreement for the dif

fusion of magnesium ions in magnesium oxide. It 

should be emphasised that the activation energy of 

grain growth energy in Brown's work 1'las obtained for 

small additions of vanadium and in a different tem-

perature range to that of the densification results. 

Eastman and Cutler42 investigated the effect of 

water vapour on the initial stage of sintering of 

magnesia from 800° to 1107°C. They found that the 

initial sintering occurred by a grain boundary vacancy 

diffusion mechanism. The <iiffusion of the !1g2+ ions 

being rate determining. Increasir.g the 1fater vapour 

pressure increased the rate of sintering by increasing 

the n1mber of cation vacancy sites. They obtained an 

activation energy for densification of 80 Kcals per 

mole for partial pressures of 1-1ater up to 5 m.m. and 

48 Kcal per mole above this pressure. 

3.20 Effect of Additions on the Sintering of Magnesia. 

The sintering of magnesia to high density \·Tas 

studied by Atlas~3 He found that small percentages 

of the halides of the alkali metals, particularly 

lithium, increased the shrinkage of magnesia calcined 
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at temperatures belo1'1 600°0. He lias able to achie-ve 

high densities at sintering temperaturec below 1400°0. 

He suggested that the effectiveness of the salts, as 

sintering catalysts for magnesia, depended on the ori

ginal surface area and particle size of the magnesia. 

The catalystic action of the salts v~as found to be 

greatest ~~hen the particle size of the magnesia ~~as 

less than 0.5jl and had a surface area greater than 

30 m2/g. 
' The role played by crystal lattice defects in the 

sintering of magnesia and alumina 11as studied by Jones 

et a1~4 The defects \'le re induced by small additions 

of Ti02 , Cr2o3 , MnO, Fe2o3 and Zro2• The mixtures 

were sintered in atmospheres of o2 , N2 and H2• The 

diffusion promoted by lattice defects v1ere observed 

by measurements of the fired bulk density. 

The effect of other additions on the sintering of 

magnesia were carried out by Layden and McQuarrie~5 

They selected fourteen metal ions and added each one 

in turn to basic magnesium carbonate. The magnesia, 

obtained after calcining the mixture, ~1as fired at 

various temperatures to determine the effect of the 

addition on the sintering behaviour. The majority 

of the additions increased the density for a given 

firing treatment, but some were ~rithout effect and 

chromic oxide dramatically inhibited sintering. 

They also sugtEested that most of the additions, 11hich 

aided sintering, did so by entering into the magnesia 

lattice and creating defects. 

29. 



The influence of CaO, Fe 2o
3

, Al2o
3

, Ti02 and 

Si02 on the sintering of magnesia were studied by Kriek 

et a1~6 Melt-forming additions such as dicalcium 

ferrite and brownmillerite (4CaO.Al2o
3

.Fe2o
3

) were also 

studied, The sintering was investigated as a function 

of time, temperature of sintering, and the amount of 

addition. Lime was found to inhibit sintering to an 

extent which appeared todepend on the number of points 

of contact bet~1een MgO and CaO particles in the origi

nal mixture, and the suggestion is made that this may 

be related to the magnitude of the interfacial energy 

bet1'1een CaO and MgO. All the other additions 

promoted sintering to some extent, Ti02 being most 

effective and also in promoting grain gro1'1th of the 

periclase crystals. There appears to be an optimum 

addition of Ti02 , Al2o3 and Si02 beyond which sintering 

is inhibited. It was also suggested that Ti02 , Al2o
3 

and Si02 , like Fe2o3, all aid sintering by promoting 

cations to the magnesia lattice, with the creati~n of 

cation vacancies, and thus enhance their diffusion 

during sintering. 

Degtyareva et al47 showed that additions of up 

to 0.45% CaO did not affect the sintering of magnesia 

at temperatures up to 1500°0. They found that the 

activation energy for sintering varied from 55 to 

67 Kcal /mole fo-r different types of magnesia. This 

indica~ed a diffusion mechanism and they obtained an 

activation energy for grain gro'l-.oth of 62 Kca1./mole, 

which agrees 'tTith that obtained by other workers?4 •25 

Barta and Gorni48 found that pellets of dry 
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magnesium hydroxide could be directly sintered to 

high densities at 1600°C. Additions of Ti02 and 

V 2o
5 

enabled the sintering temperatures to be lO":Iered 

to 1450°C. They found that increasing the rate of 

temperature rise from 100° to 300°C I hour significantly 

reduced the sintered densities. 

3.30 Effect of the Lime-Silica Ratio of the Addition 

on the Fired Properties of !1agnesia. 

Jackson et al49,50 have investigated the change 

in the dihedral angle, which is the angle of the 

interfaces of the magnesia and calcium stlicate phases, 

with firing temperature and silicate phase compositions. 

They found that the percentage of solid-solid bonding 

of the magnesia grains increased as the lime-silica 

ratio of the silicate phase ~as increased from 0.5 

to 2.0. Fe2o
3 

and Al2o
3 

additions lowered the dihedral 

angle. The greater the degree of solid-solid bonding 

i.e. the greater the dihedral angle; then the rate of 

densification would be expected to be greater and the 

greater the high temperature strength \ihen the silicate 

phase softens. 

The importance of the lime-silica ratio of the 

silicate phase has been demonstrated by Kriek and 

Segal{1 They found that the constitution of commercial 

magnesia bricks determined to a major extent their 

strength at high temperatures. The highest strength 

was obtained for dicalcium silicate bonded bricks, 

but additions of ferric oxide lowered the strength sub

stantially and had little effect when the bonding 
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silicates vmre monticelli te 1 mer~1ini te and forsteri te. 

Van Dresser52 co~pared the high temperature 

properties of magnesia refractories in the purity 

range of 95 to 99+ ~~ MgO and vras able to show the 

importance of the lime-silica ratio of the silicate 

phase. Outstanding high temperature creep resis

tance was obtained on specimens containing more than 

98% MgO. He concluded that improved physical 

properties and chemical erosion resistance appeared 

to be a function of the MgO content and the type of 

silicate second phase present. 
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4.00 RA\~ !1ATERIALS ;\liD COMPACT PREPAR!,TION. 
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4.20 Preparation of Magnesia. 
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4.40 Preparation of the Silicate Additions. 

4.50 Preparation of the Mixtures. 

4.60 Pressing of the Pellets. 
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4.10 Selection of MaBnesia Source. 

The effect of small amounts of impurity on 

sintering characteristics has been discussed in the 

previous chapter. It is therefore essential to have 

a high purity magnesia as the starting material for 

an inveotigation on the effect of mlnor additions of 

phases on its high temperature properties. 

The industrial source of magnesia is from the 

carbonate for the naturally occurring material and 

from the hydroxide and hydroxycarbonate in the sea

water process. It is difficult chemically to prepare 

a high purity magnesia from these sources. It was 

therefore decided to adapt a method described by 

Bro1-1n18 whereby the oxide is prepared by calcining 

a purified sample of magnesium oxalate as the source 

of magnesia for this investigation. The particle 

size of the Magnesia will depend on the temperature 

at which it was calcined. Brown showed that for a 

calcination temperature of 800°C, well defined cubic 

shaped crystals were produced having a particle size 

of around 0.03 fl· Increasing the calcination tem

perature increases the particle size. Hagnesia 

produced by decomposing the oxalate at 800°C resulted 

in the highest fired density \/hen compacted and sintered 

at temperature. l'Iagnesia produced at lorrer or higher 

calcination temptJratures resulted in lower fired bulk 

densities. Livey et al~3 Eubank54 and Coleman55 

prepared magnesia from mag~sium carbonate, basic • 
magnesium carbonate and magnesium hydroxide and found 
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that the optimum calcining temperature was 900°C. The 

particle size of the oxide from these sources W'l.G found 

by Coleman and Ford56 to be bet~reen 0.04 and 0.05 f Hhen 

calcined in this temperature region. 

4.20 Prenaration of MaRnesia 

The follo\ling method uas used for the preparation of 

the magnesia. High purity magnesium metal of 99.9/6 purity 

'~as dissolved in nitric acid. A=onium hydroxide \~as 

added to eo-precipitate heavy metal hydroxides with a 

head fraction of magnesium hydroxide. A head fraction 

of magnesium oxalate '-Tas then precipitated, by the addi

tion of ammonium oxalate, and then filtered to remove 

further impurities. The bulk magnesium was precipitated 

from the filtrate with a purified oxalate solution. The 

resulting precipitate \~as then filtered, ;;ashed and drie<l. 

All the solutions \/ere mixed and filtered whilst kept as 

near to their boiling points as possible. The magnesjum 

oxalate \·ras calcined in nickel crucibles for 5 hours at 

800°0. The oxalate was heated at a rate of 300°0 per 

hour to the calcination temperature ~1here the furnace 

chamber was controlled to within :5°0. The resulting 

oxide ~ras stored in sealed containers. 

Analysis of magnesia produced by this method 

showed it to contain 60 parts per million impurity 

~1ith the major impurity being manganese (30 p.p.m.). 

The purification process was modified by adding a sol

ution of ammonium sulphide to the alkrli solution 

resulting after the addition of ammonium hydroxide. A 

grey, buff coloured precipitate resulted, indicating 

35. 



that uanganese sulphide had been precipitated together 

with other sulphides and hydroxides. I1ost heavy metal 

sulphides have a lower solubility in alkali solution 

than hydroxides. Excess hydrogen sulphide vas boiled 

off from the solution which was then filtered and fur-

ther processed by the above described method. The 

addition of sulphide decreased the manganese impurity 

to approximately 4 p.p.m. 

4.30 Properties of Ma~nesia. 

Four representative samples from each batch of 

magnesia prepared were analysed spectrographically and 

the average analysis is given in Table 1. 

TABLE 1. 

AVER..!\GE CHEI1ICAL ANALYSIS OF THE HAGNESIA. 

ELEMENT ESTlllATE AS P.\RTS 
FER !1ILLION 

ALUMINIUM 3 

CALCIU!l 4 

COPPER 3 

IRON 4 

LEAD 1 

l'IANGANESE 4 

NICKEL 1 

POTASSIUM 3 

SILICON 2 

SODIUh 2 

TOTAL 27 
-
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Ag, As, Au, B, Be, Bi, Cd, Co, Cr, Cs, Ga, Ge, Hf, Hg, 

In, Ir, Li, I1o, Nb, Os, P, Pd, Pt, Rb, Re, Rh, Ru, Sb, 

Se, Sn, Sr, Ta, Te, Ti, Tl, V, \.J, Zn and Zr uere speci-

fically sought but not detected. It was found possible 

to produce by this method some material \'li th as lou as 

6 p.p.m. total detectable impurity. 

An ignition loss on the material after calcining 

at 800°C for 5 hours,resulted in a loss of 0.14% by 

weight on firing at 1200°0 for 2 hours in a platinum 

crucible. The result indicates that after calcination 

at 800°0 almost complete decomposition of the oxalate 

to the oxide had occur:t~ed. The calcined material, if 

exposed to the atmosphere, was found to absorb 1.~/o 

by \~eight of moisture 11i thin 3 hours. The hydration 

kinetics and mechanism involved in the hydration of 

the particle sized magnesia has been studied by Coleman 

and Ford56 and Cho\m and Deacon~? 

The surface area of the magnesia was determined 

using the Haynes Air Absorption Apparatus and was found 

to be 45 m2/g. 

Particle Shanc and Size 

Examination of the magnesia, cbta1ned by calcination of the mognesium 
oxalate at B00°C on the "Stereoscan" Electron r-Jicroscope confirmed Brown's 
observations on this oxide that the material was agglomerates of cubic 
particles of the oxide. 

The rilicates were formed by firing the resultant 

compacts in an air atmosphere at the !oll011ing tempera

-tures:-
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Fired at 1480°0 for 2 hours . !lonticelli te (OaO.HgO.Si02) . 
Fired at 1500°0 for 2 hours l1enlinite (30a0.!1g0.2Si02 ) 

Fired at 1650°0 for 2 hours . Forsterite (2HgO.Si02) . 
Dicalcium Silicate (2CaO.Si02) 

Tricalcium Silicate (3Ca0. Si02) 

The materials were ground with an agate pestle and 

mortar to pass through a 300 B.S. mesh sieve (53)1). The 

oxides were sho\m to have fully reacted to form a homo-

geneous silicate phase by examining them by the X ray 

diffraction technique. No peaks were observed that could 

not be assigned to those of the desired silicate. In 

order to calculate the true densities of the subsequent 

mixtures, the densities of the silicate phases were 

determined and checked with those calculated from X ray 

data{8 The densities 'l'lere determined using specific 

gravity bottles with xylene as the displacement liquid. 

The density values are summarised in Table 2. 

4.50 Preparation of the Mixtures. 

Mixtures of the ground silicates and magnesia were 

made containing 0.5 mole % of the silicate, except in 

the case of meruinite where a 0.25 mole 96 addition was 

made. These additions resulted in a constant 0.73% by 

weight of silica in all the mixtures containing silicates, 

which is a level typical of industrially available s~a-

water magnesia. The calcium oxide mixture was made by 

the addition of the corresponding proportion of calcium 

carbonate to give a 0.5 mole ~6 calcium oxide content. 

The carbonate decomposes to the oxide in the temperature 

range of 750° to 1000°0, well below that of the lowest 
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sintering investigation temperature of 1400°C. 

The effect of increasing the additions \tas investi-

gated by preparing a further :::eries of mixtures \1ith 

double the amount of the additive phase. The calculated 

chemical analysis of all the mixtures is summarised in 

Table :;. 

The additions uere mixed with magnesia by repeatedly 

passing through a 72 B.S. mesh sieve. 

The mixtures were preheated in nickel crucibles for 

2 hours at 600°C before pressing into compacts to remove 

water absorbed from the atmosphere during the preparation 

of the mixtures. 

4.60 Pressing of the Pellets. 

Pellets were pressed in batches of 5 from each mix

ture. At least three batches from each mixture \>'ere 

sintered in separate firings, so 15 individual results 

were obtained. 

1.5 g. of the powder was pressed ap 10 t.p.s.i. in 
' Hoo.t•A<.; d,e 

a 0.5 inch diameter hardened steel~mould. A cylindrical 

compact of approximately 0.25 inch height with a pressed 

density of 1.58:!: 0.0:; g./cc. \1as produced. Six drops 

of dried carbon tetrachloride was added to the powder i~ 

the mould to help suppress laminations occurring during the 

pressing and ejection of the pellet. The carbon tetra

chloride vapour displaces air in the mould chamber due to 

its greater vapour density and then liquefies when the 

plunger compresses the poHder. The load \i'as maintained 

on the pellet for 20 seconds. Filter paper discs were 

placed on the plunger ends to prevent adhesion of the 

pellet to the plungers occurring during the pressing. The 
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pellets were dried at 80°C for a feu minutes to volatize 

the carbon tetrachloride and then stored in a desiccator. 

The maximum storage time of the pellets before firing 

was one day and they were left for a minimum time exposed 

to the atmosphere in the furnace chamber. 
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5.10 Density, Porosity and Sintering Shrinl:afC I-1easurcn:ents. 

5.11 Density Measurements. A Clark-•lliite35 nercury 

balance \"Vas constructed for determining the bulk density 

of the pressed pellets. A diagram of the apparatus is 

sho\Yn in Figure 2a. 

Tl:te Height of the specimen Wg. was first found in air. 

Then the \teights required to adjust the stem of the balance 

to the same position in the mercury, with and without the 

specimens in the cradle, \iere obtained. The difference 

between the vreights being the apparent upthrust Ug of the 

displaced mercury due to the pellet. The volume V of the 

pellet ~;as calculated from the expression:-

V= W + U cc •••••••••••••••••••••• (8) 
BT 

\there BT is the density of mercury at T°C. 

Hence, the bulk density, SP g./cc. can be calculated:-

SP = ~ = W.BT g./cc •••••••••••• (9) 
V -W+U 

The pressed pellets could be weighed on the mercury balance 

to within 0.02 g. corresponding to an accuracy of the 

pressed bulk density of 1.58~ 0.004 g./cc. 

The xylene impregnation method ~ras used to determine 

the density of the fired pellets. The mercury balance 

was not used because some of the specimens contained cracks 

after firing. Therefore the density measured by this 

method will vary with the time that the cracked pellet is 

submerged in the mercury. The greater the time of submersion, 

the gr~ater the penetration of thJ mercury into the finer 

cracks; hence the higher the determined density. Tests 

on uncracked fired pellets showed that the xylene impreg-
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nation and mercury balance method gave the saFe result. 

5.12 Porosity Detcrrninations. The xylene impreg

nation method also has the advantage that an estimate of 

the volume of open and closed pores can be made. It 

should be emphasised, ho1vever, that the measured "sealed" 

porosity may include open pores that cannot be penetrated 

by the xylene molecule. They may be penetrable to a 

smaller molecule and therefore porosity values are depen

dent on the penetrant used. 

The bulk densities and porosities of the specimens 

were determined by the following method. The fired 

compacts were placed on a piece of paper over a beaker 

containing xylene in a vacuum desiccator. After evacu-

ating, the desiccator was tilted so that the pelle~fell 

into the xylene which then entered the open pores, They 

were left standing in the xylene overnight at atmospheric 

pressure. Then the soaked pellets ~;ere weighed on an 

accurate balance, first suspended from a fine wire cradle 

in xylene (Wb) and secondly in air n1c). Care 1mr taken 

before the latter weighing to remove surplus xylene from 

the specimen and the ~lire cradle. Corrections v;ere made 

for the upthrust on the uire cradle suspended in various 

depths of xylene. The pellets were dried at 160°C and 

then 11eighed in air (Wa). Two density determinations 

were made on each specimen. Normally the results were 

reproduceable to within : 0.01 g./cc. The bulk density, 

SF, was calculated from the expre~sion:-

SF= ~ x XT g./cc. 
Wc-Wb 

................. (10) 
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where XT is the density of xylene at T°C. 

The apparent solid density Sas, the ratio of the mass 

of the material to its volume of solid material plus 

volume of closed pores, was calculated from the 

expression:-

Sas = ~ x ~g./cc. •••·•••••••••• (11) 
Wa-Wb 

The true density of the material was calculated from 

the unit cell dimensions of each phase in the material. 

The X ray data for the phases is given in section4.4. 

The true density St, of the material was calculated in 

terms of volume from the expression:-

1 - X X 1 +- =- .................. • • • • • ( 12) 

3.58 P St 

where x is the weight fraction of the addition phase having 

a true density P. The true density of the magnesia was 
59 

taken to be: P = 3.58 g./cc. 

The apparent porosity Pa, the ratio of the volume 

of the open pores to the bulk volume of the material, 

was calculated from the expression:-

Pa ~ 100 (1-Sf)% 
Sa.s) 

...................... (13) 

The true porosity Pt, the ratio of the combined volumes 

of the open and closed pores to the bulk volume of the 

material, from the expression:-

Pt = 100 (1-Sf) % 
st) 

.................... (14) 

The sealel porosity, Pc, the ratio of tne volume of 

closed pores to the bulk volume, by the definition:-

Pt = Pa + Pc ........................ ( 15) 
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thus the sealed porosity can be determined kno1ving Pa and 

Pt. 

5.13 Sintering Shrinkap;e. The fractional volume 

shrinkage AV of the pellets after sintering can be exprensed 
Vo 

in terms of the pressed and fired bulk densities Sp and 

SF respectively. 

b. V Vp-VF 1-w/Vp 1-.§.2 
- = = = 
Vo Vp ''IV SF F 

•••••••••••• (16) 

This method of calculating the volume change was used as 

small pieces of material were often lost from the pellet 

after firing, 

The densification behaviour of the components is 

discussed in chapter 7. 

5.20 Sintering Furnace. 

All the specimens uere fired in air using a high tem

perature furnace described by O'Ncill60· and loaned by 

A.E.R.E., Ceramic Division, Harwell. The furnace consisted 

of a horizontally mounted recrystallised alumina tube 

carrying a molybdenum 11ire uinding. The ~linding ltas sealed 

from the air and the firing chamber, and a mixture of ~~% 
;,% 

nitrogen and" hydrogen gas passed over the ~rinding to 

prevent oxidation of the molybdenum at high temperatures. 

The ends of the tube could be sealed so that the furnace 

atmosphere could be changed. For all the firings in the 

present investigation an oxidising atmosphere was main

tained. This uas achieved by intermittently circulating 

air througa the furnace chamber to remove any hYdrogen 

that had diffused through the alumina tube at the high 

firing temperatur~s. 
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For firing temperatures up to 1700°0, a 5% Rhodiun/ 

95% Platinum - 20",6 Rhodium/SO;~ Platinum thermocouples 

were used in conjunction with the corresponding controller 

to control the furnace temperature and to record the 

temperatures within the firing zone. At 1800°0, 20";6 

Rhodium/8~0 Platinum - 40"~ Rhodium/60"~ Platinum thermo

couples were used with a 0 to 5 millivolt controller, to 

obtain the maximum accuracy from these thernocouples, 

since they give lower e.m.f's at temperature than the 

former mentioned thernocouples. It \tas possible to 

control the furnace to within 1°0 at temperatures up to 

1700°0. At 1800°0 the furnace could be controlled to 

~tithin 5°0. 

5.30 Sintering Procedure. 

It was not possible 'I'Iith this furnace t_o inject the 

pellets into the hot zone at the firing temperature \tith

out a considerable loss of heat and disturbance of the 

distribution of the temperature occu~ng. No attempt 

was made to develop~ a procedure for achieving this since 

the initial stages of sintering ~1ere not being investi

gated in this research. The pellets were placed in the 

cold furnace and taken to temperature at constant heating 

rates and controlled at temperature to the maximum degree 

of accuracy. 

An exploration of the temperature distribution along 

the tube at 1600°0 revealed a t\'lO inch long hot zone. 

Specimens were fired within this l'egion on a magnesia 

plinth. A diagram showing the positioning of the speci

mens in the furnace is given in Figure 2~. Two magnesia 

46. 



blocks 1.5 inches long were connected to the ends of this 

plinth, onto which w0re tied the thermocouples. T~10 high 

alumina porous cylindrical plug3 2.5 inches long were 

placed in each end of the furnace tube 1 inch from the 

magnesi'l. blocks. The purpose of these 1·ms to improve 

the temperature distribution in the firing zone, They 

did not, however, prevent the free flow of air through 

the tube. The control thermocouple 1·1as placed in the cen

tre of the pellets and t1vo further thermocouples at the 

ends of the pellets. The couples were connected to a 

potentiometer and the standard calibration charts supplied 

by the manufacturers ~1ith each thermocouple \~ere used to 

convert the e,m,f. output to the corresponding temperature. 

At temperatures up to 1700°0 the recorded temperature 

along the firing ~one did not vary more than ± 2°0. 

Normally the temperature distribution was within 2°0. 

At 1800°0 the temperature distribution was within~ 5°0 

and normally in the region of 5°0. The calibrations of 

the fePme~ thermocouples were guaranteed by the ~anu

facturers to be vdthin + 3°0 at 1700°0 and tee latter 

to be ~ 5°0 at 1800°0. 

The pellets were stood on platinum foil placed 

over the magnesia plinth. For firing temperatures above 

the melting point of platinum they ~1ere placed on sections 

of fired pellets of a similar composition. These pre

cautions 1·1ere tak·m to avoid migration of impurities 

from the magnesia plinth into the samples. 

The temperature was raised to 1000°0 in 2 hours and 

then the rate of temperature rise was accurately controlled 
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at 300°C per hour to the firing temperature. The firing 

temperatures investigated were 1400°, 1500°, 1600°, 1700°, 

and 1800°C. Specimens uere fired at these temperatures 

for 0.1, 1, 2, 4, and 8 hours. The pellets >Vere cooled 

in the furnace from the firing temperature to 900°C uith

in 1 hour and then removed ~rom the furnace and air cooled. 

The furnace cooled frol'!l. 1800°C to 1500°C uithin 5 minutes. 

Appendix II containo a complete summary of the 

average results for the density; porosity and volume 

changes for each firing of the compositions M1, M3, M4, 

M6, M7, MS and M9 given in Table 3. 

The mixtures D3, D4, D6, D7, D8 and D9, given in Table 

3, containing double the addition of the additive phases 

were fired at each temperature for 4 hours. The data on 
or-e 

these collipositions is given in Appendix III. 

5.40 Preparation of the Samples for Microscopic Examination. 

Polished surfaces of the pellets were prepared to 

examine the distribution of the additive phase in the 

magnesia matrix, to identify the silicate phase p~esent 

and to dete~ine the grain size of the magnesia, In this 

thesis the term "grain" is used to describe a single 

crystal of the magnesia in the polycrystalline specimens. 

Three pellets from each firing treatment for all the 

mixtures were selected for grain size determinations. One 
WCIS 

pellet ~g taken from each of the three separate firings. 

Most of the samples fired at the lower tenperatures and 

those ~ired for short periods at higher temperatures 

had a significant open porosity. It was therefore, nec~s

sary to impregnate the specimens with a hard setting resin 
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before mounting them for polishing. This icpregnation 

helped to prevent pull-out of the grains during the 

polishing of the samples, and was carried out as follows: 

Pellets were heated to approximately 120°C on a hot

plate and then placed on non-absorbent paper covered 

11ith "Araldite" resin ( a prepared mixture of AY219 

resin, HY 219 harden~r and CY 219 accelerator). The 

cooling of the pellets resulted in resin being drawn into 

the open pores. They were then allowed to cool at room 

temperature 11hen the resin set. The 3 pellets of similar 

composition and firing treatment were mounted together 

in "Ceemar" embedding resin in 1i;-" diameter cardboard 

pill-box moulds. 

The mountings 11ere ground on a diamond impregnated 

grinding 1·1heel l,l.ntil approximately 0.05 inch of the 

pellet had been removed. The surfaces ~tere then pro

gressively ground on papers coated with grades of 200, 

300, 400 and 600 B.S. mesh carborundum grit sizes, using 

water as the lubricant. Final polishing was carried out 

1-li th diamond paste, using 6 micron size material follo~1ed 

by 3 micron size and finishing with 1 micron size dia-

mend paste on·paper fibre laps. The specimens ~tere 

polished under a load of 3lbs for 30 minutes on each 

grade of diamond paste. The lap was rotated at 250 r.p.m. 

for the course grade of abrasive and increased to 

400 r.p.m. for the fine grade. The specimens were 

cleaned 1dth alcohol between each poliohing treatment. 

5.50 I1easurement of Grain Diameter. 

The polish~d surfaces of the specimens had to be 
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etched to produce a \~ell defined grain boundary structure 

in order to measure their grain sizes. This uas achieved 

by etching the materials containing calcium silicate, 

which had grain sizes of greater than 15 f• with cold 

saturated oxalic acid. Speci~~ns fired at the higher 

temperatures for 4 and 8 hours were etched for 8 minutes. 

For the lo~rer firing times and temperatures the etching 

time was increased up to a maximum of 20 minutes. 

Specimens of pure magnesia, those containing calcium 

oxide, and those with calcium silicate additions having 

grain sizes und~r 15 Jl• ~1ere etched in cold dilute sul

phuric acid for times \1hich varied between 3 and 10 

minutes. The mixtures containing forsterite were the 

most difficult to etch and in this case 25% sulphuric 

acid at approximately 80°C was used as the etchant. 

Photographs of the etched surfaces v1ere obtained 

using a metallographic microscope \'lith a camera attach

ment. Ilford HP4 (400 A.S.A.) 35 ~. film was used. 

The negatives were enlarged to give 8 x 6 ins. prints. 

Standard scales were photographed on each film so that 

the exact magnification of each print could be 

determined. The magnification on the microscope was 

arranged, such that the mean grain intercept length 

(to be described in the next paragraph) was bet~1een 

5 and 10 mm. It ~Tas found that the calculated grain 

diameter was ahtays greater if the mean lntercept length 

llas less than 5 =· as it l'!as not possible to count 

all the grains intercepted by the line dra\m across 

the photograph of the polished section. If the inter-
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cept length was greater than 10 nm., insufficient grains 

'~ere intercepted, hence decreasing the accuracy. !1agni

ficiations of between 150 and 1500 ~;ere obtained on the 

prints for the specimens examined. 

Fullman61 derived relationships for the calculation 

of the mean grain diameter
1

D
1
for a section through a random 

arrangement of equal spherical grains. He showed that 

for random straight lines dravm across a section of such 

a system, then the mean grain diameter could be obtained 

from the relationship:-

••••••••••••••••••••••••• (17) 

where~ is the average length of the intercepts of indi

vidual grains along the lines. This expression is 

considered valid '~hen the grain size varies over not too 

wide a range, An alternative procedure is to measure 

the diameter of a sufficient number of grains in the 

section and multiply the average diameter£d by 1.225 

D = 1.225J!.,d ..•.•.•••.....•.•...•.. (18) 

Buist et al29 sho\1ed that 't'esul ts obtained by the two 

methods agreed to within 3%. 

For non-uniform spherical grains Fullman10 derived 

the relationship: 

......................... (19) 

where m is the average of the reciprocals of the grain 

diameters in the section. 

Because of the number of grain size determinations 

required in this investigation, the average intercept 

method was used to estimate the grain diameters. Straight 

lines were drawn across the photographs and the mean 
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intercept length 11an calculated from approximately 500 

intercepts. The mean grain d.iameter •ms calculated from 

equation (17). If the three grain sizes determined for 

each firing of the mixtures varied by more than ~G, a 

further specimen "ras mounted and its grain size determined. 

The grain sizes of all the speciillens are given in the 

complete summary of the results in Appendices II and III. 

The grain diameter isothermals \'lere plotted for each 

mixture at the 5 firing temperatures. These results 

are fully discussed and analysed in chapter 7. 

It tlas not always possible to determine the grain 

sizes of some of ;he mixtures after firing at 1400° and 

1500°0 for the shorter sintering times by this method. 

5.60 Microscopic Identification of the Phases. 

This was carried out on the specimens mounted and 

polished as described in Section 5,40, It was found 

that silicates in the magnesia matrix were more distinct 

after polishing with alumina on terylene cloth, than 

after polishing \d th diamond paste on paper fibre laps. 

The former mentioned method gave more relief on the 

polished surface. Water \·;as used as the lubricant on 

the terylene cloths, except for samples containing di

calcium silicate, tricalcium silicate and calcium oxide 

which are etched by uater. For these mixtures paraffin 

was used as the lubricant during polishing. 

Etching techniques similar to those described by 

Insley and Frechette62 were used in order to identify 

the phases present. The materials containing forsterite 

were etched with dilute.sulphuric acid, which cause 

differences in the reflectivity between the forsterite 
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and the etched magnesia grains making the phases clearly 

distinguishable. For those materials containing the 

monticellite phase, 1% hydrofluoric acid uas used, the 

monticellite appeared as a dork grey phase around the 

light magnesia grains. I1ixtures containing merwinite 

were etched with 2'}1, N'ital (2% nitric acid in alcohol) 

follo~red by 1% hydrofluoric acid, which etches the phase 

to a light grey colour. Materials containing dicalcium 

silicate and tricalcium silicate \'lere etched with 2"/o 

nital alone. The former phase is etched black and the 

latter is only slightly etched. Mixtures containing 

calcium oxide were etched with water. Photomicrographs 

of the freshly polished and etched surfaces of all the 

mixtures after firing at 1800°0 are given in Figures 

49 to 54· 

Examination of the etched surfaces of the mixtures 

fired at 1800°0 containing merwinite, dicalcium silicate 

and tricalcium silicate additions clearly showed that a 

"silicate having a lo1·1er lime to silica ratio than the 

addition 11as present in the structure, as well as the 

original silicate phase. The calcium lost from the 

silicate phase·was thought to have entered the magnesia 

lattice. An investigation of the polished surfaces of 

the fired materials was carried out on the electron 

probe microanalyser in order to determine the calcium 

content in the magnesia grains. 

'0 



6. 00 :ANALYSIS OF THE FIRED I UTERI tLS BY EL:ZCTRON PROBE 

1l.ND X-RAY DIFl!,RPCTIOH. 

6.10 Previous Investigations on the Solubility of Lime 
in I1agnesia. 

6.20 Electron Probe ~nalysis. 

6.21 Experimental Details 

6.22 Results of Electron Probe Analysis 

6.30 X-ray Diffraction Examination 

6.31 Ionic Size Effect 

6.32 Experimental Details 

6.33 Lattice Parameter Calculation 

6.40 General Discussion on the Solubility of Lime from 
Calium Silicates in Magnesia. 

54· 



6,10 Previoun ~tir;ations on the Solubility of Lime 
in 1·Ia;:;nGS~a 

Jones and I1elford63 ha-ve studied the phases present 

in co=ercially available mat:;nesia rai'T material and in 

refractory products61
'c using electron probe analysis, 

electron-microscopy, X-ray diffraction and microscopic 

techniques. They found only 0.13% CaO in the magnesia 

grains in sea-\'later magnesia having a mainly monticellite 

(with a little merwinite) bond, and up to 1.9% CaO in 

naturally occurring m~esias. The latter material had 

a higher lime and silica content than the former mentioned 

material, and the lime to silica ratio was greater than 

2.0 to 1 compared with the sea-\/ater magnesia 1'thich was 

less than 1.5 to 1. 

A sea-1vate:r: magnesia and three types of naturally 

occurring magnesias 1'Iere examined by Obst et al65 using 

electrJn probe analysis and microscopy to study the distri

bution of elements in the phases of these materials. They 

found in them evidence of solid solution formation by 

comparing optical microphotographs and electron probe 

analysis data. Leipold66 •67 sho1'1ed by electron probe 

analysis of hot pressed magnesia, that impurities such 

as the elements: Al, Ca and Si, even present in amounts 

as small as 30 p.p.m., 1'1ere segregated mainly at grain 

boundaries; whereas other impurity elements, such as Fe, 

appeared uniforml~ distributed. Investigations of the 

mutual solubility of CaO and MgO in the binary phase 
68 

system by Dorman et al sho1'1ed that solid solutions up 

to 5 wt.% CaO in magnesia can occur at 1300°0. Obst 69 
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found 2.5 lvt.% CaO in MgO in a sample of sintered 

Dolomite (NgC0
3

.caco3) fired at 1800°C. These results 

show that the magnesia lattice can accomodate the larger 

calcium ions in solid solution and in refractory magnesias 

there is an equilibrium distribution of the lime at 

high temperature between the silicate phase and the 

magnesia grains. 

6.20 Rlectron Probe Analysis. 

6.21 Experimental Details. Pellet samples of the 

materials containing the 0.5 mole % additions (0.25 mole 

% for the merwinite addition) fired at 1800°C for 8 hours 

were mounted toe;ether ~Vith a sample of monticellite, ~Vhich 

~Vas used as a standard, since it contained equal molar 

proportions of Ca, 1'1g and Si. The sample ~Vas polished 
o.s 

by a similar procedure~described in section 5.40. The 

polished set of samples ~Vas then coated in a vacuum 
0 

with a layer of carbon estimated to be about 200-300- n 

thick. The sample set was mounted in the electron probe 

analyser and point counts for Ca, !1g and Si taken in the 

centres of magnesia grains and compared with the standard 

sample. Counts were taken in the centres of the grains 

to minimise interferences from the silicate phases at 

the grain boundaries. 

Point counts across large periclase grains showed 

that there was no appreciable difference in counts for 

a particular element within a grain. Therefore the 

phases were as~umed to have re~ched equilibrium within 

the mixtures. 

Further mountings were made containing pellet samples 
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from mixtures tired at 1800°0 for 4 hours 1·lith the 1.0 

mole % additions of the calcium containing phases (0.5 
. 

mole % mer;·rinite addition). Samples containing 0.5 mole 

% of dicalcium and tricalcium silicates \'tere investi

gated after firing at 1400°, 1500°, 1600° and 1700°0 for 

8 hours. The corresponding additions of monticellite 

and mer\'lini te were investigated ai.'ter firing at 1600° 

and 1700°0 only. 

Measurements were made on mixtures containing 0.5 

mole % tricalcium silicate fired at 1800°0 for shorter 

times of 1 and 4 hours, as 1-.rell as 8 hours, to determine 

the effect of time at temperature. 

Each result presented here is the average of at least 

six individual point counts on different grains. Any 

unusually high counts on a grain \lere disregarded because 

it was assumed that silicate phases, in the grain boundary 

under the grain being observed, were too close to the 

polished surface being examined. 

The percentage of phases present 1·ras calculated from 

the point counts by comparing the counts given by the 

standard monticellite with those given by the sample. It 

was assumed that the counts were directly proportional to 

the weight percentage of the element in the sample. Hence, 

since monticellite contains 25.6 wt.% calcium, the 

percentage of calcium in the sample is given by the rela

tionship:-

(Count on Sample - Background count x 25 •6 % 
wt.% Ca • on sample) 

(Count on Monticellite - Background 
. count on monticellite) ••••••••• (20) 
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Accuracy of counts, allmdne; for corrections of the 

background counts, ~rere assessed as having statistical 

standard deYiations of + 10"/o for the very low counts and 

t1% for the highest counts. Therefore for electron probe 

analyseJ which depend on low point counts, such as in 

the examination of fired magnesia containing a monticel

lite addition (1.;here the lowest level of eao in magnesia 

was detected as 0.09 wt.%) the accuracy is : 0.009 ~~.%. 

In analyses determined from higher point counts, such as 

in the examination of fired magnesia containing 1.0 mole 

% tricalcium silicate, \'/here the level of eao in magnesia 

was detected as 1.48 1~.%, the accuracy will be : 0.015%. 

The overall accuracy will, however, depend on many 

factors, particularly the probe stability and standard 

accuracy. In all cases, these effects should amount to 

an error representing less than 1% of the amount present. 

The level of accuracy is confirmed in the analyses 

obtained on fired magnesia and lime mixtures where 0.69 

wt.% eao uas added and this 1.;as determined after firing 

at 1700° and 1800°e as 0.70 + 0.02 wt.% eao in the 

magnesia grains. 

6.22 Results of Electron Probe Analysis. The aver

age point counts made for the elements ea, Mg and Si 

showed that in the periclase of the sintered mixtures 

containing calcium sil2.cate additions, there vrere 

measureable amonnvs of ea, but no significant amounts of 

Si. 

From the ea counts were calculated the amounts of 

CaO in the periclase grains. Since the amount of eao 
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present initially in the magnesia 1-ras very low, about 

0,0006 wt.% CaO (see Table 1.) the lime present in the 

magnesia grains would come from the additions. Appreciable 

lime contents were found in the magnesia grains and the 

values ~re presented in Tables 4 to ?; where details of 

each mixture with firing treatment are given. The 

CaO/Si02 ratio in the silicate bond after firing was 

calculated by subtracting the lime lost from the silicate 

on firing from that of the original lime content of the 

silicate, and then redetermining the CaO/Si02 mole ratio. 

The lime contents of the magnesia for the 0.5 mole % 

silicate addition (0.25 mole % for meruinite addition) 

after firing for 8 hours are plotted against the firing 

temperature in Figure 3. Figure 4 shows that the Ca0/Si02 
mole ratio of the silicate phase changes with the solution 

of lime in the magnesia, when mixtures containing 0.5 mole 

%silicate additions are fired at 1600°, 1?00° and 1800°C. 

The changes that occur to the lime content in the 

magnesia and its subsequent effect on the Ca0/Si02 
ratio ±n the silicate phase after firing at 1800°C are 

presented in Tables 4 to ? for the silicate mixtures 

containing 1.0 mole% silicate addition (0.5 mole% 

merwinite), Figure 5 compares the effect of the lime 

solubility in magnesia with the Ca0/Si02 mole ratio of the 

addition for the t\'10 levels of addition of the silicate 

phase. Figure 6 ~hews the changes in the solubility 

of the calcium oxide in the magnesia \'lith the increasing 

addition of each silicate. The plots give an indication 

of the maximum solubility of the lime in magnesia from 
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each of the silicate additions at 1800°0. 

Examination of the mixtures containing the 0.5 mole 

% addition of calcium oxide fired at 1700° and 1800°0, and 

the 1.0 mole% addition fired at 1800°0, sho\Yed that all 

the CaO had entered the magnesi~. This was confirmed 

by microscopic examination of the fired mixtures, where 

no trace of free lime was found at any stage of the pre

paration of the polished microstructure. 

The effect of the firing time on the solution of 

lime in magnesia was only investigated for the tricalcium 

silicate and mag~esia mixture fired at 1800°0. The 

electron probe analysis gave the following lime contents 

of the magnesia after 1, 4 and 8 hours at temperature:-

Time at 1800°0, 
hours. 

1 

4 

8 

TABLE 8. 

CaO Content of 
Magnesia, wt.%. 

0.74 

0.77 

0.75 

This Table shows that there is no appreciable variation 

in lime contents for firing times greater than 1 hour, 

within the accuracy of the determinations. 

It was not possible to do quantitive analyses on 

the compositio~ of the silicate phase after firing 

because of the narrow width of the phase, when interference 

from the X-rays from the elements in the magnesia grains 
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either side occurred. A scan across the silicate phase 

did, however, indicate a Ca0/Si02 ratio which was the 

same as that calculated earlier (see Tables 4 to 7). 

6.30 X-ray Diffraction ~:amination 

6.31 Ionic Size Effect. If the calcium ions go in

to solid solution in the magnesia lattice, the lattice 

parameter of the material will be 
70 2+ ionic radius of the Ca ions is 

increased as the 

0.99~ compared with 

that of the Mg2+ ions of 0.6594 which it is replacing 

in the cubic lattice. A preliminary X-ray examination 

of the fired materials containing various amounts of lime 

in magnesia was made to determine the lattice parameters 

of these solid solutions. 

6.32 Experimental Details. Samples of pellets were 

crushed with an agate pestle and mortar to pass through 

a 300 B.S. sieve before mounting in the X-ray diffracto

meter which had previously been standardised using a 

silicon sample. 

Only sample~ fired at 1800°C containing 0.5 mole % 
dicalcium silicate, 0.5 mole % tricalcium silicate and 

1,0 mole % calcium oxide were examined using a slow 

scanning speed of 0.3°/min. These were compared with 

the diffraction peaks obtained with the pure magnesia 

fired at 1800°C. 

6.33 Lattice Parameter Calculation. The investi

gation was limited to the first order diffraction patterns 

obtained by reflection from (111), (200) and (220) planes. 

The interplanar spacing dhkl for each plane (h k 1) was 

calculated from the Bragg equation:-
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A = 2dbkl sin e • • • .. • • • • • • • • • • • • • (21) 

The lattice constant a
0 

for the cubic ~agnesia lattice 

was calculated using this information in the formula:-
2 2 2 2 2 a
0 

= dhk1(h + k + 1 ) •••••••••• (22) 

In this preliminary survey no Nelson and Riley71 

correction was made to determine a
0 

at an angle of 0°. 

The values of a
0 

\;ere used to calculate the true 

densities of the magnesia phase containing CaO in solu-
w~tE-

tion. The fraction of CaO in the lattice ~eiag the amounts 

presented in Tables 6 and 7. Table 9 presents the values 

of a
0 

and the t~·e densities of the periclase phase in 

the fired mixtures. 

The results sho~T that there are definite changes in 

the magnesia crystal lattice \·then it contains lime. Since 

the a
0 

values increase uhen lime is present in the magnesia, 

this is proof that a true solid solution is formed between 

CaO and t-lgO \Thich is to be expected from the previous '"tork 

de;cribed in 6.10. 

It must be emphasised that these X-ray diffraction 

results are only a cursory examination of the effect of 

ca2+ ions on the crystal structure of the periclase. 

Therefore no real conclusions can be drawn other than the 

fact that the lattice parameter does increase \~hen Ca2+ 

inons enter the magnesia grains, which is confirmation 

that a true solid solution is formed. Although no 

correctiolw(Helson-Riley) were made to th" results, the 
0 

determined a
0 

value of pure magnesia 4.211 A compares 

favourably \"lith the accepted value of 4.2115 ~.59 The 

mixtures selected for X-ray examination all had similar 
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grain size. 

6.40 Genernl Dincuflfiion on the Solubility of I,i:r.Je fro·n 
Qalciun Silicnc.es in Ma~nesia. 

A detailed discussion on the partial decomposition 

of each of the silicate addi~ions and its subsequent effect 

on the densification and grain gro,~th of the periclase is 

given in chapter 7. However, the general implications of 

the electron probe and X-ray diffraction analyses will be 

discussed in this section for completeness. 

The efctron probe analyses of the magnesia and sili
~ 

cate mixtures after firing sho~ted that there \-tas no sili

con, and hence no silicates, present in the periclase 

phase after cooling. Schlaudt and Roy72 report that the 

solubility of forsterite, M2s, is more than 11 mole % 
in magnesia at 1860°0. They do, however, point out that 

the silicate appeared as globules in the microstructure 

on cooling. The forsterite in the observed microstructure 

after firing at 1800°0, see Figure 52a, contained 

~lobu~es of forsterite in the structure although no sili

con \'fas detected in the magnesia grains. This suggests 

that, on cooling in air, the silica is expelled from the 

magnesia lattice so reforming the forsterite phase. 

The analyses do show that there \-!as an increase in 

the lime content of the periclase and an increase in its 

lattice parameter after firing in contact \-tith a calcium 

silicate phase. The lime content varies with firing tem

perature, the Ca0/Si02 mole raGio of the silicate, and 

the amount of silicate phase present. 

Presented in Tables 4 to 7 are the distribution 



coefficient, Q, for the calcium oxide between the siliqQ 

and magnesia components for the four calcium silicate 

additions. It is assumed in this calculation that none 

of the silica enters the magnesia phase, therefore:-

Q wt. = CaO per unit wt. of Si02 •••••••••• ( 23 ) 
CaO per unit ut. of NgO 

Q mole "' CaO per mole of Si02 • • • • • • • • • • • • • • (24 ) 
CaO per mole of NgO 

For a constant level of addition of the silicate, the 

values of Q will decrease \dth increasing temperature as 

more CaO enters the magnesia lattice. Since the diffe

rent additions give various calcium silicate compounds 

in the bond, the Q values can only be used to yield 

information for a particular level of lime and silica 

in the mixture. The Ca0/Sio2 mole ratio must also be 

calculated. The CaO/Si02 ratio in the silicate bond 

was checked on the electron probe with the value cal

culated using the data on the lime content in the 

magnesia and the original chemical analysis of t~e mixture 

no quantitive data on the exact composition of the silicate 

phase for the mixtures could be obtained (see 6.22). It 

is for this reason that the distribution coefficient is . 
based on the silica in the bond and not the silicate. 

Figure 3 shows that the silicate phase having a 1:1 

CaO/Si02 mole ratio is the most stable of the silicate 

phases in the presence of magnesia at high temperatures, 

only o.l wt. % of CaO being present in the magnesia phase at 

1800°0. The tricalcium silicate is the least stable with 

0.34 wt.% Cao entering the magnesia lat~ice at 1400°C; 
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and for the 1.0 mole% addition, up to 1.4 ~~.% CaO at 

1800°c. 

Mixtures containing l!onticelli te. \!i th the JJ.onti

cellite addition, no forsterite was observed in the micro

structure, l'l'hich 1~ould be the deconposi tion product it e.rxy 

of the monticellite decomposed to give free CaO which then 

entered the magnesia phase. The calcium content in the 

magnesia is probably the result of isomorphous replacement 

of the ca2+ ions in the monticellite for Mg2+. At firing 

temperatures of 1500°C and above, the silicate phase will 

be liquid and when at equilibrium will be saturated with 

magnesia. Exchange of Ca2+ ions will occur bet11een the 

magnesia and the silicate phases until the activity of 

the ion is the same in the ti'I'O phases, at which point equi

librium is attained. Keyser and Derie73 have shown that 

the phase monticellite exists over a range of chemical 

composition between c0•64 111 •36 S to CI1S. In the present 

investigation the silicate phase, after coolinG from the 

sintering temperature, existed over the cJmposition range 

C0.84 M1 •16 S to c0•92 M1 •08 S. This range is based on 

the calculations of the Ca0/Si02 ratio left in the bond 

after a given amount of lime (determined by the electron 

probe analyses) has entered solution in the magnesia. 

The low level of calcium in the magnesia lattice 

from monticellite additions indicates a low activity of 

lime in the molten silicate, having a 1:1 Ca0/Si02 mole 

ratio. 

Mixtures containing Mer1>1ini te, Dicalcium and Tri

calcium Silicates. Microstructures of the mixtures 
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containing additions of mer\·rini te and dicalcium silicate 

(see Figures 51 to 53) did sho\'1 the presence of monticel

lite and mer~1inite respectively. At firing temperatures 

for these mixtures bet~:een 1400°C and 1600°C, the lo1~ 

level of lime in solution in thP magnesia of approximately 

0.1 wt.% is probably the result of isomorphous substitu

tion similar to that mentioned for the monticellite 

additions. The least stable of the silicate additions, 

mixtures containing tricalcium silicate, showed the 

presence of dicalcium silicate after firing at 1400°C. 

In mixtures fired at 1700° and 1800°C, no tricalcium 

silicate, only dicalcium. silicate, 1o1as observed in the 

microstructures. 

Two explanations are possible for the above mentioned 

observations: 

(i) The silicate is partially soluble in the magnesia at 

the firing temperature. The silica is rejected from the 

magnesia lattice on cooling and reacts ~1ith the remaining 

rilicate in the bond forming some of the silicate with the 

next lower CaO/Si02 mole ratio. The calcium oxide part of 

the silicate remained in solid solution with the magnesia 

on cooling. Although it could be expected that there 

tlould be some solubility of silica in the magnesia at the 

firing temperature, even if only a very small qu~tity 

this mechanism does not satisfactorily explain why inc

reasing the addition of the silicate increases the level 

of the lime in solution in the magnesia. Since some 

silicate remained in the bond for the lo1~er level of 

addition, this infers that sufficient silicate was present 
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to saturate the magnesia. 

(ii) The other explanation for the presence of different 
ol:l-e.r-

silicates after firing at temperature than those initially 
1 

added, is that some decooposi tion of the silicate (•ccurs 

on firing. The decooposition products are free lime, 11hich 

then enters solution in the magnesia, and the silicate 

with the ne}~ lower Ca0/Si02 mole ratio. The decomposi-

tion reactions of the silicates 1'TOuld then be as follOt>'S:-

c3Ms2 + M ~ Cr-IS + I-1( C) + C3r-IS2 

merwinite magnesia monticellite magnesia- unreacted 
lime solid merwinite 
solution 

c2s + M c
3

Ms2 + M(C) + c2s 
dicalcium magnesia merwinite solid unrcacted 
silicate solution diealciuo 

silicate 

c3s + }1 ---7'- c2s + M(C) + c3s 
tricalcium magnesia dicalciuo solid unreacted 
silicate silicate solution tricalciuo 

silicate 

This twuld explain tihy increasing the level of the 

addition of the silicate increases the level of the CaO 

in solid solution, providing that the magnesia has not 

been saturated with lime at the firing temperature. It 

also explains why increasing the firing temperature from 

1600° to 1800°C for the 0.5 mole % tricalciuo silicate 

additions does not greatly affect the level of the lime in 

solution t'lith the magnesia. At 1600°0 the CaO/Si02 mole 

ratio in the s~licate bond is :.0:1, indicating that all 

the tricalc1vm silicate addition has decomposed to 

dicalcium silicate and lime. 
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At the higher firing temperaturesthe silicates \dll 

be molten and must be described in terms of their CaO/Si02 
mole ratio. It is only on cooling that mixtures of 

separate silicate phases \'lill form in the microstructure. 

The CaO ~till dissolve in the magnesia since this 

results in the formation of a more stable system. The 

free energy change, ~G, for the solid solution forming 

reactions is given by the relationship:-

Ll.G = AH - T6.S • • • • • • • • • • • • • • • • • • • (25) 

AH is the enthalpy change for the reaction, T the absolute 

temperature and ~S the entropy change. On solution of 

the lime in the magnesia, bH will be very small and the 

change in the entropy term will be positive, since more 

disorder is introduced into the magnesia lattice. The 

net result is that the free energy of the system is lowered 

and hence the system becomes more stable. Exchange of 

the ca2+ ions will take place between the silicate phase 

and the magnesia until the activities of the Ca2+ ions 

are the same in the t\qo phases. At this point tl.e free 

energy of the system will be a minimum and the system will 

be in equilibrium. No further decomposition of the sili-

cate 'qill occur. 

The instability of the tricalcium silicate ~tith the 

ease at which it decomposes to lime and dicalcium sili

cate is indicated by the binary equilibrium phase 

diagram of CaO an1 Si02 given by Levin8 where this phase 

is only stable above 1250°0. 

The activity of the lime increases \dth increasing 

Ca0/Si02 ratio of the silicate phase. ~he highest 
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activity of the lime is in the tricalcium silicate. 

Hence, \'lhen tricalciun silicate is fired in the presence 

of magnesia, the silicate shov/S the highest instability 

of this series of calcium silicates. 
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7.10 Presentation of Result~. 

A complete summary of results for all the mixtures 

of the bulk, apparent solid and true densities; apparent, 

true and sealed porosities; volume change on firing and 

mean grain diameter measurements after each firinG treat

ment are presented in Appendices II and III. 

7.11 Densification. For the purpose of graphical 

presentation of the dcnsification undergone by each mix

ture, isotheroals are plotted of a volume shrinkage 

parameter, Fv, at each of the 5 sintering temperatures. 

The volume change on firing \Ws not plotted directly due 

to variations in the pressed bulk density (1.58 :!: 0.03 g/cc) 

and in the true densities of the mixture. These variables 

were incorporated in a volume shrinkage parameter, uhich 

is defined as follows:-

Fv = Volume change of mixture x 100 
11aximum volume change possible 

a Pressed Bulk Volume 
Pressed Bulk Volume 

Fired Bulk Volume x 100 
Specific Bulk Volume 

The bulk volumes were calculated from the reciprocals 

of the corresponding density values which had been deter

mined as described in chapter 4. It was generally found 

that for a given firing treatment the factor Fv remained 

constant over the range of the pressed bulk densities 

The m:D<l mlll" error in the values of F >~as + 2. r:Jf{, for values around 
l1r:Jf{,. Thic crPor gradually reduced Wl th iXcreasing the sintenng time 
and temperature, so that for values of FV greater than 9r:J/,, the maximum 11as 
+ 0. ;:>%. 'rhc~c error limits are illustrated on Figure 7, whi eh shows the 
densification p~rameter versus time at each sintering temperature for pure 
magnesia. 
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firing temperature:-

Fn = Fired Bulk Density - Pressed Bulk Density x 100 
True Density - Pressed Bulk Density 

The results based on this densificaGion parameter are 

included in the tables of results for comparison with the 

volume shrinkage parameter. 

The changes in the grain diam~,ter,D, of each of the 

mixtures is demonstrated by isothermal plots for the 5 

sintering temperatures. 

7.12 Porosity. The effect of increasing the 

additive phase from 0.5 to 1.0 mole% (0.25 to 0.5 mole% 

for me~;inite) on the densification of magnesia can be 

demonstrated by plots of true and apparent porosities 

against the sintering temperature. 

7.13 Grain Size. The effect of these two levels of 

addition on the grain diameter is shown by plots of grain 

diameter against sintering temperature. The results 

obtained on the pure magnesia are included for comparison. 

All these results were for material sintered for 4 hours 

at temperature. 

?.14 Lime/Silica Ratio. In this chapter the results 

obtained on the individual mixtures will be discussed. A 

comparative discussion on the effect of the lime-silica 

mole ratio of the addition on the densificntion and grain 

gro~~h of magnesia will be given in the next chapter. 

?,20 Pure Magnesia. 

A complete summary of the densities and porosities 

after each firing treatment for pure magnesia is given 

in Tables 11 to 15 of Appendix II. The isothermal 

changes in the volume shrinkage parameter and the grain 
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diameter of the pure magnesia are sho\:n in Figures 7 and 

8. 

Figure 7 sho~rs that the sintering of magnesia, 

prepared from the oxalate, is sensitive to the firing 

temperature and time at temperature, on firing between 

1400° and 1700°0 for times up to 8 hours. At 1700°0 only 

small changes of shrinkage occurs on increasing the 

firing time from 4 to 8 hours. The isotherm at 1800°0 

sho\~S little change in the shrinkage of the compact after 

firing for times in excess of 1 hour. The sealed porosity 

remains very low (less than 0.5 ?0 until the true porosity 

falls to approximately 1~/o. This was achieved by sintering 

at 1600°0 for 8 hours, at 1700°C for 2 hours or more and 

at 1800°0 for all the sintering times. The proportion of 

sealed porosity to apparent porosity increases with 

increasing temperature and time at temperature, until at 

1800°C the greater proportion of the pores are small 

enough not to be penetrated by the xylene used in the 

rorosity determination. The densities obtained at 1400° 

and 1500°0 are similar to those reported by Brown18 on 

magnesia prepared from a similar source. 

No grain size determinations could be made on speci

mens fired at 1400°0 or at 1500°C for sintering times of 

less than 4 hours, because of the very small grain size 

associated with the high porosities, ~rhich were greater 

than 30 %, of the magnesia compacts. Fi~:re 8 shows that 

the rate of grain gro\lth increases with increasing firing 

temperature. 

Brown observed that discontinuous grain gro\1th had 



occurred in magnesia after firing at 1725°0 for 48 hours. 

The microstructure of the magnesia after firing at 4800°0 

for 8 hour.J is sho1m in Figure 49a. after this firing 

treatment, no secondary grain gr01·1th had occured, the mean 

grain diameter of the angular g:ains being"'49 )l· The 

microstructure shows rounded pores at the grain boundaries 

and also isolated \'lithin the grains. These entrapped 

pores would make it difficult to achieve densities 

greater than the 3.50 g./cc obtained since further 

heating will cause further grain grO\'Ith. This could occur 

as discontinuous grain gro1~th and 1·rould be expected from 

the results obtained by Bro1m and by Lourie and Cutler 19 

on high density magnesia. The pores \'lould become iso

lated at larger distances from the grain boundaries making 

it more difficult to remove them. 

It should be noted that some pores were observed 

entrapped within magnesia grains in all specimens on 

wbich grain size measurements \·re re made. This includes 

the pure magnesia with and without the additions and for 

sintering temperatures as lou as 1'W0°C. 

7.30 !1agnesia Containin') Forstc,•ite Additions. 

A complete summary of the densities and porosities 

of mixtures containing 0.5 mole % of forsterite after 

each firing treatment is given in Tables 16 - 20 of 

Appendix II. The isothermal changes in the volume shrink

age parameter and grain size measurements are shown in 

Figures 9 and 10. 

Figure 9 shows that between 1400° and 1500°0 a large 

increase in the volume shrinkage parameter occurs. The 

?4. 



forsteritc addition has little effect on the shrlrucage 

of magnesia at 1400°C. It is probable that it is not 

until the compact reaches 1500°0 that the forsterite 

addition, (having a larger particle size conpared with 

the magnesia) has diffused in the compact to produce a 

homogeneous mixture. At 1500° and 1600°0 little shrirucago 

occurs on increasing the sintering time from 4 to 8 hours. 

At 1800°0 no increase in the density occurs for times at 

temperature in excess of 1 hour. The maximum volume 
wos 

shrinkage obtained eeiRg similar to that obtained at 1700°0 

after 4 and 8 hours. 

Figure 10 shoHs an even increase in the grain size 

with increasing time and temperature bet1~een 1400° and 

1700°0. At 1800°0 there is a rapid increase in the grain 

growth- the grain size increasing from 40? after 0.1 

hour to 106? after 8 hours at 1800°0. This ~1as the only 

mixture to exhibit this secondary grain growth phenomenon. 

In this rapid grain grouth the grain size distribution 

remains constant and no cannibal grain gro1~th occurred. 

Microstructures are shoHn in Figures 49b and 52a llhere 

the nePrly angular grains can be observed and the rounded 

pores are mainly isolated within the grains. The forster

ite phase was observed as distinct isolated pockets at the 

grain boundaries and also within the magnesia grains. It 

is not homogeneously dispersed around the grains as is the 

ca&e with the calcium silicates. Schaudt and Roy72 report 

that forsterite has limited solubility in magnesia at high 

temperatures. It would be expected that both 0.5 and 1.0 

mole % additions of forsterite to magnesia would be comp-
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lately soluble in magnesia at 1400°C and above providing 

equilibrium has been attained. The magnesia lattice 

apparently rejects the silicate on cooling to room tem-

perature. 

The results obtained on sintering a mixture containing 

1.0 mole% forsterite addition are summarised in Table 

46 of Appendix III. Figure 11 sho\·IS the change in the 

true and apparent porosities with the sintering tempera

ture for the 0.5 and 1.0 mole %additions after 4 hours 

at temperature. The increased addition decreases the 

porosities a~ 1400° and 1500°0. The higher silicate 

content of the magnesia enhances the diffusion of material 

and accelerates the densification process. At 1600°, 

1700° and 1800°0 the porosities are approximately the 

same for the two mixtures. The sealed porosity reQains 

at approximately 45'o \d thin this firing temperature region. 

Plots of the effect of the hp levels of the addition 

on the grain size of the magnesia is given in Figure 12. 

The higher addition resu~ts in a slightly higher grain 

size of between 5 and 6? after similar firing treatments. 

The rate of increase with temperature is the same for the 

two additions. The forsterite additions increases the 

grain size of the magnesia at 1500°C and above. 

?.40 Magnesia Containing ~onticellite Additions. 

A complete summary of the sintering data on magnesia 

mixtures containing 0.5 mole % additions of monticellite 

is given in Tables 21 to 25 of Appendix II. 

Figure 13 shows the isothermal plots of the volume 

shrinkage param3ter for the mixture. The parameter inc-
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reases rapidly at 1400°0 for firing times in excess of 1 

hour. In the mixture fired for 0.1 hour at 1400°0 small 

particles of monticellite \·rere observed in the micro

structure that had not diffused into the magnesia structure. 

Once a homogeneous dispersion of the silicate phase had 

occurred the compact shrinks rapidly to give a 

as high as 3.00 g./cc after 8 hours at 1400°0. 

the silicate phase is molten. At this temperature and 

above only small changes occur in the shrinkage after 

fir~ng at temperature in excess of 2 hours. At 1800°0 

the shrinkage parameter increases with firing times up 

to 2 hours. On further heating the compact expands and 

the parameter falls to a level similar to that produced 

by firing at 1400°0 for 8 hours. This expansion is 

thought to be caused by the pressure of the gas trapped 

in sealed pores overcoming the surface tension forces of 

the s~licate liquid which \~ets the magnesia grains and 

holds the structure together at the high firing tempera

tures. This phenomenonwill be discussed in the ~ext 

chapter. The microstructure of the expanded structure 

sho~m in Figure 49c sho~1s where the impregnating resin has 

entered pores·that have expanded and become open to the 

surface during firing, 

The microstructures of the mixtures containing 

monticelli te show that there are less pores isolated \d th

in the magnesia grains than in the pure magnesia and 

mixturJs containing additions of forsterite and calcium 

oxide, which do not form liquid phases at firing tempera

tures up to 1800°0. The pores isolated within the magnesia 
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grains in the mixtures containing the calcium silicate 

are hoHever larger than in the other mixtures and are 

located almost entirely at the centres of the grains. 

It appears as though these pores have acted as sinks for 

diffusing vacancies and have gro1m at the expense of the 

smaller pores uithin the grains. 

Figure 14 shorts the isothermal change in the grain 

diameter of mixtures containing 0.5 mole % monticellite. 

Only small increases in the grain size occur at 1400°C 

on increasing the firing time from 1 to 8 hours. At this 

temperature the silicate phase is solid. At the higher 
Cof\~r"'"r 

firing temperatures S¥en increases in the grain size 

occur with increasing firing temperatures and times. The 
was 

grain size being sensitive to the time at the sintering 

temperature. 

A summary of the results obtained on the mixture 

containing a 1.0 mole %addition of monticellite is given 

in Table 47 of Appendix III. 

Figure 15 shows the effect of the firing temperature 

on the porosities of the mixtures containing 0.5 and 1.0 

mole % additions. At 1400°0 the higher addition decreases 

the porosity of the compact. At 1500°C the sealed 

porosity of the material has reached bet1·1een 6 and 7 % 

which is maintained for both the mixtures on firing at 

1600° and 1700°C. A slight lowering of the apparent 

porosity is 

to 1700°C. 

observed with increasing firing temperature 

At 1800°C the porosities of both the mixtures 

increase. The apparent porosity increases due to sealed 

pores expanding and becoming open to pore networks open 

to the surface of the compact. The sealed porosity also 
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increases to bet,•een 9 and 1(Yt~. 

A plot of the grain diauetcr of the magnesia, for 

the two monticellite containing mixtures, against the 

firing temperature is shoHn in Figure 16. There is a 

linear relationship betHeen the grain diameter and 

firing temperature for both the mixtures after 4 hours 

at temperature. The plots for the 0.5 and 1.0 mole% 

additions sho~T the same incrco.sc of grain size uith the 

firing temperature but the hi~her addition has grain 

sizes approximately 4 f greater than the 0. 5 mole % 

addition, after each firing treatment. 

z, 50 !1agne si a Containing Meruini te Additions. 

A complete summary of the sintering data obtained 

on magnesia mixtures containing 0.25 mole % of I:lerwinite 

is given in Tables 26 to 30 of Appendix II. 

Figure 17 shows the isothermal plots of the volume 

shrinkage parameter for the mixture. At 1400°0 there 

is a steady increase in the shrinkage parameter for the 

first 2 hours at temperature whilst the silicate is 

diffusing in the compact to provide a homogeneous dis

persion. Increasing the firing time to 4 hours then 

produces rapid shrinkage to densities of approximately 

2.90 g./cc. Rapid shrinkage also occurs during the 

first 4 hours of firing at 1500°0. Firing between 1500° 

and 1800°0 for 4 to 8 hours producesonly small changes 

in the volume shrinkage parameter. These changes ~esult in 

the density increasing from 3.26 g./cc at 1500°0 to 3,33 

g./cc. at 1700°0. At 1800°0 greater shrinkages are observed 

up to 2 hours at temperature similar to that observed with 
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the oonticellite addition, but on further heating 

slight expansions occur resulting in a fall of the fired 

bulk density from 3.36 to 3,30 g./cc. after 4 and 8 hours 

at temperature. 

Liquid is present in mixtures of magnonia and 

merwinite at 15?5°0~ Above this temperature lime is 

lost from the liquid silicate and enters solution in 

the magnesia as described in the previous chapter. 

Plots of the isotherms of the grain diameter of the 

magnesia with a 0.25 mole % me~1inite addition is 

sho~m in Figure 18, A discontinuity in the positioning 

of the isotherms occurs bet\'leen 1600° and 1?00°0. This 

corresponds to the temperature at \'lhich appreciable 

amounts of lime are lost from the silicate to the magnesia 

(see Figure 3). It also approximately corresponds to 

the temperature at which liquid is formed in this system. 

A summary of the data obtained on sintering 

mixtures containing 0,5 mole % additions of mer11inite 

is given in Table 48 of Appendix III. 

Figure 19 sho11s the effect of 0.25 and o. 5 mole % 

additions of merl'rinite to magnesia on the porosities 

after firing for 4 hours at temperature. The higher 

addition results in slightly lower porosities being 

obtained at the lo>,rer sintering temperatures. At 1500°0 

the sealed porosity is bet11een 4 and 5 % for both mix

tures. This increases on raising the temperature to 

1700°0. At 1800°0 the true porosity increases but 

a alight decrease in the apparent porosity is observed. 
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The sealed porosity increases from 5.8 % at 1700°C to 

6.6% at 1800°C for the 0.25 I:'Ole 5G addition and increases 

from 5.5 to 7.8 % over the same temperature range for 

the higher addition. 

P~ots of grain diameter after 4 hours at tempera

ture against the firing for the two levels of merwinite 

addition are given in Figure 20. At 1600°C and above a 

similar linear increase of grain size 1~ith temperature is 

observed. The higher addition resulting in grain sizes 

approximately 5? greater than for the 0.25 mole % 

addition. At 1400° and 1500°C, where the silicate pr.ase 

is solid, the grain sizes of the mixture containing the 

0.5 mole % addition are approximately 3 )l smaller than 

those in the system containing the lm•er addition. 

z.60 Hagneaia Containing Dicalcium Silicate Additionn. 

A complete summary oF the sintering data on magnesia 

mixtures containing 0.5 mole ~6 dicalcium silicate is 

given in Tables 31 to 35 of Appendix II. 

Figure 21 shov1s the plots of the volume shrinkage 

parameter against firing time. At 1400°C a rapid increase 

in the shrinlr_age occurs and t;..e parameter increases from 

42 to 85 (corresponding to an increase in density from 

2.05 to 3,02 g./cc.) on increasing the firing time from 

0.1 to 8 hours. On increasing the sintering temperature 

the greater proportion of the shrinkage occurs during 

the heatlng to the firing temperature until at 1700° 

and 1800°0 only small changes are observed in the shrink

age parameter on increasing the firing time from 0.1 to 

8 hours. 
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Liquid is not formed in !Ig0-2CaO.si02 mixtures 

until 1790°C8 but because of the loss of lime from the 

silicate (see 6.40) at temperatures above 1600°C to 

fori:l some mer~rinite in the silicate phase, liquid 11ill 

be present at both 1700° and 1800°C. 

The plots of the isotherms of the grain diameters 

of the magnesia for this mixture given in Figure 22 

sho\~s a discontinuity between 1600° and 1700°c. At 

temperatures of between 1400° and 1600°C very little 

grain gro\~h is observed. Only small increases occur 

with increasing temperature and time at temperature. At 

1700° and 1800°C, when the liquid is present in the system, 

appreciable grain growth occurs in the system. Figure 

54 shows the increase in the grain size on increasing the 

firing temperature from 1600° to 1700°C. 

The sintering data on mixtures containing a 1.0 mole 

% addition of dicalcium silicate is given in Table 49 of 

.Appendix III. 

Plots of the porosity against firing temperature 

after firing for 4 hours for the 0.5 and 1.0 mole % 

additions are given in Figure 23. The porosity of the 

compacts for both the mixtures decreases rapidly ~dth 

increasing firing temperatures to 1600°C. On firing at 

higher temperatures only small reductions in the poro

sities are observed. The higher addition results in 

slightly lower apparent and true porosities than the 0.5 

mole % addition. The true porosities of the two mix

tures are similar and gradually increase from 1% at 1400°C 

to between 5 and 6 % at 1800°C. There is an increase 
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in the true porosity of the 1.0 nole% dicalcium 

silicate containing nixture from 5 % to 6.5 % on 

increasing the firing temperature from 1700° to 1800°C. 

Figure 2l~ shows the changen ln the grain diameter 

of the Dagnesia vlith 0.5 and 1.0 l:lole ~6 addition3 of 

dicalciuo silicate after 4 hours at temperature. At 

firing temperatures bet11een 1400° and 1600°C the grain 

sizes of the two mixtures and the pure oagnesia are 

similar. Small increases in the grain size are observed 

with increasing the silicate content. At 1700°C the 

grain size for the l0\1er level of addition mixture inc

reanes to 48? compared \/ith the 32? for the 1.0 mole % 

addition. This could be caused by the lO\'Ier CaO/Si02 
ratio of the silicate bond in the former mixture resulting 

in some merwinite being formed and being molten and the 

firing temperature. At 1800°0 the increaseinlime content 

in the magnesia phase has resulted in a further decrease 

in the Ca0/Si02 mole ratio of the silicate bond. At 

this temperature merwinite is present in the 1.0 mole% 

mixture after cooling to room temperature. At this tem

perature, where liquid is present in the magnesia - di

calcium silicate system, the t\~O mixtures give similar 

grain sizes of 61 ?· 
7.70 Magnesia Containing Tricalcium Silicate Additions. 

A complete summary of the sintering data obtained 

on magnesia mixtures containing a 0.5 mole % addition of 

tricalcium silicate is given in Tables 36 to 40 of 

Appendix II. 

The results obtained on the electron microprobe 



given in the previous chapter shoued that due to the loss 

of lime from the tricalcium silicate addition the Ca0/Si02 
mole ratio in the silicate bond changes from 3:1 to 2:1 

for 0, 5 mole % addition, \1hen the firing temperature has 

reached 1600°0. The resulting dicalcium silicate ~dll 

form a liquid phase \dth the magnesia at 1790°0~ 

Normally, in the !1g0-3CaO.Si02 system liquid '~ould not be 

expected belO\~ temperatures of 1850°0. 

Figure 25 shO\m the isothe=al plots of the volume 

shrinkage paraoeter of the mixture containing a 0.5 mole 

%addition at the 5 sintering investigatjon temperatures. 

The shrinkage of the compacts increases ~tith increasing 

the firing temperature and time, The increases in the 

shrinkage get ~ progressively smaller as the sintering 

temperature is raised to\~ards 1800°0, At 1400°, 1500° 

and 1600°0 only small changes occur in the shrinkage on 

increasing the firing time from 4 to 8 hours. At 1700° 

and 1800°0 the densification is nearly complete \d thin 

the first hour at temper~ture. Continued heating only 

produces small changes in the shrinkage parameter. 

Densities of 3.45 g./cc. \1ere obtained at 1800°0. Only 

the pure magnesia and the mixture containing 0.5 mole % 

forsterite gave higher fired bulk densities. The 0.5 

mole % calcium oxide addition giving a similar maximum 

bulk density after firing at 1800°0 as the tricalcium 

silicate addition. 

Figure 26 shows the isothermal changes in the grain 

diameter of magnesia containing 0,5 mole % tricalcium 

silicate, At 1~00°, 1500° and 1600°0 only small changes 
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in the grain size are observed. At 1700°0 a greater 

increase in the grain diameter occurs, but only diame

ters of 22 ;~ are obtained after 8 hours at temperature. 

At 1800°C \•lhen a liquid phase is present in the system 

rapid grain gro1'1th occurs. The grain dianeter increases 

from 37 to 73 ;u on increasing the firing time from 0.1 

to 8 hours. The changes in the microstructures of the 

fired specimens after increasing the firing from 1700° 

to 1800°0 are sho1m in Figures 54c and d. 

The sintering data obtained on the mixtures containing 

a 1.0 mole% addttion of tricalcium silicate is swrunarised 

in Table 50 of Appendix III. 

Plots of the porosities of mixtures containing 0.5 

and 1.0 mole% additions of tricalcium silicate after 4 

hours at temperature are given in Figure 27. The higher 

addition results in a greater acceleration of the densi

fication of the magnesia at the lower sintering temperatures. 

At 1700° and 1800°0 the apparent porosities of the tivO 

~ixtures are similar but the 1.0 mole% addition results 

in a higher true porosity due to it containing more sealed 

pores. At 1800°0 the lo1-1er addition mixture has a sea'.ed 

porosity of 2.9 % compared with the 4.2 % of the mixture 

containing the 1.0 mole% addition. 

Figuro 28 compares the grain diameters of the t~1o 

mixtures with those of the pure magnesia. Similar results 

are observed for these systems at tempera·,;ures up to 

1700°0. The 1.0 mole %addition ~esults in slightly 

higher grain sizes at 1600° and 1700°0. This could be 

due to the decreased porosity in this system at these 
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temperatures. At 1800°C appreciable 5rain growth only 

occurs ~;i th the 0. 5 mole % addition. In this system 

the magnesia contains 0.76 % CaO (see Table 7) and the 

silicate phase has a Ca0/Si02 mole ratio of 1.90:1, the 

magnes~a grain size being 63JU· This compares with the 

relatively small grain size of 35 Jl in the mixture 

containing the 1.0 mole % addition, ~:here the magnesia 

phase containes 1,46% CaO and the Ca0/Si02 mole ratio 

of the remaining silicate phase is 1.99:1. Here, as can 

be seen in Figure 53b, some tricalcium silicate is re

tained in the structure after cooling. For the lower 

addition only dicalcium silicate was observed as can be 

seen in Figure 51d. The 1.0 mole% addition of tricalcium 

silicate inhibits the grain grouth of pure magnesia at 

1800°C, where the pure magnesia has a grain diameter of 

40 Jl· 
7.80 Magnesia Containin5 Calcium Oxide Additions. 

A complete summary of the sintering data on magnesia 

mixtures containing a 0.5 mole % addition of calcium 

oxide is given in Tables 41 to 45 of Appendix II. Results 

for mixtures where the additicn is increased to 1.0 mole 

% are presented in Table 51 of Appendix III. 

Figure 29 shows the isothermal plots of the volume 

shrinkage parameter at the 5 temperatures investigated 

tor the 0.5 mole % calcium oxide addition. The corres

ponding grain si~e results on the magnesia mixture are 

given in Figure ;o. Both the shrinkage and grain size 

plots sho1·1 discontinuities between 1600° and 1700°C. Both 

the grain diameters and volume shrinkage parameters sholf 
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greater increases within this temperature range than 

within any other. This may be caused by incomplete 

solution of the 0.5 mole % lime addition in the magnesia 

at the lo1ver firing temperatures. From the published 

binary phase diagram of Doroan et a168 both the 0.5 and 

1.0 mole % additions uould be expected to be completely 

soluble in the magnesia at temperatures of 1400°C and 

above. The increase in the grain diameter at 1700°C, may 

be due to the decreased porosity at this temperature. 

At 1700° and 1800°C little further shrinkage occurs after 

firing in excess of 2 hours at temperature. This com

position also sh0\'18 the most marl;:ed increase of all the 

mixtures for shrinkage on increasing the firing tempera

ture from 1700° to 1800°C. After 8 hours at the former 

temperature, the density is 3.37 g./cc. and increases to 

3.45 g./cc. after 8 hours at 1800°C. Very little grain 

gro'l'rtb occurs in the temperature range of 1400° to 1600°C 

for firing times up to 8 hours. 

Figure 31 compares the porosities of mixtures 

containing 0.5 and 1.0 mole % additions after firing for 

4 hours at temperatures of 1400° to 1800°C. The higher 

addition causes a greater acceleration of the densifi

cation of magnesia at the lower sintering temperatures. 

At 1600°C the true porosity is 6 % for this addition and 

only slight redn0tions occur on raising the temperature 

to 1800°C. This compares with the gradual reduction of 

the t~te porosity from 23 % at 1A00°C to 3.6 % at 1800°C. 

At this temperature both mixtures have an apparent poro

sity of 1 % but the mixture containing the higher addition 
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has a sealed porosity of 4.5 56 compared with 2.5 ~6 for 

the other mixture. 

Figure 32 compares the grain di~eters of these 

mixtures 1dth those of the pure magnesia. The mixture 

containing 0. 5 mole 76 has similar grain sizes to those 

of the pure material. At 1600° and 1700°0 the 1.0 mole 

%addition results in grain sizes approximately 8)1 

larger than for the pure magnesia. At 1800°0 the lime 

additions inhibit the grain gro\~h of magnesia. The 

inhibition being more marked for the higher addition. 
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8.10 Grain Gro,fth Kinetics. 

The isother:nal grain gro~lth of pure mar:;:tesia and 

the mixtures containing the additions uas assumed to be 

a simple function of time, similar to that given in 

equaticn (4) of section 2.51. Plots of log10t against 

log10D \.:ere found to be straight lines with slopes 

approaching 2 for the pure magnesia and magnesia containing 

calcium oxide, but a slope of about 3 \o~as obtained for 

the mixtures containing the silicate additions. 

The grain grol>Tth equation ('+) can be \1ritten in the 

general form:-

K (t- t
0

) ~ Dn- D~ •••••••••••••••• (26) 

\'there t
0 

is some arbitrary zero time and D
0 

the grain 

she iil.t that moment. I.f this equation is obeyed, \ll:J.en 

plots are made of log10 (t - t
0

) against log10 (Dn - D~) 

using the appropriate value of n (2 or 3) with various 

values of t
0 

= o.1, 1 or 2 hours the slopes of these lines 

will be unity. The slopes actually obtained experimentally 

from these plots are given in Table 10, \ihere it can be 

seen that the slopes vary between 0.90 and 1.10 with the 

majority occurring bet\o~een o. 93 and 1. 03. 

Plots of D2 against time, t, for the pure magnesia 

and magnesia with the lime addition at 1500°, 1600°, 1700° 

and 1800°C are given in Figures 33 and 34. From these 

plots were calculated the grain grouth rate constant, K, 

at each temperature and the value~ are also given in 

Table 10. 

Similarly, plots of n3 against time, t, for magnesia 
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containing each of the silicate addi'·ions at 1400°, 

1500°, 1600°, 1700° and 1800°0 are given in Figures 35 

to 39 respectively. These plots compare the influence 

of the silicate additions on the grain gro-vtth rate of 

the magnesia at the 5 firing tewperatures. The slopes 

of the lines yielded the grain growth rate constant, K, 

for the influence of the silicate additions, these are 

also given in Table 10. 

Figure 40 sho\ts the plots of loc;10K versus 1/T0 A 

for the grain grouth of pure magnesia 1·1hich obeys the 

quadratic relati)nship (n = 2) of equation (26). 

This graph indicates that an Arrehenius relation

ship as given in equation (6) of section 2.50, holds: 

i.e. 2.303 log10K =constant -E/RT ••••••• (27) 

\llhere R cal mole -'1 degree -'1 is the gas constant and T is 

in degrees absolute temperature, uith E being a pheno

menological "activation energy" for the grain grouth 

process. 

Also plotted on Figure 40 are the corresponding 

values for mixtures containing 0.5 mole % lime \·lhich also 

obeyed the relationship for n = 2. 

Figure 41 shO\iS similar plots for magnesia with 0. 5 

mole % (but only 0.25 mole % mer11inite) silicate additions, 

for which the grain growth at each temperature obeys the 

cubic (n = 3) relationship of equation (26). 

The activation energies E (Kcal/mole) obtained from 

the linear portions of each graph in Figures 40 and 41 

are presented in Table '10. 
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8.11 Grain GroHth of Pure !1arznPsio.. Table 10 

shous that the gr!'!.in grm'lth of the pure magnesia folloued 

very closely 

Time at 

the relationship in equation (3):-
2 2 temperature.K = D - D

0 
•••••••• (28) 

for each sintcring temperature considered, ~1here K is 

in microns2/hour. 

The linear Arrehenius plot given in Figure 40 yields 

an activation energy of 78 Kcal/mole. A similar value 

has also been found by Spri~gs et al;5 who used the same 

empirical analytical technique to study the grain gro11th 

of fully dense magnesia. Their material had a higher 

impurity level of about 200 p.p.m. compare'' with the 

magnesia used in this research, uhere the impurities were 

less than 27 p.p.m. (cf. Table 1). They found a value 

of 81 Kcal/mole for the activation energy of grain 

grmrth in dense magnesia. 

The value obtained in this research \ms very close 

to that obtained by Lindner and Parfitt74 of 79 Kc~l/mole 

for the volume diffusion of Mg2+ ions in pericla~e crystals. 

Oichi and Kingery75 found a value of 62.4 Kcal/mole for 

the activation energy for the slo,~er diffusing o2- ions 

in periclase crystals. 

The rate of grain growth uill depend, among other 

things, on the relative diffusion rates of the cations 

and anions, and one \iould expect the process to have an 

activation energ:"" similar to the tig2+ ions. 

8.12 Grain Gro\'lth of Magnesia 1-lith Lime Additions. 

Table 10 shows that the grain gro~1th process for these 

mixtures still follows a squared relationship of the 
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grain diameter >'li th time at tenperature. 

The isothermals in Figure 30 for these nixtures 

show a break in their sequence bet~;een 1600° and 1700°0. 

This indicates a change in the grain grouth mechanism 

which is seen in Figure 40, as a distinct change in 

the slope of the Arrhenius plot. Belol~ 1600°0 the acti

vation energy for grain gro~lth is 22 Kcal/mole, uhich 

means a lo1r temperature dependence for grain gro\lth belol·l 

1600°0 and is typical of sufface diffusion mechanisms. 

Above this temperature the activation eneriTJ is 62 Kcal/ 

mole, which means that the grain growth ~s more sensitive 

to the tenperature and is typical of volume diffusion 

mechanisns. 

These mixtures therefore sinter at temperatures 

below 1600°C 1dth very little grain gro1·lth. Ho1~ever 

above 1600°0 the grain growth increases to a rate similar 

to that for pure magnesia at the same temperature, as can 

be seen from the values of K microns2/hour in Table 10. 

The discontinuity and change in the activation 

energy could be due to incomplete solution of the lime 

additi'n in the magnesia grains below 1600°0. Concent

ration of line at the grain boundaries of the magnesia 

grains would presumably inhibit grain gro1~th. 

8.13 Grain Gro1~th of !1agne si a with Additions of 

Forsteri te, 11erNini te, Dicalcium and Tricalcium Silicates. 

The results given in Table 10, for all these mixtures 

sintered in the temperature range 1400° to 1800°0, sho~1 

that the grain growth followed closely the relationship;-

93. 



Time at temperature.K ~ 

where K is in ~icrons3/hour. 

• • • • • • • • • (29) 

This relationship Has found to be obeyed for the 

grain gr011th of magnesia in the presence of a liquid 

phase at the sintering te~perature by Buist et al~9 

Nicholson27' 28 and Bro~m 1~ 

From Figure 41, it is seen that there are distinct 

breaks in the Arrhenius plots. The activation energies 

determined from each linear part are sh01m in Table 10 

and indicate from those obtainable that these silicates 

cause grain grouth in two stages. 

The results of mixtures available for oer11'inite and 

dicalcium silicate additions to pure magnesia, shO\'i lower 

activation energies for the high temperature process 

compared to the lo~ter teoperature gr01vth process. The 

small number of points on the t1·1o portions of the 

Arrhenius plots make it difficult to ascertain that this 

is a true phenonenon. The <J.ctivation energies, do h01mver, 

decrease continuously uith increasing OaO/Si02 ratio of 

the addition and 1-1ith increasing solution of lime, from 

the silicate, in the magnesia phase. 

The breaks in the grain growth mechanism appear to 

coincide 11ith the .formation of a phase change. The tem

perature range of the change, as shown in Table 10, occurs 

when a liquid phase is formed. For the mer1iinite 

addition the change occurs betueen 1600° and 1700°0 v1hich 

is higher than expected, since liquid is formed in this 

system at 1575°0 (cf section 7.50). Figure 3 does indi

cate that in the temperature region of 1600° to 1700°0 
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there is an increase in the loss of lime from the sili-

cate into the magnesia. 

The nixtures containing 0.5 mole % tricalcium sili

cate have a higher rate constant K at 1700°0 than \IOUld 

be expected. This could be du~ to a small amount of 

liquid phase being present at this temperature as the 

Oa0/Si02 ratio in the silicate phase is belm~ 2:1. The 

further very large increase in K shotm at 1800°0 will be 

due to liquid formation from the dicalcium silicate 

present forming a eutectic 1'1ith magnesia. 

1'-!ixtures co'ltaining f'orsterite sho11 a grain grm.,.th 

mechanism which has an activation energy of 85 Kcal/mole 

which is the highest for all the materials and mixtures 

examined in this research. This high value could be 

caused by the difficulty in breaking bonds in the mag

nesia lattice having Si4+ ions in solid solution. The 

increase inK at 1800°0, seen in FiGUre 41, would not 

be expected since forsterite should all be in solid 

solution 11ith magnesia at this temperature, as shown by 

Schlaudt and Roy~2 and the eutectic temperature for the 

binary system is reported8 as 1860°0. 

It might be thought that the lo11 grain grouth rate 

at the lower temperatures for all the silicate mixtures 

could be due to differences in porosity, the pores 

inhibiting grain grot~h. However, this is unlikely since 

reference to Figures 42, 4-:? and 44, sh0\'1' ~hat these mix

tures have lo'' levels of porosity, i.e. high Fv values 

at 1500°C and above, and therefore the presence of pores 

have not had any noticeable effect on the grain growth 
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kinetics. 

r1icrostructures presented in Figures 49 and 50, 

shmi that at 1800°0 most of the pores are sealed towards 

the centre of the magnesia grains. Pores l·dthin grains 

were observed in all the microstructures for ~rhich grain 

gro,,1;h data are. presented. 

The increase in the grain grouth rate vlhen liquid 

phases are formed is presumably due to the increased 

solubility and mobility of the magnesia in the liquid 

phase l·rhich accelerates the transport of material. 

8.20 Discussion of the Effect of the Ca0/Si02 Ratio 

of the Addition on the Densification of Hagnesia. 

In the previous chapter the densification behaviour 

of individual mixtures l'las discussed. In this section a 

comparative discussion is given of the effect of the 

addition on the densification of magnesia. Plots of 

volume shrinkage parameter, Fv' against the CaO/Si02 
mole ratio of the addition after firing for 1, 4 and 8 

hours at temperature are given in Figures 42, 43 and 44 

respectively. 

8.21 Densification of Magnesia with Additions of 

Monticellite, ·Merldnite, Dicalcium and Tricalcium Silicates. 

It was sho1-m in chapter 6 that, in the presence of 

magnesia, some lime was lost from these silicates and 

entered into solid solution in the magnesia phase. The 

loss of lime resulted in the silicate phase having a 

lo1~er Ca')/Si02 ratio and hence forming liquid phases a·.; 

lower temperatures than those predicted for the original 

addition. The activity of the lime in the silicate phase 
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increased 11ith increasine; ratio so that the oilicate with 

1:1 Cao/Si02 l:lole ratio vms the most stable, and tri

calcium silicate with a 3:1 ratio the least stable phase. 

These coJ:~J:~ents enable interpretation of the densi

fication results, for mixturen containing these calcium 

silicatea, shown in Figures 42, 43 and 44. Comparison 

of the 1 hour values of Fv for the mixtures 1d th those 

for pure magnesia in Figure 42, show that the addition 

of 0.5 I:lole % addition '(0.25 mole % for mer11inite) of 

these silicates increased the densification of the 

magnesia at all temperatures up to 1700°C. At 1800°C 

the densification of the mb:tures ~ras slightly reduced. 

It should be noticed that the mixtures containing 

monticellite, merwinite and dicalcium silicate all densi

fied to similar levels. This is probably because they 

all contain liquid phases at 1700°C and above. I1ixtures 

containing dicalcium silicate also contain me~rinite 

d~e to the lass of lime from the silicate phase. 

According to Levin~ liquid is formed with these 

silicates in the presence of magnesia as follows:-

Forsterite • 1860°C • 

Nonticellite • 1490°C • 

Mer1~inite • 1575°C • 

Dicalcium Silicate : 1790°C 

Tricalcium Silicate : 1850°C 

The increased densification of mixtures containing 

these silicates, as seen in Figure 43, over the densi

fication of pure magnesia is still shown after sintering 
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for 4 hours at each temperature up to 1600°0. H011ever 

at 1700° and 1800°0, the reduction of the densiflcation 

parameter is more pronounced for the mixtures due to the 

formation of greater amounts of liquid phase, an effect 

~1hich increased •.dth time as shown in Figure 44. Here, 

mixtures containing a silicate phase \d th a 1:1 OaO/Si02 
mole ratio show a great reduction in density at 1800°0. 

This is presumably due to liquid phases in the mixtures 

sealing the pores, lvhich at high temperatures are able 

to expand. At 1800°0 a high degree of uetting of the 

magnesia grains by the liquid silicate is observed, as 

sho1m in Figure 51. This reduces the solid-solid 

bonding betHeen the magnesia grains, ~~hich therefore 

allo~ts movement due to the pressure 1·1ithin the pores. 

Jackson49,50 sho11ed that increasinG the OaO/Si02 ratio 

increased the dihedral angle of the liquid silicate, i.e. 

increased the solid-solid bonding; and he predicted that 

this should increase the densification of the system. 

Reference to Figure 44 sl'ous that at 1600°0 and above the 

densification increases with increasing Ca0/Si02 mole 

ratio, this phenomenonbeing more pronounced at 1800°0, 

Thus, tricalcium silicate additions result in the greatest 

densification. At 1800°0, at uhich temperature liquid 

is first formed in the system, the tricalcium silicate 

addition results in densification similar to that of pure 

magnesia. 

Douoling the silicate additions from 0.5 to 1.0 mole 

% (but 0.25 to 0,5 mole % for ~erwinite) does not affect 

the densification drastically. Figure 43 shows that the 
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increace in silicate content has the greatest effect on 

the voluze shrinkage after 4 hours at temperatures of 

1400° and 1500°C. At higher temperatures of 1700° and 

1800°C, there is no real change in the 4 hour Fv values. 

8,22 Dcnsitication of Ilagnesia uith Additions of 

Forsteri te. As '1ould be expected, this silicate behaved 

differently from the others, because it contained no 

lime component. Additions of 0.5 mole ~'o forsterite to 

magnesia had little effect on the densification of the 

mb:ture at 1400°C. The reasons for this are not clear, 

but it is probably a diffusion effect since time is 

needed at lo1·1er temperatures for the sJ:J.all amounts of 

silicate to reach equilibrium with the magnesia phase. 

This effect is not observed ~:hen the silicate content 

is doubled, as shown in Figure 43, ~There the addition 

greatly enhances densification at 1400°C. Figure 42 

shows that after 1 hour at temperatures above 1~00°C the 

forsterite increases the densification of magnesia. 

After 4 and 8 hours at temperatures of 1700° and 1800°C 

slightly less volume shrinkage occurs with magnesia 

containing forsterite than with the pure magnesia. 

8.23 Denoification of Hagnesia with P.dditions of 

Calcium Oxide. Figures 42, 43 and 44 sholls that a 0.5 

mole % addition of calcium oxide enhances the densifi

cation of magnesia at sintering temperatures of 1400°, 

1500° and 1600°C for times at temperature of 1, 4 and 

8 hours. At 1700° and 1800°C the addition results in a 

slight reduction in the volume shrinkage compared with 

that for pure magnesia. 

99. 



The mixture containing 1.0 mole % lime does shm·r in 

Figure 43 that at temperatures up to 1600°0 there is 

increased dcnsification compared uith pure magnesia and 

the other silicate mixtures. At 1700° and 1800°0 Fv 

valueo -1fter sintering for 4 hours were obtained that 

were similar to those obtained for pure magnesia. 

Kriek, Ford and \.fhite46 found that larger additions, 

than the 1.38 wt. %of lime used in this research, decr

eased the densification of magnesia when a free lime 

phase \'I as present. 

8.24 The Effect of the Addition on the~imiting' 

True Porosity. Figure 48 shows the Dlots of the tr11e 

porosity against the sintering temperature for magnesia 

with and 11ithout the additions after sintering for 8 

hours at temperature. At the higher sintering temper

atures very little increase in the densification of the 

mixtures occ~rcdon increasing the time at temperature 

from 4 to 8 hours. For practical purposes the denslfi-

cation process can be regarded as complete after 8 hours 

at temperature for the mih~ures investigated in this 

research. Figure 48 sho\'IS tha"':: although additions of 

silicates having Ca.O/Si02 mole ratios between 1:1 and 2:1 

result in lower porosities at 1400°C, they do show a 

minim\ll!l true porosity at 1700°C in excess of 5.5 %. 

This minil!l\ll!l porosity increases \"lith decreasing OaO/Si02 
ratio. The mixtu~·es containing additions that form liquid 

phases at 1800°0 and above, show rainim\ll!l true poroaities 

of 3 to 4 % at 1800°0 compared 1dth the 2",.6 of the pure 

magnesia. From the trend of these plots it would be 
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predicted that the mixtures containing 0.5 nolo % 
foroterite and tricalcium silicate have reached the 

minimum true porosities at 1800°C and increaning the 

firing temperature Hould not be expected to produce 

further shrinkage of the compacts. 

8. 30 Grain Grm·rth and CaO/Si02 Ra tiQ. 

Figure 45, 46 and 47 show that the average grain 

diameter1 D,of the magnesia after sintering for 1, 4 and 

8 hours respectively is dependent on the CaO/Si02 ratio 

at each temperature. 

Similar tren~s are observed for the 3 sintcring 

times, increasing the sintering time accentuates the 

effect of the Ca0/Si02 ratio on the grain size. In 

this section the discussion is limited to the results 

obtained after 4 hours at temperature given in Figure 

46 since this plot sho~lS the effect of increasing the 

addition from 0.5 to 1.0 nole% (but from 0.25 to 0.5 

mole % for the me~iinite) 

Comparing the D values of the oixtures \'lith those 

of the pure magnesia, maximum D values are seen \·There 

liquid is present at the sintering temperatures. 

!t 1700°0 there is a maximum D value for the 

mixture containing 0.5 mole % dicalcium silicate due to 

the formation of a liquid phase, as a result of the losa 

in lime from the silicate addition. At 1800°C a similar 

maximum value of D for mixtures containing 0.5 mole % 

trical~ium silicate is obtained for a similar reason. 

But doubling the addition to 1. 0 mole l~ of both the 

dicalcium and tricalcium silicates redu~es the liquid 
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contents at 1700° and 1800°0 respectively, since there 

is more lime available for the silicate phase. 

Increasing the silicate contents for the fo~sterite, 

monticellite and merwinite additions, slightly increases 

the grain size of the magnesia. The rate of increase 

of grain size ~1ith temperature for both levels of 

addition is similar. 

Additions of 0.5 and 1.0 mole% lime reduce the 

grain size of magnesia at 1800°0. 

The mixtures that sho\'r lou grain grovth at the 

lo,~er sintering temperatures result in a grenter sintered 

density being obtained at the higher sintering tempera

tures. 
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9.00 GE!TERAL COHCLUSIOHS ,\ND SUGGESTIOns FOR FUTURE ' . .JOilK 

The 1·10rk carried out here on the effect of the 

Ca0/Si02 ratio in the impurities present in commercial 

magnesia materials on their densification and grain gro\lth, 

has produced data that explains much of the behaviour oi 

these materials during their production. 

The CaO/Si02 ratio of the silicate phase has been 

kno~m to influence the high temperature strength of 

magnesia refractories. This work has sho1m that this ratio 

also influences the sintering characteristics and micro

structure. 

The follmdng points summarise the main findings in 

this research. 

(a) Additions to pure magnesia of 0.5 and 1.0 mole% of 

the follo~ring:- forsterite, monticellite, dicalcium 

silicate, tricalcium silicate and calcium oxide, (but 

0.25 and 0.5 mole % for merwinite) enhances the 

densification of pure magnesia at sintering tempera

tures up to 1600°C. For times greater than 1 hour 

at 1700° and 1800°C, these additions in.~ibit densi

fication. At these temperatures densification 

increases 1'1ith increasing Ca0/Si02 ratio of the cal

cium silicate addition. 

(b) Mixtures containing silicate additions with a CaO/Si02 

mole ratio of 1:1 and 1.5:1 expanded after sintering 

at 1800°0 for an excess of 2 hours. This phenomenonwas 

more pronounced for the mixture containing the monti

cellite addition. 
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(c) A marked increase occurs in the grain size of 

magnesia when a liquid phase is formed in the mixture. 

The mixtures that gave th~ smallest grain size at the 

lm'fer sintering temperatures resulted in the highest 

densities after firing at the higher temperatures. 

(d) The isother:nal grain gro,·rth of pure magnesia (total 

impurity 27 p.p.m.) and magnesia solid solutions 

such as those with a 0.5 mole % calcium oxide addition, 

follo,~ed the relationship:-

Time at temperature CC(Grain size)2 

(e) The isothermal grain grmvth of magnesia 'With additions 

of each of the above silicates (lower addition), 

follo\·led the relationship:-

Time at temperature 0::: (Grain size)3 

(f) ActiYation energies for grain gro\·Tth of the mixtures 

decreased \'Ti th increasing Ca0/Si02 ratio of the 

addition. These energies are generally high and 

similar to those for the bulk diffusion of ions in 

magnesia. 

(g) Discontinuities occurred in the grain gr01·1th of 

magnesia containing these additions \'lhich corres

ponded to physical and chemical changes within the 

system. For the calcium silicate additions, these 

changes generally occurred at the formation of a 

liquid phase. 

(h) From the adcitions to pure magnesia of monticellite, 

merwinite, dicalcium and tricalcium silicate; calcium 

ions enter the magnesia lattice by solid solution in 
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varying amounts 1-rhich increase with the firing tem

perature. Ho silicon \ma observed in the magnesia 

lattice after firing and subsequent cooling. 

(i) A silicate phase ~1i th a Ca0/Si02 mole ratio of 1:1 

is the most stable calcium silicate in contact \'lith 

magnesia at high temperature. The stability decreases 

1'1ith increasing Ca0/Si02 ratio, so that tricalcium 

silicate is the least stable of this group of sili

cates. These observations demonstrate the increased 

activity of lime in the calcium silicates as the 

Ca0/Si02 mole ratio is increased from 1:1 to 3:1. 

(j) Because of changes in the lime level of the silicate 

additions up to 1.0 mole%; the CaO/Si02 ratio of 

the fired silicate phase is reduced, resulting on 

cooling in a mixture containing a silicate phase of 

a lower Ca0/Si02 ratio. Hence in calculations of 

the mineralogical contents of high magnesia bearing 
to.ke.<~ 

refractories, account must be maae of the level of 

lime in solid solution with the magnesia phase. 

This becomes increasingly important for refractories 

with high Ca0/Si02 ratios fired at high temperatures. 

Two final year undergraduate projects have been 

carried out to supplement the work described in this 

thesis. These were as follm~s:-

(a) An investigation on the change of the lattice para

meter of MgO 'dth lime content from the various 

ca~cium silicate sources. 

(b) An investigation of the e!fect of the sintering 

atmosphert on the densification and grain growth of 
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magnesia containing similar additions to those 

described in this thesis. 

The effect of the Ca0/3i02 ratio 6f the silicate 

additions on the high temperature strength of magnesia 

is the subject of a project to folloH this one. 

Future Hark on both the sintering and high tempera

ture strength properties of magnesia should be concent

rated on additions of calcium silicates containing 

CaO/Si02 mole ratios bet~1een 0.5:1 and 3.5:1 Nhich covers 

the ~~hole range of those found in the industrially 

available material and those likely to be produced in the 

future. 

The effect of additions of Fe2o
3 

and AI2o
3 

in these 

systems on the densification and grain grouth of magnesia 

would complete the information on the effect of the main 

impurities present in industrial materials. The effect 

of the minor impurities such as B2o
3

, !1nO, Ti02 and the 

alkali metal oxides could then 'be determined. It \tould 

also 'be useful to determlne l~hether anions such as 

chloride and fluoride have any effect on the sintering 

of magnesia. Such anions are present in the magnesium 

hydroxide extracted from sea-\rater. 
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TABLE 2, 

TRlE Di':t:SrriES OF THK RAOI HATBRIAI.S 

DENSITY g./cc. 

!·L<\T!:.. \. IAL CtClSTAL 
STi11.i'CTrnu;; CALCOUTED 

FROM DET,;:t.'i~J:D 

X- RAY DATA 

ll~c::,;su CU!liC 3.58 3.;3 
:1co 

FORST.SRrrE ortho RHOHBIC 3.37 3.23 
2}!g0o S102 

HO!ITICELLITE 
ortho RHOI-1310 3.04 3.07 cao. HgO. sto2 

!ER:IINITE ortho RHOHBIO 3.34 3.34 3Cao. !~gO. sto2 

DIOALCIUH ortho RHo~mm 2.96 2.')3 SILIOATE 
2Cao. 3102 I!O!:OCLINIO 3.3o -
TRIOAI.C l1JI.t 

SILICATE TRIOLINIC 
:acao. s1o2 

3.1.4 3.04 

CALCIU:i OXID:> 
CUBIC 3.37 CaO -
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TABLS 3. 

c.ucuun::> cH:£:4!-::AL 
IUF. H.\TEUAL Ao:::;m A::.U.YSIJ '/. vto 

TO I-t;.G}~:.SIA ADDITION 
10. 1!1010 vto 

% % l•:Q C110 3102 

IQ. liO AD:l!TIO!l - - 1oo,oo o.oo o.oo 

"'"' 
FOil.:;TE \IT.& o.s 1.72 99.27 o.oo o.n 

M3 !~;;'fiCELLIT& OoS 1.91 9~.59 ~.6e o.n 

~~ ::....;~.,;l'ifi .... Do25 :::.oo ?.:.:::s 1.02 0.'73 

H7 DICALCIIT!~ SILICATE OoS 2ol0 97o90 lo37 Oo'T.3 

Ha T!UC.U.C IU;~ JILICATE Oo5 2o''fl 97.23 2.04 0.'73 

M') CALCIUM OXIDS o.s Oo69 99o:!l o.69 o.oo 

J4 FVRST.:.?.IT.; loO 3.40 93o55 u.oo lo45 

D3 HOt?riCELLITl loO ?..77 97.20 lo35 lo45 

t6 lt:::-HNIT - o.s 1.91 ·~.55 2.01 lo44 

D? DICA!.C IUH 5ILICA'l'E loO 4.1: q~.G? 2.69 1.44 

r;g TRE!"L:r;J:t .J!l .. ICA.T loO 5o4 94.60 3o?-l 1.42 

D9 c.u.c r ... ":~ o:um: loO lo3 95.62 lo3a o.oo 
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Calci= oxide co~tont or monticallita 35.9 wt. :t; CaJ/::>102 •sole mtlo or addition l.v:l. 

C~O/Si~ DI3!'ft f!l !. ....... CJt!o]'1,.IGI .• ~n' 

CaO CO~;'.l't.t~ 
CaO I~l l.:OU ].'.TIO 0~, :n~J .. .::.1 '"~ :..:1 

!:O'IIIC.,;LLii'_. FL1.P-:G SOLUTION I" "'"I ~ :!Elo". OP .. ~~v . ~ • 
ADDITIC'i T:~:P"~RATU~ I!l ::; nrc \Tt; no~:n ~ 

!1IXTUrt~ 
ilAG!~SIA AF1'r::t 

ftO. mole ;; 'Wt.1· oc wt.:t FI'l.I!iG Q wt. Q :::ole 

'~' H 
~tj 

• 
)i,36(l o.s o.6c 1600 0.09 ll.06:1 ')Jj 1340 

!!373 0.5 0.63 1700 0.09 0.36:1 ?'J..J 1340 

!!388 0.5 0.613 1800 o.n 0.34:1 710 1<::60 

0384 1.0 1.35 1800 0.10 0.92:1 eoo 1730 



T\BJE 5. 

Calcium oxide content of merwinite 51.2 wt. %; CaO/Si02 mole ratio or addition 1.5 : 1. 

eao m CaO/ ;io J.t.::TiUBJ'i!tj)l COEF?ICIER'l" 
ill:F. lER.J I: I I1'...~ ~o co:m:rrr FIRI!m SOLUTIDtl f'.OU: PJ.T i3 or CaO B;;. TI.'E&N 

ADDIT.iiOl/ ~:mum:: 'I'E!-ll'E."tATU~ m r.: S 1o..JiA ,0 • 

~lO. r:olo ;' wt.% cc. H .. \G!r~IA Sil!:A'l'Z 

wt.% 30:lD Af'l'LR 
Q ut. Q mole ~·J,.ti'.G 

H 

~ 
• 

~:66S 0.25 1.02 1600 0.12 1Z:32:1 1030 1530 

H678 0.25 1.02 1?00 o.l.6 lt~ll 740 1100 

ll688 0.25 1.02 1800 0.22 1:17:1 500 7SO 

0684 0.51 2.01 1800 0.3') 1:~6:1 400 590 



T:~BI .. ~ 6. 

Cn0/3102 ~;r.; .. · .. r· : u __ ; '"'"'-"ne r:., 
DIC 'lJ; Le! c~~ CJ ~ ~. - CaO rr ~·ot~ :t\TIO .. =.·aJ ";:'? .'·~!!.:1 

t'IHI!~:$ Ill ,VI /, '~') 

roF. 3ILICJ\£.1 
_. ~·~I1.r:r .. ~ .COLOTIJ:l ' v o 

r~.:~ r .. RA.T~lf~- SILIC.U::: B.)iD -
ADDITT .;:- 1'1 

~~0. 1L~ClL.3B. 
AF'rJ~:Jt 

m~1e " wt. >{ oa. wt.% 
FI:-tr;c. Q 1.1t.. Q '"'IQ] C. 

-
H 

0: r:74a 0.5 1.37 14\lJ 0.11 1.!3511 1570 2350 
• 

:{'753 0.5 1.37 1500 0.11 1.8511 1570 2350 

!1'763 0.5 1.37 1600 0.12 l.ru.:l 11.'3~ 212J 

M778 0.5 1.37 1700 0.22 1.6B:1 721J 1070 

M788 o.s 1.37 1800 O.JO 1.5811 4')0 740 

D784 1.0 2.69 1800 0.51 1.6811 300 450 



TABLE 7. 

THE SOLUBIT,ITY OF CAI.CI:nl OUD.:> IN 1L~GI;t;SIA CJ'ifAI!Jil:G TRICAI.Cio;. SILIClTS AD lTI'IJN3 

Calcium oxide can tent of tricalcuL'1 silicate 73.7 wt. ;. ; Cao/;ao
2 

l'lole ratio o!: uJJiticm J .0:1. 

CaO I~ 
'.CaO/S!Of 'li!lTR:r:l :':'IOU C 0~ ~ ~c I"UT 

TRICAW I;:,: MOL:: _(A IO 0'' ; 1 ..... B ....... T,..,' ....... ~~ PaO content FIRWG SOLUTION IN < 
REF. SILICAT,> 

MIXTURE '....:; [p~RATURE IN SILICATE 3i0y!fg0 
ADDITIOl! 

l'JAG:~IA BOliD AFTER NO. mole % wt.% oc. wt.% FIRillG Q wt. Q mole 

H 
M348 0.5 2.04 1400 0.34 2.50 : 1 690 1020 

~ 
• 

l.f358 0.5 2.04 1500 0.50 2.27 : 1 420 630 

M868 o.s 2.04 1600 0.72 1.96 I 1 260 380 

M878 0.5 2.04 1700 0.75 1.92 : 1 240 )60 

14888 0.5 2.04 180Q 0.76 1.90 I 1 230 350 
-

D884 1.0 ).9,'! 1800 1.46 1.99 I 1 130 190 



T.WU 9. 

qo CaO !n CAlC~E .. .t ~J 
;_~c:-.JL\ )_;',3EI 

"~·.:-'.~ 0 m.~ r;./ cc. 
A 

H 
\) 4.2ll o.o 3.53!, 

:j 
• 

!!;:0 + 1.0 :::J1C " GaO 4.220 1.30 3.532 f' 

~ ~.., ' + 0.5 ~o1o o' C;i3 4o214 0.30 3.533 ••w.l ,~ 

l~gO + 0.5 n:>1o ... C3:1 4.216 0.75 3.5.!4 " 



T A B ~... 1~ 10. 

"T~' { ·~y OF '.:, C~ f.r'-;;-J~Cr[' OF ,HJDITIOW} o:~ TtE KTr~EIJCS OF TH~~ GRAHLGHOV/TH O:F' !'4}_ilill.f'...Ql..6_ 

SLOPL OF PLOT T1:21l'E!tflTUHE APPARZrJT 'l"~ YJ:Jl I'' r"• 0D::;:TlG:~ :'0 .~ 1-~-...l.', n u LOG~O ( t-to)VS.LCJG10 ClP-Don) Ht",.TE CONST/,.NT K RANG~ OF /\CTIVATION 

: 'G 7 •. - .... I:. r .. t~L,'• IICHSHIF CHANGE IN ~~~J~:~GY 
I 

r:~le. % Dn 
j11fooc 

- - LO.I HIGH 
I I::t = 0 0 0 0 0 0 0 0 0 t;ECilt.NlSI! 

lrwp. 1500C 1600C 1700C 1800C 1400C 1500C 1600C 1700C 1800C TE:1P. 
I I oc \., cals Kcals 

~ ,() .. VJI_:'IO'! 

I 
2 -l 0.92 1.03 0.94 1.~ 2. 61 8.9 1 2.47. NO CHANGE 78 - - - ' 

l 
x10 x10 X 10 x10L 

H 

b1 
• 

I 0.5 I 
0.95 j'·" 1.09 3.81 1.28 

3 0.94 0.95 
1.2~ 1700 - 1800 85 - - x10J x1o3 x10 1 

x1o5 
-

I'G"<sr:-.l:;rrs 

I I I 
------ --- ----~- ---· 

0.5 1.66 2.73 1 • 11 2.56 4.84 
3 ,0.9711.05 1.10 1. 01 1.00 11100 - 1500 - 73 

;·c\ ~LC~L:.,r~L I x1J X 103 x10
11 

x10
11 

x1o4 
_I 

~----

0.25 I lf.08 1.3'! 3.88 1. 511 3.21 
3 I o.97 0.95 1. 01 1.02 0.96 x102 x103 x103 x10

11 
x104 1600 - 1700 70 60 

::~=-<.;Lri'r~~ 

I" 

I 

0.5 1.02 2.38 5.63 2.11(. 11.14 1600 -3 0.90 0.93 0.97 1.00 1700 53 43 
DIC,J,.:U;IU:·i .SILlCt\T]~ - x10 2 x102 x10 1 

I 
x10 x10 

I 1 I 

1 o.5 j 10.90 1.03 1. Qlf 0.<;4 
8.21 1.88 3.1~ 1.01 1,. 74 1700 - 1800 47 

' 3 0.90 Y102 x103 -
.,.,-~,., r• 1''' c: ,,,'"'r' x10 

J lrt ...... \L ..... lv , ... ILL.., I\ L_, I x10 x10 

I I ' 

}-93 
0.5 I 

I 2 
I - 0.94 1.00 1.03 8.40 1. 1i 1.28 2.76 1600 - 1700 22 62 

CJ LCIGr~ CJXIDC I - x10° x102 x102 x10 
' I I 

~ 



FIGURE I 

Ca.O Wt. 7. 
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Figure 3. 

TilE EFFECT OF FIRING TEMP~RATURE ON TilE SOLUBILrrY 

OF OAUJIU.1 OXIDE IN MAG:l3SIA FROM TilE 

CALCIUM SILICATE ADDITIONS. 
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PIDTD OF CALCIUM OXIDE COliTENT IN THE MAGNJ!:SH 

AGAINST Tlli: Lll!E/SILICA RAnO OF Tl'r~ SILIC·\TE 

AD'liTIO!l tci\'D SILICATJ> BOND AFTL>n FffiiNG 

AT VARIOUS TEHPERATUR: 3 FOR 8 HOURS, 

Mixtures containing 0,5 mole % (but 0.25 mole % for merwinite) 

of tho silicate additions, 
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Figure 5. 

Tli.': EFJo'.,CT 0£' THE LJ}idSILICA R~TIO 0:' Tll: CALCI'ij1 

SILIC•\T~ ADDITIO!l Ocl Tlh SOLUniLITY OF CALCIT.J":! 

l!ixtures containin~ 0,5 and 1,0 Mole % (but 0,25 and 0,5 mole % 

for morwinite) of the calciun silicate additions. 
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Fir;ure 6. 

CALC IU:! S ILICATi: o:/ TJU SOLUBILITY OF CALC Ill·! 

OXIDS I:l t:i,c;; .SH AT 1800°C, 
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I30TIL!:RHAL PLOT3 OF VQL'ffi3 3H Ul!:{AG£ PAil.A!Z';T.r:R, F vi 

AGALlT FI:n~:G Tm~. t, 
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Figure 8. 

IS07iL Ul:tL PLOTS Ol~ G:UI:I DLUL>TLU, D, AGAI:!ST FL'U~'G TTI~>, t, 

FO.R l:ll:lli t:!,G:r.::SIA. 



eo 

70 

60 

so 

40 

OL-~~~--~--~--~--L-~~~--~--~ 
0 2 4 6 8 

FIRING TIME t (HOURS) 



Fir;ure 9. 

ISOT!!C:l'r-!AL PLOT::; CF VOLillG SHJ.H":AGS PAH.Al:C:TtR, 

FO~'l 1l..\G:J~SL\ CC 'T~IXTI~G 0.5 rnolo % FOR:3T~:\ITE. 

F v.L 
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Firure 10. 

ISCTHJR.:·iAL PLOTJ OF G'tAI~! DL"..l:crt:R, D, AGAINST 

FB.L'G TI'r,, t, FOR ::\G'c'C:JIA 

CO:ITH :re 0.5 nolo % r.:nJT_;arr;:;. 
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l~i=e 11. ,, 

TFE ~FFi:CT OF J::C"LASic:G TrL ADJ ITIOX OF FO;t.:;TB liT:<: TO lLG!!BSL\ 

ON TH.J POROJITY Ai"1-:l 4 HGUHS _,~T TIL; .mrr::;:n::c Td::?~:L\TU:U. 



IS 

10 

POROSITY 

/. 0 

5 

37·4t __ _ 

+ 36·7L •. 

\ 

' q 
\ 

' TRUE~ 
\ 

q\ 
' \ 
\ ' ' ' ' I 

\ 
\ 
\ 
\ 

APPARENT\ 
\ 

\ 

... ~ 

' ' ' ' 'b. 
' 

--- 0·5 MOLE 
0

/ 
0 

------1·0 MOLE 
0

~ 

.. ,, 
-----

0~----~------~------~----~------~~ 
1400 1500 1600 1700 1800 

FIRING TEMPERATURE ec) 



Fir_;ure 12. 

TP~ t.;FF~CT 0}"' r:,:CRZASI:;G TIE ADDITIU:~ OF iO?..ST:.RITE 

'£0 11.AGiT~SIA 0] TI~ Gl\Ill DL~JCTSil, D, 

AFT.>R 4 l:0\E:S AT THZ. SI':l'S.U!!G 
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l"i"llre 13 • 

ISOTH,;RJL~L PLOTS OF VOLU;L SUilf(AG::; PARAl~;TBR, F_,.l. 

\Gl r;~,'f FTITI:G TI:C>, t, 



100 

-40 

0 2 4 6 8 

FIRING liME t (HOURS) 



ISOT!GRJL~L PLOT3 or GT\.III DIU:!,T:<.a, D, AG.\P3T F:i:\Il:G TTI;:;;, t, FO:t 

H-lG~'i~SI"t co:!L li:rn~G 0.5 rolo % n.::JTIC:·~LLITE. 
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FiGUre 15. 
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FiP'ure 16. 

TH,~ EFFbCT 0? riC!UA3DG T!B ADJITIO:l Ol<' l!O':TICELLITE TO laGi:ESIA 

ON THZ G1H:l DI\:3T .. m, D, AFT2R 4 l!OUil.S 

AT Tii~ Sr.JTiR:C~G 'rC!~ER.ATUE. 
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Fir,ure 17. 

I30TfCnit\L PLOT3 0:,' VuLt'!:; SlQI:Ii\AG!: PA_'W""T6R1 F v' AGAI~;ST 

FEli!iG 'fTIG. t, 1C0:1 ':AG!\t:SIA CO:!TAI:llliG A 0,25 mole % 

L2.1I:!IT2 ADDITio:T. 
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Fioure 18, 

ISOTH,;~1AL PLOTS 01<' Gu\I:l DIA!~oT2R, D, AG\DlST FI:mlG TTI~~. t, 

t'OR 11.\G:LSL\ CO:lT'.IJIL G A 0,25 nole % :;:.,:umrr;;; ADDITIO:l, 
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Fieure 19. 

TH ~ EF'F2CT OF TIJC:UA.l ING TIE AD:JrriOii 0/ ~L.:I1UI:~ITL TO l~A.G:r~:3IA 

0:1 TIE ?O:tOSITY .\FJ:'_;,l 4 liGli?.S A'l' TP..; SI:ITC:RI:;G TZ:U'i!:R.ATUiU, 
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Figure 20. 

Ttr' l':.'F:::CT 0? n:ca6ASI:1G TH::: ADDITIO:l OF 

!Ell.H:IIT::: TO ;IAG:;cSIA Oil TIC G?.AIN DL\!CYc:R, D, 

AFTi'.:R 4 l!JT.w AT TiC s:r:rr.c:U:\G TEll?:,;lATU:lE. 
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Fi"'>re 21, 

ISOTHL>R:!AL PLOTS OF VOLUlE SfRCI:!,.LQ: PA.l~lETER, F , AG!UliST 
- V 

,!::Lli:lG TTI:Z, t, FOc1 r~·,cx:;su co:rrn.Jmc A.0.5 mole% 

DICALCIU:l SILIC!.T::: ADJITIO!!. 
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Fig'.lrc 22, 

I:30TIEIUL\L PLOTS 0:? G:L\I:l DI'J!c:T..::t, D, AGti:!3T FBING TI,::;, t, 

l:,OR !'c.~l.C:i7...:SL .. CO~~TArTII'tG A 0.5 ~olc % 

D ICAW rn S ILIC!\T;::; ADD IT ION. 
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~r;:: :::FnCT OF r:CRS.'w:Cl':r TI:E ADDITION OF DICAI.CIU!! SILICATZ 

TO !~\G!C3L'. 0!! T:C POJ.OSITY AI'TZR 4 HOlDS 

AT T!:: STIIT.::IU!IG T '![p,;:tATlfu:. 
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Figuro 24. 

TIE EFfl<:CT OF DlC::XASlllG TH3 ADDITION OF DIC:<I.,CIUH SILICA'rE TO 

HAG:ii;.SH Oil TI!S Gl'tlll JL\.JET.SR, D, AFT!iR 4 HOURS 
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Fi=e 25. 

I30TH~:U~\L <'LOTS Or' VOLT.J;i~ Si:1I:l:(AGC: f A:tA}::.;T_;a, Fv·!.'-'-\G_._1D_l3_'r 

FilliNG TTI~, t, FO=~ ·~~G'~~SL1.. GCilTAn!DrG A 0.5 nolo % 

TiUCctLCim; 0ILICRT:2: .\DJITI0:1, 
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Fir,ure 26, 

I30TH,;ru-t~L PLOTS OF G:l.Aill DEli~T.':~1, D1 AGAI!l:.>T ?TIHIG Tr;r:, t, 

FO::t I:.\G'C3L'i CO:ITrd:Tr.IG A 0.5 r.10le % 

TRIC.\LC Iffi! 3 ILICAU ADJITIO:l, 
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Fir,ure 27. 

TIE J::FF ~CT OF I:lCiE!tSI ·c Tl3 ADDIIIOH OF TRIC.\lCIUl! SILIC.~Ti': TO 

w.c:r:.;s L\ O:l Tl" P0:\03 ITY A?T;:;R 4 l!OU:tS 

AT TrtZ SD!TiCRiilG r.:::IPi:!l.A7lBE, 
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Fir,J.rC 23. 

Tl!l i':Fl..':CT 01 Il1CP3ASillG T!E ADDITION OF TRICAI.CIU!! SILICATE 

~ 1lAGtC!JL\ o:l TU.:: GRAnt DIA1t::T:R, D, AFT2R 4 HOlB3 
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fir.uro 21. 

DOT!L:l:L\L Pl.OT3 0:? VOLU:;;; 3I:.:u:::?,!,G:; l'A.'1AlSTi..U, F , AG.H:J::;T -------------------..;....v----
n:m:G TI::B, t, i'Ll1 ::..\G:I:.;sv. co:rnr.IIl!G A 0.5 mole % 

CAI.CIU:! CXI03 ADDITio:!. 
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Figure 30. 

ISOTH_;:t::AL PLOTS OF GRAHJ DIAilZTZR, D, AGATIIST FIRTIIG TI1:E:, t, 

FOR lli\GH2SIA GOlTTAH!IilG A 0.5 nole ji GLLGIUI! GXID::<; ADDITION. 
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Ficure 31. 

THC: EFFECT OF :C!GJ...;J\.3:CIG TE; WDITIO!! OF CALCIUH OXillZ TO l!AGNESIA 

ON TIE P010SITY AITJ.;:l 4 EOJ3.S AT TE; .JitlT.C:1II!G T;<;;;p,3J.,\TUi\E. 
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Fir;ure 32. 

T!G EFFECT OF D:CK..:_t.31:;c, TiC ADDITIO:l OF CALCiml OXIDE TO EAGilL:SL\ 

OH TH,:; G:lAlll !JHJ2:Tlo.R, D, Anl>R 4 HOlBS A'r THS SiliTZRTIIG !2:!..'.-::l.\TU:G. 
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ISOTH:m:!AL PLOTS m' n2 AGAlllST FDI:"G TTIC, t, FOR PUR3 !~\G:;:::Sll 

A:EJ 1:,\GcGSL\ CO:;TAI:ITilG 0.5 nole % CALCiill1 OXIDE. 

Fi C"]J.r9 3 3 • 
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NO ADDITION 
1800° 

NO ADDITION 
1700 °C 



ISOTHC:RHAL PLOTS OF DJ AGAI;iST FIRING TlliZ, t, FOR :1P.GNZSU 

CONTAil!TIJG SILIC-'T.i: ADDITIONS. 

Figure 35 AT 1400°0. 

Figure 36 0 AT 1500 C. 

Figure 37 AT 1600°0. 

Figure 38 0 AT 1700 C. 

Figure 39 AT 1800°0. 

All mixtures containing 0.5 mole % (but only 0.25 mole % for 

merwinite) of the silicate additive phase. 
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FIGURE 36 
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FIGURE 37 
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FIGURE 38 
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Fir;ure 40. 

ELOTS OF L0c; K AG:\I:IST 1/T0 A TO D:;:TO::ll1DIJ!: Tl!2 ACTIVATID:I C'iC:RGio.S 
10 

OJ? Gl..\TI! Gil.O·ITH 01' :LlGlESIA. 

(A) P:J\E l !gO 

(G) ;.:c;o + 0.5 mole % CaO 
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Figure 41, 

PLOTS OF Log1o! AGATI:;:;r 1/T 0 A TO D2TZFUHJ!Z Till ACTIVATION EIJERGES 

OF G!Ulll GRO',frll OF :ncm;s IA. 

SYSTJ>ltl OilEYING TIE IBLATIO!l3!IIP Kt = ri - 3 
{ii) D 

0 

(3) l!r;O + 0,5 nole % 2l!g0,Si0., 
~ 

(C) 11[:0 + 0,5 nole % Co.O,l!gO,Si0
2 

(D) !'gO + 0,25 nole % 3Ca0,!1g0,2Si0
2 

(E) HsO + 0,5 nole % 2Co.O,Si0
2 

(F) ll~;O + 0,5 mole % 3Co.O,Si0
2 
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Fi;;ure 42. 

PLOTS OF VOLU13 SiL1I1Ji(:.GZ l'All.~:ET.C:t Fv AGAI:IST CaO/Si0
2 

I!OU: RATIO 

O:~ ADDITIW TO P~ ;:AG:L::SIA :U'T:::R SI:lT:O:;lr:G FOR 1 HOUll 

All Mixtures containin~ 0.5 Mole 1 (but only 0.25 mole % for 

merwinite) of the additive phase. 
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0.25 an1 0.5 nole f, for n~nrinite) of tre additive prose. 
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PLOTS OF V:JLU::::; S!FlDLCAG_; 1' .~'.:LTZil F .\GU:JST CaO(Si02 ,!iJL: RATIO 
V 

OF ADJITIO!l TO 1·uc:::; I~'.G'ESIA .\FT,"1 SrlTc.'U:JG 1'01 8 HO'c'lS 

All mixtures containin2 0.5 mole ~ (but only 0.25 mole % for 

mcrwinite) of the additive pP~se. 
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7 l c;urc 47. 

Cn0/3iO, .. JL, _rriJ 0 . ., TI:, !,.D:Jirru:! TO PUJ.l~ :·,\c··=:3I.\ 
--~ 

All rtixturo5 C0'1t:lhlln:; 0,5 mole :' (b!.!t only 0,25 t'olo i' for 
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;~v-;·; :3L\ liT: :;:1 ,Tff-JJT iT: ADDITI0:;3 -----

(A) Pure : ~: 0 

(B) 1 r'To + ,, 0.5 .. 1ole ;: 2:·:;o.::ao2 

(C) ]'ryQ + 0,5 r'tole r' CuJ,l'~o.::ao2 u ,. 

(D) ~--;J + 0,25 r:olc ~~ 3C:10,1.;:0,ZJ i0
2 

(C:) :!gO + o.s r.olo '! 2Cc.O •. oi0
2 

(F) :~r;O + 0.5 :"nlo ' 3Cao.::no2 ' 

(G) ; ~~~o + 0,5 ~010 ~..: en a 
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Fintre 49. 

J AT }f'OO r,, 

(a ) ?J.ra ::agncnia. :~ote the n.n~ulnr ~,9.:::nesia. gr3.ins. 

(b) l~1 ;nesia Yith 0,5 r.:ole ;o of fo.csterite, Note the darker 
grey isolated areas of forsterite at the rrain boundaries 
and the large ~~cncsia grains, 

(c) 1~v:wsia with 0,5 nole :l: of nonticellite, !late the rounded 
m1.c;nosia gro.ins 11ith tha monticcllita phsse around thco. 
La.ree black areD.s are 1'herc mterial was p•.11led out during 
nolishing. Grey ~~~chcs are the i~precn~ting resin. 

(d) :z~cnesia with 0,25 nole % mcruinite, 1/ote the rounded r.af(nesia 
gr:!ins ,.,ith t!"'~G silicate ph'lse o.ro.L.'11 the'":". 
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Firure 50. 

8 ll01J?S AT 1800°0. 

(a) l:Ugncsia with 0.5 r:ole % of dicalciu:n silic:1te. :lounded 
men<>sia grains ~11th the silicate pmse at their grain 
bounJaries. 

(b) l:Ugn,sia with 0.5 nole ~ of tricalciufl silicate. Large 
rounded mgncsia grains uith the sil i.cate phase at their 
grain boundaries. 

(c) 1-:ac:nesh with 0.5 "lole '): of calciu."l oxide etched with 
dilute s·~lphuric acid. !late the srnll angular :rsc;nesia 
g:rains. 

(d) Pure r3.gnosia etched with dilute sulphuric acid. 
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?ir;ure 51. 

;;IC::tOST:l.IJCTtH~S 0? Tii~ .:.TC!I:.;D :~I.G:!.;SIA Co:/TAI 1I!JG SILICATE 

(a) J.'arncsia with 0.5 mole % of nonticellitc etched with 
1 % hydrofluoric acid. Note the dark etched nontlcellite 
ph~se around the ~arnesia r,rains. Tho li~ht grey phase 
is the imprecn~tin~ rosin. 

(b) lc1.r,nesh 11ith 0.25 mole ~: MJI'\Jinite addition etched •,rith 
2 ;:; :!ital.follo;md by 1 % hydrofluoric acid. t!ote the 
lirht f!rey moi'\Jini te phase and smll are"s of 'ark 
~ontJcellite phase around the nac;nesia wains. 

(c) ::~r:nesia uith 0.5 r1ole ;:: of dicalciur:t silicate addition 
etche:l. with 2 ;:; :lital. Fete the li[ht r;rey m"r·.dnite 
phase and dark r;rey patches of etched dicalciu~ silicate 
around th> ~~nosia erains. 

(d) ::1~n::>sia uith 0.5 :oole % of tricalcium silicate addition 
etched with 2 ;:: Hital. At thJ f.~ain boundaries are dark 
nrcas which arc al:oost all dicalciun silicate. 
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,l.PPEFDIX I 

A high temperature furnace has been designed and 

constructed for the determination of the compressive 

or modulus of rupture strength, and can be readily 

adapted for creep measurements of refractory materials 

at temperatures up to 2900°C, The tungsten element, by 

which the specimens are heated, will operate in vacuum 

or 101'1 pressure of argon. The furnace is fitted on to 

an "Instron" physical testing machine capable of apply

ing loads at constant strain or stress rates. The 

apparatus is illustrated in Figures 55 and 56. 

The determination of the ef~ect of additions from 

the Ca0-MgO-Si02 phase system on the hi~h temperature 

strength of magnesia is the subject of a later separate 

investigation. 



F , "UI'"' 5c; -"C: V / • 

HEAS1BE!1E~J~S. 

WATER IN 
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MOLYBDEh'UN RftDIATICN Sill2LDS 

\\ 
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-.:;oCL"7f) COP.:ER CYLIXD~R 

''lATER IN 



(g,) Front vic"t sh!)'-11'1 ~ ~o3iticn of the fur:n.::..cc c~ tho "In: tronn 
physic~l t~otir~, ;-1~h!no. 

(b) In:Jido vic,t or ft.tr~co chcP:.L~:; th<.! heattn~ Blc~ento nnd 
rndhtio!l chiolC.::. 
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(b) 



TABlES 11 - 15 Pura lb.znocitl 

TABlES 16 - 20 lhanosia Containing o.; mole l1 Forsterite 

TABlES 21 - 25 lhznesia Conto.1n1ng Oo5 !llOle l' !funt1cell1te 

TABlES 26 - 30 lh81les1a Conto.1n1ng 0.2; mole l' l!erw1n1te 

TABLES 31 - 35 lhgnesia Contnining Oo5 mole l' D1calo1~ SUicato 

TADIES 36 - 40 Iiat;nesia Containirt..g 0.5 r:ole :r; Triotlloiunl S111cato 

TABLES 41 - 45 lbcoosia Contain1ng 0.5 mole % Caloiunl Qx1do 



TABC 11 

r--· 
P."ESSED P ·: 0 P E " T I E S A"~!'EF F -: ,... T N G 

REF. TTME AT -
TEMP. 

BlJL.l( DENSITY g./cc. POrOSITY ;·j I:Ec,Sc• TCAT!ON 
VOLUME PA ANE1£R GrAIN 

NO. DENSITY CHM\GE HR. BULK APPARENT 
TRUE APPARENT TRlB SEJI.LED 

STZE 

g./cc. SOLID % ~'H:SI'LY VOLUME ll I 
-l 

!U40 0.1 1.56 2.u3 3.52 3.53 42.3 43.3 1.0 23.2 23.3 40.9 - I 
lll41 1.0 1.5:3 2.21 3.56 3.53 37.9 38.3 0.4 28.5 31.5 51.0 - I 

I 
- -

11142 2.0 1.58 2.27 3.55 3.53 36.1 36.6 0.5 3J .~ .. 34.5 54-'+ -

1J.44 4.0 1.58 2.34 3.55 3.58 34.1 34.6 0.5 32.5 38.0 53.1 -

JIU48 a.o 1.57 2.39 3.55 3.58 32.7 3.3.2 0.5 34.3 ' 40.8 61.1 -i 
I 



TADL 12 

r--- - ~- --- ----------- ---- ------ . -
PPESSED p ·c 0 P E ~ T I E S ArTEF F ~ T'"' T N G 

REP. TIME AT --
BUL.J( DENSITY g./cc. POrOSITY ~·j DE1:3"G'ICAT!ON 

TEMP. VOLUME PA 'J\l'.iE'lER GrAIN --- -·--·--- -NO. CHAJliGE ·--
HR. DENS1TY APPAREN'l' STZE BUI.J\ TRUE APPAREl.JT TB lE SEALED 

g./cc. SOLID % I'Et'SI'lY VOLUME )J __ J 

::1 ~J 0.1 1.53 .~.14 3.55 3.~3 39.7 4L:.2 0.5 :-26.,..: ~J.O 46.3 - I 
_ _j 

l:I51 1.0 1.57 2,36 3.56 3.53 33.9 34.3 0.4 33.5 ;::.2 5).6 - I 
I 

r-·---~- ---

!!152 2.J 1.56 ::..45 3 • .5(> 3.53 31.3 31.7 0.4 36 •. ~ 1,3.') 61,.2 -

l:I51, 4.0 1,6v ;2. 57 3. ~.:) J.53 27,3 20.2 0,4 37.7 49.0 63.2 9.0 

I - ____ .. _ ----
l•U5J s.o 1.5..., 2.74 3.;,6 3.53 23.0 23.4 0.4 42.3 ' 5c.u 75.5 11.0 I ' I 

! 



TABLE 1'?. 

SINTERTI:G DATA ON I'.AGNC:SIA FIRED AT l.600°C. 

r--·-- - --- -~----------- -----~ ----- --
PPESSED p .OPE~TIES A~'Z'EF F~R\NG 

EEF. TTME AT . -
TEMP. BUL.J< DENSITY g./cc. PO!'OSITY ~·j lCEl.S"LdCAT!ON 

VOLUME PA M·iE~ER GrAIN ----·--· .. NO. 
HR. DENSITY APPAREN'J' cHA:;oE STZE ! BULK TRUE APPAREl-IT TRUE SEALED 

g.jcc. SOLID % PENSr1Y VOLUME Jl 

--1 
Ml.60 0.1 1.57 2.36 3.58 3.58 34.0 34.0 o.o 33.5 39.3 59.7 5.5 I 

I 
Ml.61 1.0 1.56 2.5Q 3.57 3.58 30.0 30.2 o.2 37.5 47.5 66.5 s.o I 

I 
·-----,-- --· 

Ml62 2.0 1.60 2.73 3.57 3.58 23.5 23.7 o.2 41.4 57.1 74.9 10.0 

Ml64 4.0 1.59 2.97 3.57 3.58 16.8 17.0 0.2 $.5 69.3 83.6 12.5 
------ -- r·~---·- ._ ----- r 

I Ml.68 8.0 1.58 3.22 3o55 3.58 9.3 10.1 o.s 50.9 I 82.0 91.0 14·0 
I I I 

~ 



TABLE 14 

STIITS:U~:G DATA er! HAG!JESL\ FilED f.T 17C0°C. 

----
PPESSED p .OPE"'TIES AJ7Tj':f F' "': r T N G 

REP. TIME AT ----,.----
TEMP. BUL.T< DENSITY g./cc. POrOSITY ~·j rE: S ~,-ICAT!ON 

VOLUME PA '.AME~FR GrAIN 
NO. DENSITY cHA:;GE HR. BULK APPAREN'I' TRUE APPARENT TRUE SEALED 

STZE ! 
g.jcc. SOLID % r-E~TSr.i.Y VOLUME ll 

--1 
J.U70 0.1 1.60 2.73 3.57 3.58 23.4 23.7 0.3 41.:) '.;7.3 75.0 10.0 I 

_J 

::171 1.0 1.55 2.99 3.57 3.58 16.8 16.6 0.2 43,2 70.7 84.8 12.$ I 
- I 

·-- ~- --r-· --
11172 2.0 1.57 3.£4 3.52 3.~8 8.9 9.5 1.6 51.6 83. 3 91.8 15.5 

IUJ4 4.0 1.60 3.45 3.51 3.58 1.8 3.6 1.8 53 .L, 93.2 96.9 20.5 

IU78 8.0 1.60 3.4£; 3.52 3.58 1.7 3.4 1.7 5.3 .c. I 93.9 97.2 28.0 I 
I I I 



TABLE IS 

r---- - -----------------------
P"ESSED p ,OPE~TIES A"'TEf [.' "':: T" T N G 

REF. TIME AT ----.----
BULl( DENSITY g./cc. POBOSITY ~ :CEl ScJ ICAT!ON 

TEMP. VOLUME PA ·ANE~TJ1 GrAIN --,---------NO. DENSITY APPAREN'"I' CHA:IGE STZE HR. BUlli TRUE APPARENT TRUE SEALED 
g./cc. SOLID % T".E~~SI~Y VOLUME )l I 

-I 

M180 0,1 1.59 3.32 3.1,6 3.58 4.3 7.4 3.1 52.1 86.7 93.6 23.0 

Ml81 1,0 1.56 3.40 3.47 3.58 2,0 5.:a 3.0 54.2 90.9 95.8 28.0 I 
I 

t----I- --·-- - ---
M182 2,0 1.56 3.44 3.49 3.58 1.5 3.9 2.4 54.6 9:3.1 96.9 33.0 

M184 4·0 1.62 3.48 3.51 3.58 0.9 2.7 1.8 53.4 94.9 97.5 40.0 

MJ.SS s.o 1.57 3.49 3.52 3.58 0,8 2.5 1.7 55.0 95.5 98.0 49.0 I 
I 

I I 



, 

.---
PPESSED p ,OPE~TIES A P ':" E F J7 "': ' "': N G 

REF. 1'1ME AT - --
TEMP. BUL.l< DENSITY g./cc. POrosiTY ~,~ I;ElS"C;TCATcON 

VOLUME PA"AME~ER GfAIN . 
NO. 

HR. DENSITY APPAREN'f' CHA:;GE STZE BULK TRUE APPARENT TRUB SEALED 
g./cc. SOLID % 1'ENSI'IY VOLUME ll I 

-4 

lf440 0.1 1.~ 1.94 3.50 3.53 44.6 45o3 1.2 19.7 18.3 34.9 -

!!441 1.0 1.57 2.03 3.5:2 3o53 40.9 4lo9 1.0 24.6 25.3 43.9 - I 
I 

- - ---
M442 2.0 1.55 2.17 3.53 3.53 38.5 39.4 0.9 23.5 30.4 50.3 -
!f444 4.0 1.5.~ 2.24 3o54 3.53 36.7 37.4 0.7 31.4 34.3 55.1 -
li448 s.o 1.56 2.35 3o55 3.53 33.8 34.3 o.; 33.5 I 39.1 59.4 7.0 

I ! 



TABLE 1/ 

r----· -
TTME AT !PPESSED 

-
p .OPE~TIES AF~EF 17 "'.: T' T N G 

REF. 

TEMP. BUI.l{ DENSITY g./cc. POJ'OSI'l'Y ~·j lCElS-::rcAT!ON 
VOLUME PA .Al1E'11'1l GrAIN 

NO. DENSITY CHA:i:JE HF. BULK APPAFEN'"f' 
TRUE APPARENT Tnm SEP.LED 

S ... ZE 

g./cc. SOLID % T'E~!SY1Y VOLUME Jl i 
--l 

M450 0.1 1.54 2.15 .3.5.3 .3.58 .39.0 .39.9 0.9 2bo4 29.9 49.9 -
M451 1.0 1.53 2.50 .3o54 .3.58 29 • .3 .30.1 0.8 .36.7 1,/J.O 65.5 10.0 I 

t -- - - -

M452 2.0 1.57 2.98 .3.55 .3.58 16.2 16.9 0.7 47o2 70.0 84ol 12.0 

-

M454 4o0 1.5C .3.19 .3.47 .3.53 8.1 10.9 2.8 50.4 80 • .3 90.2 16.0 j -

8.6 
I 

M458 8.0 1.5<.: 3.27 .3 • .39 3.58 3.5 5.1 51.7 I 84.5 92.5 21.0 
I l 



TABU: 18 

Pl'ESSED p .OPE~TIES A P T E f I?"':'TNG 

REF. 1'l:ME AT 
BUL.l( DENSITY g./cc. POPOSITY ~·j rEi s-;:, TCAT'CON 

TEMP. VOLUME PA 'Ai\iE'lFR GrAIN 
NO. CHA!~DE DENSITY APPAREN'f' STZE HR. BULK TRUE APPARENT TRUE SEJ\LED 

g./cc·. SOLID % T"Ef:SrJ Y VOLUME ]J 

--
Mt,60 0.1 1.56 2.1/J 3.56 .3.58 :n.o 31.3 o.J 36.8 4/.oS 65.0 1.S 

!1461 loO 1.60 2.80 J.ss J.5a 21.0 2lo7 0.7 43.1 60.8 7!.7 17.5 
------- - -

l'.I/J2 2.0 1.57 .3.12 3.51 .3.53 ll.2 12.8 1.6 49.7 71.1 88.6 22.0 

l-1464 4.0 1.59 3.33 Jo42 J.5s 2.6 ll.O 4.4 52.4 87.5 93.9 25.5 

M468 s.o 1.58 3.36 J-44 3.58 2.5 6.3 J.S 52.9 I 
?IJ.S 94.8 32.0 

I 
' 



TADLZ 1'1 

S:CIT:::RI!!G DATA 0!1 !!AGl:ESIA COl!TATI!TilG 0.5 cola % FORSTERITE FOOD AT 1'700°C. 

r-- - -- - -- --- ----- -- -------- --- - -- - - 1 
PPESSED 

p .OPE~ TIES Al"TEf F "': ,.- T N G 

REF. I'TME AT 
BUL.l\ DENSITY g./cc. POfOSI'l'Y ~·j rm.s _, TCAT!ON 

TEMP. VOLUME PA 'Ai' iE'l1'B GfAIN 
---~---- --

NO. DENSITY APPAREN'J' CHA~GE S ... ZE HR. BULK TRUE APPARENT TRffi": SEALED 
g./cc. SOLID % l'FESI'iY VOLUME lJ j 

---l 

M470 0.1 1.57 2.95 3.54 3.58 lh.7 17.6 0.9 1.6.3 68.7 83.5 15.5 I 
-l 

!{471 1.0 1.59 3.34 3·42 3.58 6.8 11.1 4o3 52o4 87.7 94-1 24.0 I 
I 

-- 1-•. - -
!{472 2.0 1.56 3.38 3.45 3.58 2.0 5.6 3.6 53.8 90.1 95.4 31.0 

lf474 4.0 1.59 3.42 3.47 3.58 1.5 4-5 3.0 53.5 92.0 9(;.2 37.5 
- -- ~<------ --- - ----- -

M478 s.o 1.57 3o42 3.48 3.58 1.7 4-5 2.8 54.J. I 92.0 96.4 45.5 
I 
' 



TABlE :lo 

SINTERING DATA ON llAm;,.;srA CONTAINING 0.5 mole % FOllSTERITE FL'wD .~T 1G00°C, 

,__. 
PPESSED p .OPE"'TIES AFTEf I:' ": ,... T N G 

REF. TTME AT -
BUI.l< DENSITY g.jcc. PO!'OSI1'Y ~·j LE! S: -ICAT!ON 

TEMP. VOLUME PA 'Af.i8TFR GrAIN 
NO. DENSITY cHAr::JE t--· HR. APPAREN'r STZE BULK TRUE APPARENT 'ffiUE SEALED f'Et;SI'lY VOLUME ' g./cc. SOLID % ll 

-~ 
l.f480 0.1 1.60 3.38 3.43 3.58 1.3 5.5 4.2 52.8 89.9 95.3 40.5 

M481 1.0 1.61 3.42 3.48 3.58 1.7 4.5 2.8 52.') 91.9 %.2 59.0 
I 
I 

-- -- -

M482 2.0 1.60 3.40 3.47 3.58 1.9 4.9 3.0 52.9 91.0 95.8 69.0 

M484 4.0 1.60 3.43 3.48 3.58 1.4 4.1 2.7 53.3 92.5 %.5 84.0 

I 
M488 s.o 1,1)0 3.43 3.47 3.58 1.1 4.1 3.0 53.3 I 92.5 %.5 166 i I 

' 



r---
' ' p .OPE~TIES AF'TEI' [.' -: r T N G PPESSED 

REF. TIME AT 

TEMP. BUL.K DENSITY g./cc. POFOSTTY ~~ LEl sc:;-TCAT!ON 
VOLUME PA 'Al·ill~illl GrAIN 

NO. DENSITY CHA:':GE HR. BULK APPAREN'J' 
TRUE APPARENT TRUE SEALED 

WZE 
g.jcc. SOLID % DE£~Sr1Y VOLUME ll __ j 

:.0'340 0.1 1.60 2.13 3.53 J.57 38.2 39.1 0.9 ::6.9 ~9.6 J.$.7 - I 
_J 

1041 1.0 1.57 2.23 Jo54 3.57 37.0 37.7 0.7 2?.5 33.0 52.7 s.s I 
I 

-- -- --
M342 2.0 lo57 2-40 3oSS 3.57 32.4 33.0 0.6 34.5 4loS 61.6 7.0 

1:344 4.0 l.5J 2.C3 3.55 3.57 20.2 21.0 o.s 44.3 60.4 79.5 s.s I 
!{348 s.o 1.59 2.93 Jo53 3.57 15.5 16.5 1.0 I/J.6 I 70.3 14-0 11.0 ! 

I 



-·--
PPESSED p .OPE~TIES APTEf I-' ~ ,.- T N G 

REF. :riME AT -
TEMP. 

BlJL.l{ DENSITY g./cc. POrOSITY~~ I:El S~,-ICAT!ON 
VOLUME PA MiE'IER GrAIN 

NO. DENSITY CHMGE HR. BULK APPAREN'J' 
TRUE APPARENT TRUE SEALED 

STZE ! 
g./cc. SOLID % nE~1SIS:Y VOLUME )J 

--1 
~\350 0.1 leS9 2.83 3.50 3.57 19.3 20.9 1.6 1,3.9 62.5 79.1 10.0 

J 
11351 1.0 le 59 2.9S .3.42 . 3.57 12.8 l6.S 3.7 !,6.6 70.2 $4.0 u.o I 

I 
--1--- -

U3S2 2.0 1.~ 3.06 J.JS 3.51 9.1 14.3 5.2 4S.S 74.5 87.1 17.5 

1·054 4.0 1.56 3.10 .3.34 3.57 7.2 13.2 6.0 49.7 '16.6 SS.l 21.0 
i 

M358 s.o loSS 3.13 3..30 3.57 5.2 12.3 7.1 49.6 I TT.9 89.0 29.0 
I 
! 



TABU: ~'3 

SI:JTERI\G DATA Oil !L\GN ·.SH Cv!!rAI:<m:G 0.5 mole ~ }:o!ITICELJ.ITE FIR::J AT 1600°C • 

.----· 
PPESSED p .OPE~TIES AF'TEF r.'::'TNG 

REF. rTME AT --
TEMP. BUL.J< DENSITY g./cc. POrOSI'I.'Y ~·j rm s: ,-rcAT!ON 

VOLUME PA '.Al· lE~ ER GrAIN 
NO. DENSITY CHA!1iGE HR. BULK APPARENT 

TRUE APPARENT TF\Ul; SEALED 
STZE 

g./cc. SOLID % nEr:sr1 Y VOLUME \1 

-l 
1{360 0.1 1.60 3.17 . 3.36 3.57 5.6 11.1 5.5 41.6 79.7 89.9 11.0 I 

I 
MJ6l 1.0 1.60 3.23 3.29 3.57 1.8 9.5 7.8 50.3 82.7 91.6 17.5 I 

I 
r--·- --· ---

1{362 2.0 1.59 3.25 3.29 3o57 1.2 9.0 7.8 51.1 83.8 92.0 26.5 

1{364 4-0 1.58 3.25 3.31 3.57 l.S 9.2 7.2 51.2 84.0 92.3 35.5 -l 
1{368 8.6 1.60 3.29 3.33 3.57 1.2 7.8- 6.6 51.3 I 85.5 93.0 45.5 

I 
' 



TABLE ~4-

SI}T!E:m:G DATA ON ::AG:~SL\ co::rADiiNG 0.5 mole % J.IJ}T!ICELI.ITB FlfuD At 1700°0. 

r---·-

PPESSED p .OPE~TIES AJ7TEf I' I ;, T N G 
REF. 1'TME AT ·--r--

BUL.J< DENSITY g./cc. POrOSITY ~·j rm sc:acAT!ON 
TEMP. VOLUME PA 'kiE'lER GrAIN 

NO. DENSITY CHA:>GE HR. BULK APPAREN'P 
TRUE APPARENT TRUE SEALED 

S.,..ZE 

g./cc. SOLID % l'Ef!SI'lY VOLUME IJ 

--
M370 0.1 1.60 3.22 3.29 3.57 2.1 9.8 7.7 50.4 82.1 91.1 21.0 J 
M37l 1.0 1.57 .3.26 .3.33 3.57 2.1 3.6 6.5 51.8 84-5 92.6 29.0 I 

I 
. --·-r--· ---

M372 2.0 1.59 3.28 3 • .34 .3.57 1.8 s.o 6.2 51.6 85.6 9.3.0 .36.5 

11374 4.0 1.59 3.29 3.35 3.57 1.8 7.8 6.0 51.7 85.9 93.3 49.0 I 
M378 8.0 1.58 .3.30 3.36 3.57 1.8 7.6 5.8 52.1 I 86.4 93.6 59.0 

I 
I 



TABLE :ZS" 

snrr;;RI~IG DATA Oil !,lAGlfiSIA CO!lTAilllliG 0.5 mole % llONTICJ.;LLJTE i''Ialill AT 1800°0 

r---· 
PRESSED p ,_ 0 PE:-' TIES A"TEF [.' :: r T N G 

REF. 1'1ME AT --
TEMP. BULl< DENSITY g./cc. POPOSITY ?j r:m,s <: .-rcAT!ON 

VOLUME PA MiE'lER GrAIN 
NO. DENSITY CHA:\GE HR. B!JLK APPARENT' TRUE APPARENT TR!ffi SEALED 

STZE 
g./cc. SOLID % f'EPSI'iY VOLUME \l 1 

--j 

l-080 0.1 1.60 .3.28 .3 • .31 .3.57 0.9 8.1 7.2 51 • .3 85 • .3 92.9 28.5 ! 
M381 1.0 1.60 .3 • .31 .3 • .35 3.57 1.1 7.2 6.1 51.8 86.8 93.7 39.0 I 

I 
- -- j--- ---

l-\'382 2.0 1.60 3 • .34 .3 • .36 .3.57 0.6 6.4 5.8 52.1 88.3 94.4 50.0 

1-1384 4.0 1.61 .3.16 .3.28 .3.57 .3.6 llo5 7.9 49.0 79.1 89.1 60.0 

1-1388 8.0 1.60 .3.04 .3 • .39 .3.57 10 • .3 14-8 4-5 47.4 ! 73.1 85.9 73.5 
I 
! 



TABLE '26 

sm:r;:;RIJ;:::. DATA Oil liAG:!ESIA co:ITATI!nlG 0.25 mole % llE!rJINITE FIRED AT 1400°0. 

-- - - - ----- ---------~---- ------- -
PPESSED p .OPE~TIES Ai'TEF p "': ,.. T N G 

REF. 1'TME AT --
TEMP. 

BULl( DENSITY g./cc. POf'OSITY ;·5 r:m·s ,rrcAT!ON 
VOLUME PA 'k' iE'lER GrAIN ------- ·-NO. 

HR. DENSITY APPAREN'I' CHA:~GE STZE 
BULK TRUE APPARENT TF;UE SEALED 

g./cc. SOLID % f'El:SI'1Y VOLUME \1 _ _j 

H)40 0.1 lo59 2.11 3.52 3.58 40.2 41.2 1.0 24.7 26.1 4·44 -
!1'>41 1.0 1.5') 2.23 3.55 3.53 35.7 36.4 0.7 30.3 34.7 54o5 s.c I 

I 
- -- --· - --

1-1'>42 2.0 1.58 2.34 3.55 3.53 34.1 34.7 0.6 32.5 38.0 58.1 9.5 

}!>44 4.0 1.~3 2.91 3.56 3.~ 18.2 18.7 0.5 45.9 66.5 82.3 12.0 
·- -· -----~ ..._ --- ., 

11'>48 s.o 1Sl 3.07 3.55 3.58 13.5 14.3 o.s 48.6 74o5 86.8 15.0 
I i 



TAB:lli :Z"'J 

SDlTERING DATA. ON !IAGNE:SIA CO!lTA.INING 0.25 mole % MERWINITE FIRED A'! 1500°0. 

r--· 

PPESSED P ·· 0 P E ~ T I E S APT E f I"'~rTNG 

REF. 1'TME AT -
TFMP. BUL.l\ DENSITY g./cc. PO!'OSITY ~1 !CE!.S~J-ICAT!ON 

VOLUME PA 'Al\iE'JER GfAIN 
NO. DENSITY CHA~GE HR. BUlli APPAREN'l' 

TRUE APPARENT TFUE SEhLED 
STZE 

g./cc. SOLID % f'ENSc'iY VOLUME )J I 
-j 

I() SO 0.1 1.60 2~ 3.54 3.58 31.4 32.1 0.7 34.3 42.1 62.0 10.5 

MS 51 1.0 1.60 3.00 3.so 3.58 14.3 16.2 1.9 $.7 70.7 84.4 13.5 I 
I 

- --1--- 0 -

MS 52 2.0 1.58 3.16 3.49 3.58 9.3 n.s 2.5 so.1 79.0 89.6 16.0 

MS 54 4·0 1.60 3.26 3.42 3.58 4·9 9.1 4·2 n.o 83.6 92.0 19.0 

M)S8 8.0 1.58 3.27 3.41 3.58 4.1 8.7 4·6 51.7 
I 

84.5 92.5 2).0 J 
I 



TABLS ;l8 

SINTERTI<G DATA ON 11A.GNESIA CONTAINING 0.25 11101e % MF.RWINITE FIRED AT 1600°C. 

r-------
PFESSED p ,OPE-TIES APTEF [.' ~ ,_ T N G 

REF. l'TME AT --,..--
TEMP. BUL.T< DENSITY g./cc. POPOSITY ~·j rm.s-:: ,·IcAT!ON 

VOLUME PA 'Al·IE'l FR GrAIN 
NO. DENSITY • CHA:t3E HR. A PP AREN't' STZE BULK TRUE APPARENT TRUE SE!\ LED 

g./cc. SOLID % TlE~~SIS.Y VOLUME IJ I 
-j 

M660 0.1 1.57 J.07 3.!,8 3.58 11.!1 }4.2 2.5 43.? 74.6 87.1 18.0 I 
1661 1.0 1.58 J.20 3.43 J.58 6.7 10.6 3.9 50.6 81.0 90.5 20.0 I 

t 
-- ----I- - ---

}t)62 2.0 1.58 3.26 3.41 3.58 4.4 9.0 4.6 51.5 84.0 92.2 22.0 

1!664 4.0 1.57 J.28 3.41 3.58 3.8 8.4 4.6 52.1 85.1 92.9 27.0 

IUS s.o 1.58 3.31 3.38 3.58 2.1 7.7 5.6 52.2 86.3 93.4 32.0 
I 
I 
! 



TA.:OI.~ 29 

--r- ''1"0 D'T' ~'" oHr• L\ ,.,,, '' -- r··.- " 25 1 ,, ...... '!''.,.... "T"''-'"' ·'"' l""~·°C 0 .L • .;. .. L .. .l J\ \J.'i ·-t. ~:.... '-.IV h.t!. l •'-' v. t'lO e I*:...;...~~ .~.&..Lw .r ..... ~ J'U 1'\JU • 

~· 

PPESSED p .OPE"TIES AF''2:EF [.' ~ ,... T N G 
REF. rTME AT -

TEMP. 
BUL.T{ DENSITY g./cc. POrosiTY ~j I::Et.S ci ICAT!ON 

VOLUME PA 'J\! !E~ FJl erA IN 
NO. DENSITY CHA:'>GE HR. BULK APPAREN'f' 

TRUE APPARENT TRUE SEALED 
STZE 

g.jcc. SOLID % T'lEr~SI"!Y VOLUME \l 

--1 
1:670 0.1 1.57 3.22 3.34 3.58 3.6 10.1 6.5 51.2 !!2.1 91.3 ::.'3.0 I 

-1 

~71 1.0 1.56 3.24 3 .. 35 3.58 3.3 9.5 6.:! Sl.J 81.2 91.9 30.0 I 
I - -

"·' -1 U)72 2.0 1.57 3.30 3.36 3.58 1.8 7.8 6.0 52-4 86.1 93-4 

}~74 4.0 1.60 3 .. 32 3.37 .3.53 1.5 7 • .3 5.a 51.6 1?6.9 93.7 42·0 i 

1$78 s.o 1.60 3.33 3.38 3 •• 58 l*S 7.0 5.5 52.0 87.4 94.0 52.0 
I 
I 
I 



----
PPESSED p .OPE~ TIES APTEF p ~ T"' T N G 

REF. 1'TME AT -
TFNP. BULl< DENSITY g./cc. POT'OSITY ~·j ])Ef,S ~acATTON 

VOLUME PA 'Al' iE'TER C!rAIN 
NO. DENSITY CHA:\GE HR. BULK APPAREN'J' 

TRUE APPARENT TRlB SEALED 
STZE 

g./cc. SOLID % DE~~SrlY VOLUME \l I 
---1 

1'680 0.1 1.60 :3 • .3.3 3.36 .3.53 0.9 7.0 6.1 51.1 ':.7.4 94.0 32.0 I 
-1 

l~Sl 1.0 1.61 J.JJ 3 • .37 Jo53 1.2 7.0 5oS 51.7 87 • .3 93.9 4Q.O I 
I 

- --'"--
47.0 -1 !:6S2 2.0 1.61 3.36 .3.40 J.5d 1.2 6.1 4.9 52.1 c~.9 94.9 

1:684 4·0 1.61 3 • .30 3.:3!, J.5J 1.2 7.8 6.6 51.2 85.9 93.3 55.5 

1~!!8 s.o 1.59 3.30 3 • .34 3.58 1.2 7.8 6.6 SloB I 
I 

<:6.0 93.2 65.0 
l 



TABLE 31 

SlllTERING DATA ON lLlni!.SIA COl\'TAllmm 0.5 mole % DICAWIU!f STI.ICAT:O: iiR.ED AT l400°C. 

---
PPESSED p .OPE:'TIES AWTEf i'TF\TNG 

REP. TIME AT -- --
TEMP. BUL.T< DENSITY g./cc. POPOSITY ~ rm s;:ncAT!ON 

VOLUME PA 'k'·iE'l1'R GfAIN 
NO. DENSITY CHA:\GE HR. BUL.T< APPAREN'P 

TRUE APPARENT TRUE SEALED 
STZE ! g.jcc. SOLID % T"ErSI'lY VOLUME 11 I 

M740 0.1 1.56 2.05 .3.50 3.58 41-4 42.7 1.3 23.9 24.2 42-4 -
-I 
I 

M741 1.0 1.56 2.30 3.53 3.58 34.8 35.8 1.0 32.2 36.6 57.0 - I 
I - -- --- --

M742 2.0 1.59 2.56 3.54 3.58 27.7 28.5 0.8 37.9 48.8 68.2 -

M744 4.0 1.58 2.88 3.54 3.58 18.6 19.6 1.0 45.1 65.0 80.8 8.5 

' -

I M74B 8.0 1.55 3.02 3.54 3.58 1.4.7 15.6 0.9 48.7 72.5 85.9 10.0 i I ' 



TABIE '3;t 

SI:IT2::Ui:G DATA O:J 'j'.Gll SIA COliTAic!IliG 0.5 mole % DICALCIID! SILICATE FIRED AT 1500°C 

.-----· 
PPESSED p,,OPE"TIES AT'TEP 1? "": ..... T N G 

REF. rLME AT 
BUL.T< DENSITY g./cc. POrOSITY ~·j I:El.S'C· ICAT!ON 

TEMP. VOLUME PA 'AliESER GrAIN 
NO. DENSITY CHA:lGE lffi. BULK APPAREN'J' 

TRUE APPARENT TRUE SEALED 
S'"ZE 

g.jcc. SOLID % nEHSI'i:Y VOLUME 1l i 
-1 

H750 0.1 1.57 2.~2 3.56 3.58 32.0 32.4 0.4 35.1 42.2 62.6 -

11751 1.0 1.56 2.76 3.55 3.58 22.3 22.9 0.6 43.5 59.5 77.1 8.0 I 
I 

- - -
!1752 2,0 1.58 2.93 3.54 3.58 17.2 18.2 1,0 46.1 67.5 82.4 10.0 

H754 4.0 1.57 3.67 3S3 3.58 13.0 14.2 1.2 48.9 74.6 87.1 ll,O 

-
H758 8,0 1.57 3.20 3.47 3.58 7.8 10.6 2,8 50.9 

I 
81.1 90.8 12,0 

I 



TABLJ1 ;p, 

snm;'UNG DATA ON ;:r.c::.,JIA CONTAINING 0.5 mole % DICALCIUM Sll.ICAT"·, FBr.D AT 1600°0. 

r--· 

Pl'.ESSED P .: 0 P E ~ T I E S A>~'TEF p "':: r T N G 
REF. TIME AT -

BUIX DENSITY g./cc. POBOSITY ~~ I:E:-S"i:aCAT!ON 
GrAIN TEMP. VOLUME PA •Jl.J'.iETEII 

NO. CHA:I"GE DENSITY APPAFEN'J' STZE ! HR. BULK TRUE APPARENT THUE SEALED 
g./cc. SOLID % ~'EPSI'iY VOLUME )J I 

-j 

!1'760 0.1 1.57 2.98 3.55 3.58 16.0 16.8 0.8 47.3 70.2 84.3 6.0 l 
M761 1.0 1.56 3.07 3.50 3.58 12.3 14.2 1.9 49.2 74.8 87.2 9.0 I 

I 
-- ----- ~-- ---

M762 2.0 1.57 3.19 3.45 3.58 7.5 10.9 3.4 50.8 80.6 90.5 n.o 

mS4 4.0 1.58 3.29 3.41 3.58 3.5 8.1 4.5 52.\J 85.5 93.0 13.0 

11'768 s.o 1.57 3.30 3.41 3.58 3.2 7.0 4.6 52.4 ' i 
86.1 93.5 15.0 

' 



', 

I 

TABlE 3Lt 
I 

I 

SINT~;JlinG DATA Oil !MG:;LSIA CD:'l'l'AI!IING 0.5 mole% DICALC!UM SILICATE F!llliD AT 1700°C. 

-- --. ·- -·--------~----------- --
P?ESSED p :OPE~TIES Ai'TEF r "': '"' T N G 

' 

REF. TIME AT 
' 

BULK DENSITY g./cc. POFOSITY ~·j CE:.S<:,-ICAT!ON 
! TEMP. VOLUME PA 'A'iE'lER GfAIN -- ,.--- --- - --NO. DENSITY APPAREN'J' CHAFiGE STZE HR. BULK TRUE APPARENT TRUE SEALED 

T'Ef~SIJ.Y VOLUME ' g./cc. SOLID % ].J 

-j 
0.1 1.59 3.25 3.35 3.58 3.0 9.2 6.2 51.1 23.5 91.9 21.0 M77iJ ! 

}:771 1.0 1.53 3.27 3.41 3.58 4.0 8.6 4.5 51.7 34.5 92.5 30.0 I 
I 

- --1--- ---
M772 2.0 1.5') 3.30 3.40 3.53 3.0 7.8 4.8 51.8 86.0 93.2 39.0 

-

1!774 4.0 1.59 3.33 3.40 3.58 2.0 6.9 4.9 52.2 87.5 94.0 48.0 

-
N778 8.0 1.59 3.36 3.41 3.58 1.5 6.1 4.6 52.7 I 

I 
89.0 94.7 53.0 

! 



TABLE 3S 

SINTZ:Ut:G DATA ON !1AG'f-'SIA co;lTAI''!TilG 0.5 mole % DIC.UCIIDI 3ILIC\TI" 1i'I:'30 AT 1800°C, 

r---
PPESSED p :OPE"TIES A"'!'EF p ~ T"' T N G 

REF. TIME AT 

TEMP. BULK DENSITY g./cc. POPOSITY ~·j lCE S "LI"ICAT!ON 
VOLUME PA 'Al'1EJER Cl" AIN 

NO. DENSTTY CHANGE HR. BULK APPAREN'P 
TRUE APPARENT TRtG: SEALED 

STZE 
g./cc. SOLID % DE~~SI'!Y VOLUME \.1 

-j 

1·:780 0.1 1.59 3.28 3.37 3.58 2.7 8.4 5.7 51.5 <35.0 92.7 36.0 ! 
M781 1.0 1.58 J • .31 3.38 .3.58 2.0 7.5 5.5 52 • .3 86.5 9.3.5 43.0 I 

I 
-- r-- ·I 

M782 2.0 1.59 3 • .32 .3.38 3.58 1.7 7.2 5.5 52.1 87.0 93.7 50.0 
1 

li784 ,,,o 1.60 3 • .33 3.38 3.58 1.5 7.0 5.5 52.0 37.5 93.9 -~~ ---- -----
Y!7M s.o 1.59 3 • .34 3.38 3.53 1.2 6.7 5.5 52.4 

' 
ss.o 94.2 67.0 

I 
' :J 



TABLL 3(, 

.SIN'BiUl•G DATA W :~~a::.,;sLt CJ!!TAI/!ll:G 0.5 mole% T.UCh.I.CID!f .liLIC.\L FI:-:....:D AT 1400°0. 

r--· - -- ---- ---- ----~----- ------- -
PPESSED p .OPE~TIES AFT E F I! "': ,_ T N G 

REF. TTME AT 

TEMP. 
BULl{ DENSITY g./cc. POI'OSITY ~j I:Els-:-TCAT!ON 

VOLUME PA AI IE'J ER GfAIN 
NO. -- r·---- ·-

DENSITY CHA:iGE HR. BULK APPAREID' 
TRUE APPARENT TnUE SEIJ:.ED 

STZE 

g./cc. SOLID % nm!SI'1Y VOLUME 1J I 
--1 

~,~40 0.1 1.60 2.26 JS~ 3.57 3'3.7 J6.7 1.0 2J.l 33.5 52.3 - I 
-1 

:~41 1.0 1.60 2.52 3.54 3.57 2G.S 29.5 0,7 36.5 /.6. 7 66.1 7.0 I 
I 

--1--- . ---
::342 2.0 1.59 2.::06 3.54 3.57 21,.7 25.4 0.7 40.1 51,.0 72.6 7.5 

1:344 4·0 1.59 2.74 3-54 3.57 22.6 23.3 0.7 42.~ 53.1 75.6 3.5 
--- ... ·- ----

~_;4J ~.o 1.5) 2.CO 3.54 3.57 20.9 a.6 0.7 /~3.3 i 61.2 73.0 9.5 



T\'lL:. D 

~I .L .• L:J '; .• 'I.. <.:l _,G '"..,I.t ClLl'H .. I .. G 0.5 mole;; T.tiGA:U::IU:: .,ILJC:.'l'_;- r.::.;J AT 1500°0. 

o--·- ----- -------------- -------.-
PPESSED p .. OPE"TIES AP'IEF V ~ T"" T N G 

REP, TTME AT ----r--- . 
BUL.l( DENSITY g./cc. POPOSITY oj J;K.s:;:;·rcAT!ON 

TEMP. VOLUME PA MiE'TER GJ'AIN -- ---------NO. DENSITY APPAREN'J'' CHAl'iGE STZE HR. BULK TRUE APPARENT TP.UE SEJILED 
g./cc. SOLID % T'El''SI'! Y VOLUME ]J I 

--l 

1:.350 0.1 1.53 '2.47 3.55 3.57 30.4 30.3 0.4 36.2 44.9 64.!! 6.5 

!.:851 1.0 1.60 2.7J 3.55 3.57 24.0 24.4 0.4 40.7 55.3 73.3 7.5 I 
I 

--f-·--· -- -- ---

}:S52 2.0 1.60 2.e4 3.55 3.57 20.0 20.4 0.4 43.7 62.9 79.1 9.0 

MS4- 4.0 1.53 3.04 3.5:3 3.57 13.9 14.8 0.9 48.1 73.4 86.2 10.5 
. ----- ~--- £ 

-I 
}:858 1.6u 3.50 3.57 ' 7d.6 ' 3.0 3.15 10.0 11.3 1.3 49.2. I 88.8 12.0 I I 



TABW 38 

-· - . -. -- ------ ---------- ---- - -
PPESSED p :OPE"TIES A"TEF p "': T"' T N G 

REF. TTME AT 

TEMP. 
BUL.l< DENSITY g./cc. POFOSITY ;·j !)ill'S cfiCAT!ON 

VOLUME PA· '.ANE'JER GrAIN ----·--- ·-NO. DENSITY APPAREN''i' CHAROE STZE HR. BULK TRUE APPARENT TF'.lE SEALED 
g./cc. SOLID % DE~/SI~Y VOLUME ll _j 

::s6o 0,1 1.62 3.C3 3.56 3.57 14.9 15.1 0.2 $.6 72.1 C4.9 8.0 

!{£:61 1.'o 1.60 3.11 3.55 3.57 12.4 12.9 0.5 43.5 76.7 83.0 9.0 I 
I --r-- --

1!0~2 2.0 1.62 3.21 3.51 3.57 3.5 10.0 1.5 49.9 31.8 90.4 ?.5 

:.864 4.0 1.59 3.28 3.m 3.57 5.7 8.1 2.4 51.6 85.5 92.9 11.5 
·- -- r-------- --·- ~- .I 

!868 8.0 1.58 3.35 3.45 3.57 2.8 6.1 3.3 52.8 sg,.e 94.8 14.0 I I ' 



TABL~ 39 

.----- - . ----------------- -- - -
PPESSED P ·: 0 P E " T I E S A~TEF p ~ T"' T N G 

REP. TIME AT -
TEMP. 

BULl{ DENSITY g./cc. POPOSITY ~ LEl.S ,rrcAT!ON 
VOLUME PA 'Ai"iE~ER GfAIN 

NO. ---r·--- ---
·--DENSITY APPAREN'I' CHAl'iGE HFI. BULK TJ!TJE APPARENT TR!E SEALED 

STZE 

g.jcc. SOLID % f'ENSI'iY VOLUME ll I 
-l 

1:370 0,1 1.61 3.27 3,!J 3.57 4.7 8.4 3.7 50 • .3 34.7 92.5 10.0 I 
I 

l!B7l 1.0 1.62 3.37 3.43 3.57 1.9 5.6 3.7 51.9 89.7 95.1 12.0 I 
I - -- ----- - --

~1872 2.0 1.59 3.39 3.44 3.57 1.'1 5.3 3.6 53.1 90.9 95.7 13.5 

ll874 4.0 1.59 3.42 3.4o 3.57 1.6 4.2 2.1 53.4 92.6 96.4 16.0 
. -~ -------- .. -..-.- ~ --

!r876 s.o 1.59 3.43 3.J..,o 3.57 1.4 3.9 2.5 53.3 ' 93.0 96.6 22,0 ' 
I 
' 



-· - -· -·-- -·-·-~---------·-----·-

PPESSED p .OPE~ TIES Ai'TEF I1 ~ .... T N G 
REF. l'TME AT 

TEMP. BUL.J< DENSITY g./cc. PO!'OS ITY ;·j rm s-:::rcAT!ON 
VOLUME PA 'Al·IETFR GrAIN 

NO. 
APPAREN'l,i 

-- ----- ·-
HR. DENSITY CHAi~GE STZE BULK TRUE APPARENT TRUE SEPLED 

g./cc. SOLID % T>ENSI'1Y VOLUME 11 

-~ 
li.J80 0.1 1.5'/ 3.35 J.;.o 3.57 1.7 6.J 4.6 52.5 83.7 94.6 37 I 
1·:381 1.0 1.5') 3.40 3.44 3.57 1.2 4.') 3.7 53.2 91.4 95.9 48 I 

I -- :-- - --
~~082 2.0 1.61 3.42 3.1.5 3.57 1.0 4.2 3.2 5;~. () 92.3 9'>.4 53 

l!J-24 4.0 1.5,} 3.4J. J.46 3.57 1.0 3.8 2.9 5/ .• 0 93.2 %.9 63 

-- ... --... -- .... ___ . ., 
:!S38 8.0 1.57 3.45 3.47 3.57 o.G 3.4 ') " 51 •• 1. I 94.0 ?7.3 73 ••• u 

I I 



TABLC 4-1 

r--· 

PPESSED p .OPE~TIES AF'TEf p T r T N G 

REF. 1'T~1E AT ·--
TEMP. BUL.T< DENSITY g./cc. POT'OSITY ~·i rm.s~, TCAT!ON 

VOLUME PA 'ANE'JFR GrAIN 
NO. DENSITY CHA:\!JE HR. BULK APPAREN'V 

TRUE APPARENT Thffi!: SEALED 
STZE ! g./cc. SOLID % DEt;SI'lY VOLUME ll l 

---1 

H940 0.1 1.57 2.33 2.50 3.58 33.5 34.9 1.4 33.0 38.1 5tl.6 - I 
K941 1.0 1.56 2.50 3.55 3.58 29.6 30.2 0.6 37.6 46.8 66.8 - I 

I - - -- --- . --
li942 2.0 1.53 2.63 1.54 3.~8 25.7 2~.5 0 " .... ;.o.o 52.5 71.6 -

-
}:944 4.0 1.53 2.76 3.54 3.5:3 22.0 2?..9 0.9 42.5 59.0 7S.6 -
1!948 8.0 1.57 2.89 3.54 3.58 18.4 19.3 0.9 65.7 

I 
45.7 I 81.4 7.5 

I I 
' 



T' sr:; 4'6 
sn·.c_.:n~;G DAT.1. v:; l~.;G. -~Ic CO~TAr;;n-G 0,5 •nole % C .LGIUM oxn::.; F!al>D .1' 1500°G, 

r---· 
PPESSED p .OPE"TIES A 7 T E F f.' ~ r T N G 

REF. TIME AT 
--~-

TEMP. BUL.K DENSITY g./cc. POrOSITY% JeErS ,,-TCATTON 
VOLUME PA '.Al' iE'JER GrAIN 

NO. DENSITY CHMGE HR. BULK APPAREN''J' 
TRUE APPARENT TRtffi SE.~LED 

STZE 

g./cc. SOLID % rEHSI'lY VOLUME \l 

--1 
1:950 0,1 1.60 2.54 3.55 3.53 28.5 29.1 0,6 36.6 

- I 47.'3 66.3 -

!:)51 1,0 1.56 2.60 3.56 3.53 ~7.u 27.4 0.4 40.0 51.5 70.9 7.0 I 
I 

- -

11952 2.0 1.53 2.75 3.5J 3.5~ 22.7 23.2 0.5 42.5 53.5 ?S.l 3.0 

J:'J54 4.0 1.60 2.91 3.54 3.~:1 17.3 16.3 1.0 46.0 66.2 32.0 1,0 

!{)53 8.0 1.53 3.09 3.54 3.5:3 12.7 13.7 1.0 4,8.9 I 75.5 37.5 1J.5 I I 
I 



----
P?ESSED p .OPET'TIES A!" T E F p :: T"" T N G 

REF. 1'TME AT -
TEMP. BUL.T< DENSITY g./cc. POI'OSITY ~~ I:El.s;:,-TCAT!ON 

VOLUME PA ANE~'FR GfAIN 
NO. DENSITY APPAREN') CHA:\GE HR. BULK TRUE APPARENT TRUE SEALED 

STZE ! 
g./cc. SOLID % T'El:SI'i Y VOLUME \l I 

--1 

11960 0.1 1.57 2.67 3.57 3.5il 25.2 25.1. 6.2 4!.2 54.7 73.4 7.5 l 
~1%1 1.0 1.58 2.83 .3 ~-.:;o .3.58 20.5 20.9 0.4 44.2 62.5 79.0 9.0 I 

I 
- -- . -

M9S2 2.0 1.56 2.')4 3. s', 3.5J 17.4 17.G 0.4 1;5" ov r,e.1 fl3.1 10.0 

M9S4 4.0 1.60 .3.07 .3.55 .3.58 13.5 14.2 0.7 47.5 74 • .3 86.2 11.0 I 
M9S8 s.o 1.53 .3.17 3.54 3.58 10.5 11.5 1.0 50.2 I 7).5 89.3 12.5 

I 
' 



TAillE lt-4-

r--· 
PPESSED p .OPE~TIES A 7 ~ E f :;'~rTNG 

REF. 1'1ME AT -
BULK DENSITY g./cc. POJ'OSI'l.'Y ~·j LEl'S"L~ ICAT!ON 

TEMP. VOLUME PA 'Al' iETFF erA IN 
NO. DENSITY CHAI1GE HR. BULK APPAREN'f' 

TRUE APPARENT TRUE SEALED STZE ! 
g./cc. SOLID % f'ENSI'lY VOLUME 1.1 

- -1 
H970 0.1 l.S6 3.17 3.52 3.58 10.0 ll-4 1.4 5J.7 79.8 90.0 10.5 

:-.m 1.0 1.58 3.26 3.52 3o58 7.5 9.0 1.5 51.6 8.3.8 92.2 15.5 I 
I 

·-1--· -- --
M972 2.0 1.57 1.3,:! 3.52 3.53 s.a 7.3 1.5 52.7 f~7.1 93.9 19.0 

M974 4.0 1.57 3.34 3.52 3.58 5.1 6.7 1.6 52.9 88.2 94.4 24.5 

H978 a.o 1.56 3.37 3./.b 3.58 2.6 5.9 .3.3 53.6 I 89.6 95.2 :n.5 J i 



TABLE 4S 

SINTEi.U:,G DATA ON !1AGlil.SIA CO!ITADilliG 0,5 mole % CAI.Cltfl.l OXTIJE FEt:.D AT 1800°C, 

....-- -- --·-· -~ -·------- ---------- --
PPESSED p ,OPEI'TIES AF'TEF r;' ""': r T N G 

REF. TTME AT -
BUL.l( DENSITY g./cc. POfOSIT'l ~~ :CEl Se ,-ICAT!ON 

GfAIN TEMP. VOLUME PA :A;\iE'J ER -- ----- -NO. DENSTTY APPAREN'"i' CF.A:\GE S1ZE HR. BULK TRUE APPARENT TRill: SEALED 
g.fcc. SOLID % GE~rSI'lY VOLUME ll 

-l 
}1980 0.1 l.~G 3.23 3.42 3.53 5.5 9.9 4o4 51.8 82.7 91.6 18.5 l 
!1'131 1.0 1.57 3.33 3.43 3.53 1.5 5.6 4.1 53.4 '..-).~) .o 95.3 22.5 I 

I -- -----1-- ----I 
1!932 2.0 1.53 3.42 3.45 3.58 0,9 4·5 3.6 53.8 92.0 %.2 26.5 I 
N'J34 4.0 1.5'J 3.46 3.~9 3.58 0.9 3.5 2.4 54.0 94.0 97.1 37.5 _I ---- -- ,_ _______ 

---•-•r 

I l!')88 a.o 1.5il 3.44 3.47 3.53 0,9 3.9 3.0 54.0 93.0 96.a 49.5 I 

I I ! 



APPEliDII III 

Sm!!tft.RY OF THE STIITERJTIG AllD GM.IH 3IZE DATA, AFTER 4 HOURS AT 

TEMPERATURE, OF Tire HAG!r.>SIA MIXTURES CONI'AINir!G Tire OOREASED 

ADDl'riONS, 

TABLE 46 

TABlE 47 

TABlE 413 

TABlE 49 

TABlE 50 

TABlE 51 

Magnesia Containing 1.0 mole % Fonterite 

lbgncsia Containing 1.0 mole % l!onticell1te 

Magnesia Containing 0.5 mole % l!erw1n1te 

Magnoaia Containing 1.0 mole % D1calc1Ulll Silicate 

1-hgnesia Containing 1.0 mole % Tr1calciUIII Silicate 

&gnoaia Containing 1.0 mole % Calc!Ulll Oxide 



TABLE Jt.{, 

SINTERING DATA ON HAGI.?.SIA CONTAL'IING 1.0 mole % FORSTERITE FlllED AT TEl1P£RATORE FOR 4 HOURS. 

~ 

PRESSED PROPEP..TIES AFTEF FIPING 
FEF. FIRING 

BULK DENSITY g./cc. POROSITY % VOLU1'1E DEllSIFICtTION GfATN NO. TBIP. P. T>MFrEf 
DENSITY APPARENT CHANGE oc. TRUE IAPPAPENT T:\UE SEALED S'ZE 
g./cc. 

BULK SOLID % DENSITY VOL1JIVIE 11 
I ' 

0444 1400 1.58 3.17 3.47 3.57 8.6 ll.2 2.6 50.2 79.9 89.9 9.0 

"" ........__ ... ----- - - . - _ _..,.._._~---
~ 

D454 1500 1.57 3.33 3.38 3.57 1.5 6.7 5.2 52.8 88.0 94.3 22.0 
-r------- ---- ~-

D$4 1600 1.56 3.35 3.42 3.57 2.0 6.1 4.1 53.3 89.1 94.8 32.0 
-

D474 1700 1.56 3.38 3.44 3.57 1.7 5.3 3.6 53.6 90.6 95.6 43.0 

1484 1800 1.59 3.41 3.$ 3.57 1.4 4o5 3.1 53.4 91.9 96.1 92.0 1 



TABlE '+'7 

S IC:TERI!IG DATA 1':-l :L\G:!SSIA CO!ITAI:ll':G 1.0 !!!ale % LO~ITICELLITE FIRED AT 1't:.:PE .ATUP.B FOR 4 HOURS. 

PRESSED P R 0 P E P T I E S AFTEP F I P I N G 
FEF. FIRING 

BULK DENSITY g./cc. POPOSITY % VOLW!E DENSIFICtTION GFATN 
NO. TEMP. P. -qru,RrEr 

DENSITY APPARENT CHANGE 
oc. TF.UE APPAPENT TrtUE SEALED STZE 

g./cc. 
BULK SOLID % DENSITY VOLill'!E jl 

D344 1400 1.61 2.92 3.50 3.56 16.5 18.0 1.5 44-9 67.2 31.9 n.o --
D354 1500 1.66 3.27 3.32 3.56 1.5 3.1 6,6 49.2 84.8 92.2 23.5 

D364 1600 1.61 3.23 3.33 3.56 lo5 7.8 6.3 51.1 85.6 93.1 39.0 

--

D374 1700 1.62 3.30 3.33 3.56 1.0 7.4 6.4 50.3 86.6 93.2 51.5 

D384 1800 1.1)1 3.14 3.20 3.56 1.9 11.7 9.8 48.3 73.5 89.1 64.5 
l 



sr.rr~.:unG D.' .. TA Oll !IAG':::3IA GO:l'l'AINI::G 0.5 Hole % ::ZRilmiTE FIRED AT TE::?::c<ATURE FOR 4 llOUf~S. 

-

PRESSED P R 0 P E R T I E S AFT E P F I r I N Cl 
FEF. FIRING 

BULK DENSITY g./cc, POPOSITY % VOLUME DENSIFICt.TION GPATN 
NO. TEMP. P. nA;:ETEf 

DENSITY APPARENT CHANGE 
oc. TRUE APPAPENT TRUE SEALED S':ZE 

g./cc. 
BULK SOLID % DENSITY VOLUME 1l 

ll644 1400 1.60 2.99 3.55 3.57 15.7 16.2 0.5 $.4 70.5 84.4 9.0 
-

ll654 1.$00 1.55 3.31 3.41 3.57 2.7 7.2 4.5 53.2 37.2 94.0 16.0 

D664 1600 1.56 3.31 3.37 3.57 1.8 7.3 5.5 52.3 S0.9 93.7 32.0 

--

ll674 1700 1.58 3.31 3.37 3.57 1.8 7.3 5.5 52.3 86.9 93.7 47.5 

ll684 1300 1.57 3.25 3.29 3.57 1.2 9.0 7.8 51.7 84.0 92.3 60.5 
l 



TABLE ft."' 

SINTO::RING DATA ON l!AGN".:SIA CO!ITAnliNG 1.0 mole ~ DICAWIUH SILICATE FIR:;D AT T,J·!P.::RATURE FOR 4 HOURS. 

PRESSED P R 0 P E P T I E S A F T E P F I !' I N G 
REF. FIRING 

BULK DENSITY g./cc. POPOSITY % VOLUME DENSIFI<;ATION GF'ATN 
NO. TEMP. p. TI A:' FIEF 

DENSITY APPARENT CHANGE 
oc. TRUE APPAPENT TRUE SEALED S7 ZE 

g./cc. 
BULK SOLID % DENSITY VOLUME 11 

D744 lJ.OO 1.60 2.93 3.54 3.57 17.2 17.8 0.7 45.4 67.5 82.2 9.0 
: 

D754 1500 1.57 3.19 3.48 3.57 8.3 10.6 2.3 50.8 81.0 90.7 12.5 

D764 i6oo 1.57 3.30 .3.41 3.57 3.2 7.5 4.3 52.4 86.5 93.6 17.0 

--
D774 1700 1.58 3.39 3.43 3.57 1.1 5.0 .3.9 53.4 91.0 95.9 32.0 

D784 1800 1.57 .3 • .33 3 • .36 3.57 0.9 6.7 5.8 52.8 es.o 94o4 61.0 
I 



TAnLE S'o 

SI:lTESING DATA o:; ,.;,.G;b,.,I.I CO':TADII!1G 1.0 mole % TRICALCIUl! SILICAT.~ nruill AT T .. LPI:RATUID.: FO'l 4 !:OURS. 

PRESSED 
FEF, FIRING 

P R 0 P E P T I E S AFT E P PIPING 

BULK DENSITY g./cc. POPOSITY % VOLU!iJE DENSIFICATIGN GFAtN NO. TEMP. P ~ -q A:' IETEf 
DENSITY APPARENT CHANGE oc. TRUE APPAPENT TRUE SEALED STZE 
g./cc. 

BULK SOLID % DENSITY VOLUME u 

D844 1400 1.61 3.09 3.52 3.56 12.2 13.2 1.0 1,.7.9 G7.4 87.4 7.0 
: 

r 
D854 1500 1.61 3.:31 3.39 3.56 2.2. 7.0 4.8 51.4 73.7 91.7 10.5 

D864 1600 1.59 3.33 3.40 3.56 2.0 6.5 4-5 52.2 94.5 94.5 18.5 

--
D874 1700 1.53 3.38 3.42 3.56 1.2 5.1 3.9 53.2 95.8 95.8 2.3.0 

D884 1800 1.59 3.38 3.41 3.56 0.9 5.1 4.2 52.9 95.7 95.7 35.0 



-

PRESSED P R 0 P E R T I E S AFT E B F I P I N G 
BEF. FIRING 

BULK DENSITY g./cc. POROSITY % VOLUME DENSIFict.TION GP.Al:N 
NO. TEMP. P:'lMIETEr 

DENSITY APPARENT CHANGE 
oc. TRUE APPAP.ENT TRUE SEALED S,.ZE 

g./cc. 
BULK SOLID % DENSITY VOLUME u 

D944 J.40') 1.57 2.36 3.53 3.·~') l?.O 20.3 1.3 45.0 61+-.2 so.o 7.'J 

------ - - . - -----...,-. 
:J954 1500 1.:-7 - --)•c.•.) "3.47 1.57 6.1 J.Z 3.1 51.1' 04.1 92.1 10.; 

--· --~-

D%4 1600 1.% 3.J7 3.43 3.57 1.3 6.1 4.:3 ;1.1} ~).6 94.9 19.0 

--
D'J74 1'/00 l.S7 3.37 :;.42 3.!:7 1.5 6.1 4.6 53.4 :n.s 94.3 28.0 

!"J/34 lJOJ 1.5J 3.:n 3.42 3.57 1.2 5.3 4.6 5J.:C 9C. J 95.1 32.0 

t 




