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SUIIARY,

The object of this rezearch was to determine the
effect of additiens from the CaO-—IigO-8102 ternaxy phase
systen on the sinvering behaviour of high purity magnesia.
This system was chosen because it was relevant to the
producticon of comrercial refractory materisl used in
steel manufactur:

Additions of forsterite, monticellite, merwinite,
dicalcium silicate, tricalcium gilicate and calcium oxide
vere made to magnesia, having a total impurity content
of 27 p.p.m. Thig wag specially prepared by calcining
at 800°C magnegium oxalate obtained by chemical means
from pure nmagnesium metal. Mixtures were sintered
between 1400° and 1800°C for times between 0.1 arnd 8
hours, and the kineticg of their densification and crystal
growth followed.

The additions were found to have an effect on the
densification, porosity and grain growth kxinetics of
magnesia. Activation energies for the grain growth
processes were obtained.

Electron microprobe and X-ray diffraction anslyses
of the fired compositions containing calcium silicate
additions showed that lime was loast from vhe silicate and
entered solid solusiorn in the magnesie phase, The stabi-
1ity of the silicates fired in the presence of magnesia
decressed with increasing CaO/Sir)2 mole ratio.

These analyses enabled explanations to be made on

the sintering behaviour of the mixtures in this system




and its relevance to the commercial production of dense

nagnesia refractories.
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1.00  IIITRCDUCTION.

The work described in this thesis is a projeect in

a series which has the general title: "Investigation

of the interrelations between composition, high temper-
ature strength and microstructure in ceramic bodies.™

Most commercial 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, which are present naturally, or
intentionally added. It is usually difficult to sort
out from this multi-phase system the contribution of
the individual conmponents to its high temperature
physical properties. Whilst the high temperature pro-
perties of some pure single crystal and polyecrystalline
materials are knownj little information is available
about the way "in which the high temperature strength is
influenced by such factors as composition, grain size
and residual porosity.

The broad aims of this project were to determine
the influence of specific additions on the properiies
of certain puie oxide matrices such as magnesia, alumina,
silica and zirconia by using each addition individually

in known amounts and then in various combinations. The



effect on the properties due to the additions could

then be compared with the properties of those of
commercial materials with similar compositions. In

this way it would be possible to assess the contribution
of each additional component in the commercial material,
t¢ its physical behaviour.

Magnesia was selected for investigation as the first
material of the series due to its growing use as a
refractory materialg The growth in the manufacture of
higher purity magnesia extracted from sea-water, has
been hampered by a lack of knowledge 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 occurring magnesites (MgCO3 from Greece,
Austria, etc) and the magnesia already mentioned above,
which is extracted from sea-~water. The naturally
occurring material normally has a Mg0 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
occurring material, does not have to be Iimported into
Britain., In the following paragraphs a brief summary
is given of the developments in the progress of magnesia
containing refractories in order to put the present
investigation into perspective.

The loss of cohesite strength of magnesia
refractories at elevated temperaztures has been regarded

as the principal cause of their breakdown in service.




The chrome-magnesia brick, containing a major propor-
tion of chrome ore, was developed to overcome this low
gstrength. In these bricks the grains of magnesia and
chrome ore were bonded together on firing solely by
low melting point eutecetic phases formed by the re-
action of many impurities, mainly silicates, that can
be found in the raw materials. Hayhurst!+ found liqui
t0 be present in chrome-magnesia refractories at 436000.
In service, the strength of this refractory is lost as
soon as this phase begins to soften? Firing in excess
of 155000 led to the development of the direct bonded
brick? Here the grains of magnesia and chrome ore are
bonded directly together, the liquid phase 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 higher steelmaking temperatures and %he reguire-
went of a higher refractoriness than could be obtained
from the chrome-magnesia refractory. To obteain a
material capable of withstandirng these higher Ytemperat-
ures; the percentage of chrome ore in the brick has
been gradually decreased, until at the present tize
100% magnesia bricks are being used. Problems are now
encountered with the sintering and high temperature
strength of high purity sea~water magnesic owing to the
low level of a bonding liguid present at the firirg
temperazture.

The main impurities in sea-water magnesia are the
P g
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oxides of aluminium, calcium, iron and silicon with
traces of boron, manganese and alkali oxides. The
equilibrium phase assemblage of the 5 component
systen formed by the major impurities with magnesia
was investigated by Brampton ct al? They found that
the spinels and silicates forme?® were 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: CaO—MgO—3102 on the sintering, microstructure
and high temperature strength of pure magnesia.

The phases that are present in the system: CaO-MgO-
5105, given by Levin et al? are shown in Figure I.
The phases that are compatible with magnesia in this
system are forsterite, monticellite, merwinite, dicalciun
silicate, tricalcium silicate and calcium oxide.
_ The effect of additions of these compatible phases
on the densification and grain growth of fine pure
nagnesia between 1200° and 1800°C is presented in this
thesis. The determination of the high temperature
strengths of the sintered products was initially consid-
ered in this project and an apparatus was desigred and
built for this. The development of the sintering
investigation was far greater than expected, so that
the determination of the high temperature strength of
ceramic bodieg such as magnesi~ with silicate zdditions,
has been left for another investigation on a separate

project. However, the apparatus that was designed and




built is explained in Appendix I with descriptive

diagrans and photographs.
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2.10 General Considerztions of Sintering.

The term "sintering" is used to refer to the
process by which compacted crystalline or non-crystal-
line powders are ccnsgsolidated into strong and usually
dense aggregates, by heating at temperatures below the
nelting point of the bulk phase. Metal powders start
sintering when the ratio of the firing temperature
to the melting point (in degrees absolute) is approxi-
mately O.6. Sintering is the normal fabrication
process for ceramic materials, where for oxide systems
this ratio is usually slightly lower. However, the
presence of impurities in the system can greatly affect
the temperature at which sintering starts.

Physical and sometimes chemical changes can occur
in the compacted phase during the firing process. For
example, chemical decomposition or phase transformztions
may take place on heating initially. Further heating
of a fine-grained porous compact 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
continues many of the pores can be eliminated completely.
It is these phemonena %o 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 tempersture. 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 procesg with that predicted
by theories, which are derived from model or ideal
systenms.

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 elinination of solid-vapour interfaces.
This results in the formation of new lower energy
solid-solid interfaces, the number of vhich will
decrease as grain growth proceeds. The surface energy
of a solid arises from unsaturated chemical bonds at
its surface gnd exists as a property of both solids
and liquids. In liquids it is the neasureable surface
tension. In natural processes, systems will alvays
change in such a manner as to minimize their total
free energy. Normally, these reactions are not spon-
taneous and energy has to be supplied. In the sintering
of ceramic powders, heat energy is supplied which ovar-
comes an energy barrier (known as the activation enerzy)
so that the sintering process will proceed. The resul-
tant gintered system will have a lower free energy than
that of the original pressed powder compact.

Many theoretical and subsequent practical investi-




gations have been made, to provide a greater under-
standing of the sintering process. These investi-
gations have mainly been based on model systems with
the objective of understanding quantitatively the
fundamental steps of the sintering process. Determin-
ation of the variables 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 simulfareous grain
growth with densification during the later stages of
the sintering process make it difficult to follow either
process using theoretically derived expressions. 32Research
has however shown the important variables and indicated
their effect on the different stages of sintering.

Only 2 general introductory discussion of the
sintering process is presented here. There have been
many recent review articles, such as those by Coble anc

9

Burke” and by Th&mmler and Thomma?o which give detailed
accounts and discussions of the sintering theories ard
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,

rnentioned in the previous chapter, on the densifi- ‘
cation and grain growth of high purity magnesia,

rather than a fundamental approach to the application

of sincering 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:-

(i) Viscous or plastic flow

(ii) Volume diffusion,

(Gii) surface diffusion.

(iv) Bvaporation 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.

10.




For shrinkage to occur it is necessary for the centres
of contacting grains to approach each other., Viscous
flow, which will occur in systems with 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 arca be-
tween the adjacent grains may be transported to pores
or the surface by a diffusion process, 80 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 lower
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 contact area between tvo
sintering particles during the initial stage of
sintering and hence increase the strength of the compact.
More than one of these material transport mechanisms
may operate simultaneously. For exanple, 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

11.




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 view that in a single
phase c¢rystalline material having a low vapour pres-
sure, sintering usually occurs by a diffusion process,
where grain boundaries act as sinks for diffusing
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

of the sintering process are now defined in terms of

the position of pores and grain boundaries.

Coble11 defines the process of densification

of compacts as occ%%ing in three stages:-

(i) The initial stage of sintering is the formation
of a neck between 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-

12.




after some grain growth has occurred. In this stage
the pores are a continuous channel and all the
pores are intersected by grain boundaries.

(1iii) During the final stapges of sintering the continu-
ous pore chamnels become discontinuous, pores may
be isolated from the grain boundaries and trapped
within grains, especially when discontinuous
grain growth occurs.

In the present investigation meagurements were
taken on the compacts that had reached the latter
stages of sintering when grain growth was occurring.

2.31 Initial Sintering Stage. Here a "neck"

is formed between adjacent particles so that their mid-
points approach only slightly. This corresponds %o a
small contraction, but a marked decrease in surface
activity takes place, although the powder particles
retain their individual shape.

Kuczynski analysed the simple model of spheres
sintering to a flat plate and conducted measurements
of neck growth between the species. He derived the
following expression for growth of the neck:-

x/a" 2 Kb vieiiiiieien.. (1)
where K is a temperature devendent constant, £ the tinme,
x the radius of the neck and 'a' the radius of the
sintering sphere. The values of n and m depenrnd on
the mechanism of material tran-port. He found that
glass sinfered by a viscous flow mechanism with n = 2

and m = 41, whereas copper sintered by a lattice

13.




diffusion mechanism with n = 5 and m = 2. It was
agsunad that lattice vacancies were created at the
'‘neck' and were transported away from that site by
lattice diffusion. Grain boundaries act as sinks
for the diffusing vacancies, and durirg the elimi-
nation of porosity, the grains move closer together
and hence the compact shrinks.

Measurements made by Kingery and Bergq3 during
the initial sintering of sodium chloride showed that
the neck growth kinetics were consistent with 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 Stares of Sintering.

From a practical aspect, the nost important stage in
the sintering process is the intermediate stage in
which most of the densification occurs and the par-
ticles lose their identity.

If a diffusion mechanism operates durirg sintering,
one would predict that pores which lie on grain
boundaries must disappear more rapidly than those
which lie in the centre of grains. Alexander and
Baluffi'315 investigations on the sintering of
copper wires and Coble's investigations on the sin-
tering of alumina, have shown that the pores only
shrink and disappear when they are connected to a

grain boundary during this intermediate stage. The

14,



grain boundaries either short circuit the diffusion
paths or act themselves as vacancy sinks. Burke16
noted +that in the early stage of sintering, pores

nust lie on grain boundaries, because they are

regions where the initial particles are not in
contact. Pores isolated inside grairs, by the process
of controlled and discontinuous grain growth, was one
of the reasons for the stopping of sinterirg before
theoretical density 1s 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 within
their circumseribing 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 ire 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 arother pore. This is due to
the diffusion along a grain bcundary 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.

15.




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 stcge 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 Yo diffuse out, further
densification becomes impessible 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.
Cohle” has shown that nitrogen, argon and helium
physically inhibit the sintering of A1203 to theo-
retical density, which can be obtained in oxygen,
hrdrogen or a vacuum. In the present investigation,
air was tine sintering atmosphere.

During the final stage of sintering, grain growth
is either continuous or discontinuous. In continuous
or normal grain growth the size of all the grains is
approximately equal, but in discontinuous grain growth,
markedly mixed grain sizes arise. Discontinuous grain
growth is common in high purity and dense alumina and

has been observed by Brown?S 19

and Lowrie «nd Cutler
in high density pure magnesia.

2.40 Sintering in the Presence of a Liquid Phase.

In the present investigation small amounts of

16.



ligquid 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 liguid. TFor
oxlde grains, this wetting is governed by its surface
energy and its constant angle., If the contact angle
ig greater than 900, the grains will not be wetted by
the liquid phzge 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
wvetted 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 liguid phase is given by Kingery?o
Comments here will be limited to that of sintering of
reactive solid-liquid systems, where the so0lid phase
shows a limited solubility im the ligquid at the
sintering temperature, This will be the case for
the compositions in the present investigation.

Kingery describes three stages that can be

distinguished in the process.

17.
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Firgtly, rearrangement of the residual solid
phase by viscous flow in the liquid during which
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 slowly.

Finally, a coalescence process proceeds where
incomplete wetting of the sclid grains is present.

The solid grains are partly in contact without complete
penetration of the melt.

In such systems, after the completion of the
first stage, the processes that are found during sin-
tering in the absence of a liquid take place, wvhich
become rate determining. Cannon and Le:aelg/l suggested
that the requirements for complete densifications
are: an appreciable amount of liquid, an appreciabdble
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
these systems.

The generally accepted explanation to this process

was originated by Price, Smithells and Williams?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.




so0lid phase in ligquid near the larger particles,

this material is redepcsited on these larger particles.
Thus, the fine particles shrink and disappear, while
the larger particles grow larger. Kingery disagrees
with this 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 necegsary. In the later stages
of the procesgs, densification continues even after
the so0lid particles are quite large. Finally,
although samples with large liquid contents show
isometric grain growth and rapid demsifications, 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
undergtood by considering the forces acting on the
system due to the surface energies involved. Compo-
sitions containing large zamounts of liquid at the sin-
tering temperature solidify rapidly due to: surface
tension forces, flow of the liquid, and solution of
some of the so0lid 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

s0lubility at the radius of curvature of the particles.
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The grains tend to grow into shapes which will f£ill

the volume most efficiently. In either case, complete
wetting and penetration of liquid between the particles
is necessary. If this is not the case, the powder
conmpact will sinter by a process analogous to solid-
atate gintering.

2.50 Kinetics of Grain Growth.

Kingery25 describes the terms "recrystallisation™
and "grain growth as oécu%ﬁng in three distinct
processes:- recovery, primary and secondary
recrystallisaticn,

Recovery is the relief of stress within a heavily
deformed crystalline matrix with 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 which 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 ig the process by
which nucleation and growth of strain-free grains
occurs from the "recovered" matrix. Grain growth
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, sometlimes referred

to as discontinuous, abmnormal or "cannibal" grain
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growth, is the process by which a few large grains
are nucleated and grow at the expense of other finer
grains. The latter two procegses are the predcminant
ones in the latter stages of sintering of ceramics.

2.51 Continuous Grain Growth. Whether or not

primary recrystallisation occurs, an aggregate of
fine grained crystals increages in average grain size
when heated above its minimum recrystallisation tem-
perature., As the average grain size increases, sone
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° between graing with straight sides can
occur for only siz sided grains. Grains having
fewer sldes will have boundaries that are concave
vhen observed from the centre of the grain. Since
grain boundaries migrate towards the centre of cur-
vature, grains with less than six sides will tend

to grow smaller and grains with more than six sides
wvill tend to grow larger.

For any one grain, the radius of curvature of a
side is directly proportional to the grain diameter
and therefore the rate of grain growth is inversely
proportional to the grain size., Thus at constant
temperature: -

GD/3% = K/T evveesnssssssancssnes (2)
On integrating this equation becomes:-
D2 = D2 = K(t - ) eevvunanrnes (3)
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where D is the average grain diameter at time, t,
D, the grain diameter at time, t_ (whieh is usually
0) and K the constant of grain growth rate.

Since D0 is normally small compared with D, the
grain growth equation is often represented in the
form:-

DT @ KB vevuvenenrncnananaes (&)

or nlogD = 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
assoclated 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 growth at constant temperature. The squared
relationship of equation (%) has been verified experi-

24 and by Spriggs et 3125 for

26

mentally by Daniels et al
fully dense magnesia, and by Budnikov and Charitonov
for magnesia with hafnium oxide additions.

The cubic¢ relationship (i.e. n = 3) has been found
for grain growth of ceramic materials in the presence
of a liquid phase§7_3q Greenwood52 in a study of the
growth of uranium particles in lead-uranium and sodium-
uranium slurries, derived the following relationship
based on diffusional flow for the change in particle
size.

D - D2 = 3 a5 2M/RIDY .eiavnns (5)
where 4 is the diffusional coefficient, S the solu-
bility, M the molecular weight of %the solid,?{the inter-
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facizl tension and p the density of the solid.

Investigations have shown that grain growth can
be limited to a size controlled by second phase in-
clusion, which includeg porosity. From grain growth
equations it would be expected that the process would
continue to produce a single crystal which 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:-

N (<)

where A is a constant, R the gas constant, E the acti-
vation energy at an absolute temperature of T. The
activation energy can dbe calculated from the slope of
the plot of 1n 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 1s comparable to the activation
energy for self diffusion in the material. Aust zand
Rutter?5 have observed however, that in high purity lead,
the activation energy may be very much lower (and the
migration rates very mueh higher) than in slightly
alloyed material. The interpretation is that solid
solutioxn elements tend %o segregate to grain boundaries
and slow down their rate of movement.

Kingery ard Francois54 observed that as the
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majority of the pores remain at grain boundaries

during grain growth, pore migration will be accomplished
by the same material transport as during densification.
The activation energy for grain growth must be con-
sistent with that for demnsificetion, but this will no
longer be the case for the activation energy of grain
growth in porosity-free material.

2.52 Discontinuous Grain Growth. This often

occurs when multiple sided grains occur in the struc-
ture of a low porosity nmaterial., The grain which has
many sides will have more strongly curved boundaries,
which will be able to move past inclusions and thus
be able to grow, although graing having fewer gides
will be unable to d¢ so. As this grain consumes its
neighbours it will add even more sides, the boundary
will become even more strongly curved arnd its growth

L showed

potential will increase even more. Coble
that small additions of magnesia to alumina acted as
é grain growth inhibitor and prevented discontinuous
grain growth from occurring. The resultant effect
of the addition on the sintering process is that

almost full& dense alumina can be obtained.

4.
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on the Fired Properties of Magnesia.
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3.10 Sintering of Magnesia.

The term calcination is used to describe the
firing process by which the magnesia precursor, usually
the hydroxide, carbonate or oxalate, 1s decomposed to
an active fine powder.

Clark and White55 studied the sintering charac-
teristics of calcined magnegia as well 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 Cannon, 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 showed a
greater shrinkage on sinterirg than material calcined
at 1450°C.

The effect of the calcination temperature on the
sintering of high-purity magnesia was shovn by Allison
et al57 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 cof this material between
1300o and 150000 showed that an empirical equation:-

Saﬂklnot+c N E R R E R EE N (7)
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was 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 ¢ a constant. Morgan and Welch58 first
proposed this empirical equation between the shrin-
kage of metal oxide compacts and sintering time. The
gtraight line plots could be predicted from Coble's
model for the intermediate stage of sintering. 3Brown
obtained an activation energy for densification of
pure magnegia of 27 XKecal , which is considerably
lower than the determined valueg of 62.4 Xcals

for the diffusiocn of oxygen ions or 79 kcals 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
transporst.

In an investigation of the sintering and re-
crystallisation behaviour of pure magnesium oxide,
Budnikov et a139 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 Semavinqo showed that the rate of
heating to sintering temperatures of 165000 affected
the final density of the magnesia, as well as the
original particle size of the materiall. TFor geating

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

Reeve and Clare41 showed that from Coble's
equaticn for his model of the intermediante stage of
sintering, the activation energy for grain growth and
densification ghould be added to give the actual wvalue
for the diffusion process responsible for densification.
The corrected activation emergy for Brown's work would
be 85 Kcals which 1s in better agreement for the aif-
fusion of magnesium ions in magnesium oxide. It
should be emphasised that the activation energy of
grain growth energy in Brown's work was obtained for
small additions of vanadium and in a different tem-
perature range to that of the dengification 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 occurmd by a grain boundary vacancy

diffusion mechanism., The Aiffusion of the Mg2+

ions
being rate determining. Increasirg the water wvapour
pressure increagsed the rate of sintering by increasing
the mumber of cation vacancy sites. They obtained an
activation enérgy for densification of 80 Kcals per
mole for partisl pressures of water up to 5 m.m. and
48 ¥eal ©per mole above this pressure.

5.20 FEffect of Additions on the Sintering of Masnesia.

The sintering of magnesia to high density was
studied by Atlas?3 He fourd that small percentages
of the halides of the alkali metals, particularly

lithium, increased the shrinkage of magnesia calcined

28.
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at temperatures below 600°C. He was able to achieve
high densities at sintering temperatures below 1400°¢,
He suggested that the effectiveness of the salts, as
sintering catalysts for magnesia, depended on the ori-
ginal surface area and particle gize of the magnesia.
The catalystic action of the salts was found to be
greatest when the particle size of the magnesia was
less than 0.5)u and had a surface area greater than
30 n°/g.

The role played by cryst%l lattice defects in the
sintering of magnesia and alumina was studied by Jones
et 31%4 The defects were induced by small additions
of Tioe, Cr205, MnO, Fe205 and ZrOe. The mixtures
were sintered in atmospheres of 02, N2 and H2. The
diffusion promoted by lattice defects were observed
by measurements of the fired bulk density.

The effect of other additions on the sintering of
magnegia were carried out by Layden and McQuarriez."5
They selected fourteen metal ions and added each one
in turn to basic magnesium carbonate. The magnesia,
obtalned after calecining the mixture, was 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 without effect and
¢hromic oxide dramatically inhibited sintering.

They also suggested that most of the additions, vwhich

aided sintering, did so by entering into the magnesia

lattice and creating defects.
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The influence of Ca0, FeEOB’ Alzoa, T102 and
8102 on the sintering of magnesia were studied by Kriek
46

et al. Melt-forming additions such as dicalcium
ferrite and brownmillerite (4CaO.A1203.Fe205) were also
studied. The gintering was investigated as a function
of time, temperature of sintering, and the amount of
addition. ILime was found to inhibit sintering to an
extent which appeared to depend on the number of points
of contact between MgO and Cal particles in the origi-
nal mixture, and the suggestion is made that this may
be related to the magnitude of the interfacial energy
between Ca0 and MgO. All the other additions

promoted sintering to some extent, T102 being most
effective and also in promoting grain growth of the
periclase crystals. There appears to be an optimum
addition of Ti02, a1205 and SiOa beyond which sintering
is inhiblted. It was also suggested that Ti0,, A1203
and 8102, like Fe203, all aid sintering by promoting
cations to the magnesia lattice, with the creaticn of
cation vacancies, and thus enhance their diffusion
during sintering.

Degtyareva et al47 showed that additions of up
to 0.45% Ca0 did not affect the sintering of magnesia
at temperatures up to 150000. They found that the
activation energy for sintering varied from 55 to
67 Kcal /mole for different types of magnesia. This
indicated a diffusion mechanism and they obtained an
activation energy for grain growth of 62 Kcal /mole,

which agrees with that obtained by other workers?4’25

Barta and Gorni*S found that pellets of &ry
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magnesium hydroxide could be directly sintered to

high densities at 1600°C. Additions of Ti0, and

V205 enabled the sintering temperatures to be lowered
to 145000. They found that increasing the rate of
temperature rise from 100° to 300°C / hour gignificantly

reduced the sintered densities.

on the Fired Properties of Magnesia.

49,50

2.50 Effect of the Lime-Silica Ratio of the Addition
Jackson et al have investigated the change

in the dihedral angle, which is the angle of the

interfaces of the magnesia and calcium silicate 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-gilica ‘
ratio of the silicate phase was increased from 0.5

to 2.0. F5203 and AlEO5 additions lowered the dihedral
angle. The greater the degree of solid-solid bonding
i.g. the greater the dihedral angle; then the rate of
densification would be expected to be greater and the
greater the high temperature strength when 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
vag obtained for dicalcium silicate bonded bdbricks,

but additions of ferric oxide lowered the strength sub-

stantially and had little effect when the bonding

1.




gsllicates ﬁere monticellite, nmerwinite and forsterite,
Van Dresser52 conpared the high temperature
properties of magnesia refractories in the purity
range of 95 to 99+ % MgO and was able to show the
importance of the lime-gilica ratio of the silicate
phase. OQutstanding high temperature creep resgis-~
tance was obtained on specimens containing more than
98% Mg0O. He concluded that improved physical
properties and chemical erosion resistance appeared
to be a function of the Mg0 content and the type of

silicate second phase present.
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4.10 Selection of Marnesia 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 investigation on the effect of minor 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 ﬁo adapt a method described by
Brown18 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 calecined. Brown showed that for =&
calcination temperature of 80000, well defined cubic
shaped crystals were produced having a particle size
of around 0.03 m. Increasing the calcination tem-
perature increases the particle size. MNagnesia
produced by decomposing the oxalate at 800°C resulted
in the highest fired density vhen compacted and sintered
at temperature. Magnesia produced at lower or higher
calcination temperatures resulted in lower fired bulk
dengities. Livey et al?5 Eubank54 and Coleman55
prepared magnesia from maé@sium carbonate, basic

magnesium carbonate and magnesium hydroxide and found
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that the optimum caleining temperature was 90000. The
particle size of the oxide from these gources wag found
by Coleman and Ford56 to be between 0.04 and O'Os,P when
calcined in this temperature region.

4,20 Preparation of Magnesia

The following method was used for the preparation of
the magnesia. High purity magnesium metal of 99.9% purity
was dissolved in nitric acid. Armmonium hydroxide was
added to co-precipitate heavy metal hydroxides with a
head fraction of magnesium hydroxide. A head fraction
of magnesium oxalate was 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 was then filtered, washed and dried.
All the solutions were mixed and filtered whilst kept as
near to their boiling points as possible. The magnesium
oxalate was calcined in nickel crucibles for 5 hours at
800°C. The oxalate was heated at a rate of 30000 per
hour to the calcination temperature where the furnace
chamber was controlled to within i5°c. The resulting
oxide was stored in sealed containers.

Analysis of magnesis produced by this method
showed it %o contain 60 parts per million impurity
with 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
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that manganese sulphide had been precipitated together
wlth other sulphides and hydroxides. Most heavy metal
sulphides have a lower solubility in alkali solution
than hydroxides. ZExcess hydrogen sulphide iwas boiled
off from the solution which was then filtered and fur-
ther processed by the above described method. The
addition of sulphide decreased Tthe manganese impurity
to approximately 4 p.p.m.

4.30 Properties of Magnesia.

Four representative samples from each batch of
magnesia prepared were analysed spectrographically and

the average analygis is given in Table 1.

TABLE 1.
AVERAGE CHEMICAL ANALYSIS OF THE MAGNESIA.

ELEMENT ESTIMATE AS PARTS
ITER MILLION
ALUMINTIUM 3
CALCIUI! 4
COPPER 3
TRON 4
LEAD 1
MANGANESE 4
NICKEL 1
POTASSIUM 3
SILICON 2
SODIUM 2
TOTAL 27
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Ag, As, Au, B, Be, Bi, Cd4d, Co, Cr, Cs, Ga, Ge, Hf, Hg,
In, Ir, Li, Yo, Wb, Os, P, P4, Pt, Rb, Re, Rh, Ru, Sb,
Se, Sn, Sr, Ta, Te, Ti, T1, V, W, Z2n and Zr vere gpeci-
fically sought but not detected. It was found possible
to produce by this method some material with as low as
& p.p.n. total detectable impurity.

An ignition loss on the material after calecining
at 800°C for 5 hours, resulted in a loss of 0.14% by
weight on firing at 1200°C for 2 hours in a platinum
crucible., The result indicates that after calcination
at 800°C almost complete decomposition of the oxalate
to the oxide had occu;@ﬂ‘. The calcined material, if
exposed to the atmosphere, was found to absorb 1.5%
by weight of moisture within 3 hours. The hydration
Xinetics and mechanism involved in the hydration of
the particle sized magnesia has been stuaied by Coleman

d56 and Chown and Deacon?7

and Tor
The surface area of the magnesia was determined
using the Haynes Air Absorption Apparatus and was found

to be 45 n°/g.

Partiele Shave and Size

Examination of the magnesia, cbtained by caleination of the m=gnesium
oxalate at 800°C on the "Stereoscan" Electron Microscope confirmed Brown's
observations on this oxide that the material was agglomerates of cubic
partiecles of the oxide.

- ~— -

The rilicates were formed by firing the resultant
conmpacts in an air atmosphere at the following tempera-

tures: -
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Fired at 1480°C for 2 hours : Monbicellite (CaO.MgO.Siog)
Fired at 1500°C for 2 hours : Merwinite (BCaO.MgO.2SiOE)
Fired at 165000 for 2 hours : Porsterite (2Mg0.SiO2)
Dicalcium Silicate (2C20.810,)
Tricalcium Silicate (3Ca08i0,)
The materials were ground with an agate pestle and
mortar to pass through a 300 B.S. mesh sieve (55}1). The
oxides were shown 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 densitieg of the subsequent
mixtures, the densities of the silicate phases were
determined and checked with those calculated from X ray
da‘ba?8 The densities were determined using specific
gravity bottles with xylene as the displacement liquid.
The density values are summarisged 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 mervinite where a 0.25 nmole % 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 sca-
water magnesia. The calcium oxide mixture was made by
the addition of the corresponding proportion of calcium
carbonate to give a 0.5 mole % calcium oxide content.
The carbonate decomposes tc the oxide in the temperature

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

The effect of increaging the additions was investi-
gated by preparing a further ceries of mixtures with
double the amount of the additive phase. The calculated
chemical analysis of all the mixtures is summarised in
Table 3,

The additiong vere 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 ﬁressing 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 were
gsintered in separate firings, so 15 individual results
were obtained.

1.5 g. of the powder was pressed af 10 %.p.s.i. in

“Eloating die
a 0.5 inch diameter hardened steel,mould. A cylindrical
compact of approximately 0.25 inch height with a pressed
density of 1.58 + 0.03 g./cc. was produced. Six drops
of dried carbon tetrachloride was added Yo the powder in
the nmould to help suppress laminations occurrirg 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 comprésses the powder. The load was naintained
on the pellet for 20 seconds. TFilter 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 few minutes to volatize
the carbon tetrachloride and then stored in a desiccator.
The maximum storage time of the pellets before firing

wags one day and they were left for a nminimum time exposed

to the atmosphere in the furnace chamber.
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5.10 Density, Porogity and Sintering Shrinlage Measurements.,

.31 Density Measursments. A Glark—Whitej5 nercury
2 i

balance was constructed for determinirg the bulk density
of the pressed pellets. A diagram of the apparatus is
shown in Figure 2a.

The weight of the specimen Wg. wag first found in air.
Then the weights required to adjust the stem of the balance
to the same position in the mercury, with and without the
specimens in the cradle, were obtained. The difference
between the weights being the apparent upthrust Ug of the
displaced mercury due %o the pellet. The volume V of the
pellet was calculated from the expression:-

VBW-!'UCC. SIS PRI EE B IIIEREBTEEIAE YRR (8)
By
vhere BT is the density of mercury at 1°g.
Hence, the bulk density, S§ g./cc. can be calculated:~

Sp =¥ = E;EE Be/CC evesneeveces (9)
W+U

The pressed pellets could be weighed on the mercury balance
to within 0.02 g. correspording to an accuracy of the
pressed bulk density of 1.58+ 0.004 g./cc.
\ The xylene impregnatiocn mefthod was used to determine
the density of the fired pellets. The mercury balance
vas not used because some of the specimens contaired 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 greater the penetration of ths mercury into the finer
ceracks; 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 sare result.

5.12 Porosity Determinations. 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, however, 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 vacuunm desiccator. After evacu-
ating, the desjccator was tilted so that the pellets fell
into the xylene which then entered the open pores. They
vere left standing in the xylene overnight at atmospheric
pressure. Then the soaked pellets were weighed on an
accurate balance, first suspended from a fine wire cradle
in xylene (Wb) and secondly in air (Qc). Care war taken
before the latter weighing to remove surplus xylene from
the specimen and the wire cradle. Corrections were made
for the upthrust on the wire cradle suspended in various
depths of xylene. The pellets were dried at 160°C and
then weighed in air (Wa). Two density determinations
vere made on each specimen. Normally the results were
reproduceable to within + 0.01 g./cc. The bulk density,

SF’ was calculated from the expression:-

S =}.@xx g'/cc‘ R R R T ] (10)
F Ve-Wb T -
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where XT is the density of xylene at 1.

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 = Wa b XT 8-/090 AR R NN (qq)

P

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 section 4 .4,
The true density St, of the material was calculated in
terms of volume from the expression:-

1 - X X 1 s 2 b e B oo st b LK I ] (12)

d m— = -

3,58 P St

where % is the weight fraction of the addition phase having
a true density P. The true density of the magnesia was
taken to be: P = 3,58 g./cc?9

The apparent porosity Pa, the ratio of the volume
of the open pores to the buik volume of the material,
was calculated from the expression:-

Pa = 100 (1-8pdyr | i, (13)

Sas)
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 ('l-'Sf) %
5%)

49 8 20 85050 ds s H s (14)

The sealed porosity, Pc, the ratio of the volume of
closed pores to the bulk volume, by the definition:-
Pt - Pa + PC ooa.lo.o..oooo.oooo.oclc (15)
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thus the sealed porogity can be determired knowing Pa and
Pt.

5.13 Sintering Shrinkage. The fractional volumne

shrinkage AV of the pellets after sintering can be expressed
Vo
in terms of the pressed and fired bulk densities Sp and

SF respectively.

AV, TpsVe | 4T/MR SR Ll (1)

Vo Vp s Sg
This method of calculating the volume change was used as
small pieces of material were often loat {rom the pellet
after firing,

The densification behaviour of the comporents ia
discussed in chapter 7.

5.20 Sintering Furnace.

All the sgpecimens were fired in air using a high tenRe

peraturas furnace described by O'Neilleo'

and loaned by
A.E.R.E,, Ceramic Division, Harwell. The furnace consisted
of a horizontally mounted recrystallised alumina tube
carrying a molybdenum wire winding. The winding was sealed
from the air‘Pnd the firing chamber, and a mixture of I
nitrogen an&iéydrogen gas passed over the winding 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 vas 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=zs.
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For firing temperatures up to 1700°G, a 5% Rhodiun/
95% Platinum - 20% Rhodium/807% Platinum thermocouples
were used in conjunction with the corresponding controller
to control the furnace tenperature and to record the
temperatures within the firing zone. At 1800°C, 20%
Rhodium/80% Platinum - 40% Rhodium/60% Platinum thermo-
couples were ugsed with a O to 5 millivol% controller, to
obtain the maximum accuracy from these thermocouples,
since they give lower e.n.f's at temperature than the
former mentioned thermocouples. It was posgsible to
control the furnace to within 1°C at temperatures up to
1700°C. At 1800°C the furnace could be controlled to
within 5°C.

5.20 Sintering Procedurae.

It was not possible with this furnace to inject the
pellets into the hot zone at the firing temperature with-
out a considerable loss of heat and disturbance of the
distridution of the temperature occuring. No attempt
was made to develop¢ a procedure for achieving this since
the initial stages of sintering were 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°C revealed a two inch long hot zone.
Specimens were fired within this region on a magnesia
plinth, A diagram showing the positioning of the speci-

mens in the furnace is éiven in Figure 2f,. Two magnesia
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blocks 1.5 inches long were conns¢cued to the ends of this
plinth, onto which were tied the thermocouples. Two high
alumina porous cylindrical plugs 2.5 inches long wers
placed in each end of the furnace tube 1 inch from the
magnesia blocks. The purpose of these was to improve
the temperature distribuiion in the firing zone. They
did not, however, prevent the free flow of air through
the tube. The control thermocouple was placed in the cen-
tre of the pellets and two further thermocouples at the
ends of the pellets. The couples were connected to a
potentiometer and the standard calibration charts supplied
by the manufacturers ﬁith each thermocouple were used to
convert the e.n.f. output to the corresponding temperature.
At temperatures up to 170000 the recorded temperature
along the firing zone did not vary more than + 2%¢,
Normally the temperature distribution was within 2°¢.
At 1800°C the temperature distribution was within + 5°C
and normally in the region of SOC. The calibrations of
the f£exmer thermocouples were guaranteed by the nanu-
facturers to be within + 3°C at 1700°C and the—letter
to be + 5°C at 1800°C.

The peliets were stood on platinum foll placed
over the magnesia plinth. Tor firing temperatures above
the melting point of platinum they were placed on sections
of fired pellets of a similar composition. These pre-
cautions were tak:n to avoid migration of impurities
from the magnesia plinth into the samples.

The temperature was raised to 1000°C 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 14000, 15000, 16000, 1?000,
and 1800°G. Specimens were fired at these tenperatures
for 0.1, 1, 2, 4, and 8 hours. The pellets were cooled
in the furnace from the firing temperature to 90000 vith-
in 1 hour and then removed from the furnace and air cooled.
The furnace cooled from 1800°C to 1500°C within 5 minutes.
Appendix II containc a conmplete summary of the
average results for the density, porosity end volune
changes for each firing of the compositions M1, M3, M4,
M6, M7, M8 and M9 given in Table 3.
The mixtures D3, D4, D&, 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
these compositionscgg 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 present
and to determine the grain size of the magnesia., In this
thesia the term "grain" is used to describe a single
erystal of the magnesia in the polycrystalline specimens.

Three pellets from each firing treatment for all the
mixilures were selected for grain size determinations. One
pellet é;;;g taken from each of the three separate firings.
Most of the samples fired at the lower tenperatures and
those Zired for short periods at higher temperatures
had a significant open porosity. It was therefore, neces-

sary to impregnate the specimens with a hard setting resin
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before mounting them for polishing. This impregnation
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
with "Araldite"” resin ( a prepared mixture of AY219
resin, HY 219 hardener 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 when the resin set. The 3 pellets of similar
composition and firing treatment were mounted together
in "Ceemar" embedding resin in 11" diameter cardboard
pill-bvox moulds.

The mountings were ground on a diamond impregnated
grinding wheel until approximately 0.05 inch of the
pellet had been removed., The surfaces were then pro-
gressively ground on papers coated with grades of 200,
300, 400 and 600 B.S. mesh carborundum grit sizes, using
water ags the lubricant. Final polishing was carried out
with diamond paste, using 6 micron size material followed
by 3 micron size and finishing with 1 micron size dia-
nond paste on ‘paper fibre laps., The specimens were
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 wvith alcohol between each polishing treatment.

5.50 Measurement of Grain Diameter.

The polished surfaces of the specimens had to be
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etched to produce a well defined grain boundary structure
in order %o measure thelr grain sizes. This vas achicved
by etching the materials containing calcium silicate,
which had grain slzes of greater than 45/p, with cold
saturated oxalic acid. Specizens fired at the higher
temperatures for 4 and 8 hours were etched for 8 minutes.
For the lover firing times and temperatures the etching
time was increased up to a maxinum of 20 minutes.
Specimens of pure magnesia, those containing calcium
oxide, and those with calciunm silicate additions having
grain sizes under ﬂS}u, were etched 1in cold dilute sul-
phuric acid for times which varied between 3 and 10
minutes. The nmixtures 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 vere obtzined
using a2 metallographic microscope with a camera attach-
rent. TIlford HP4 (400 A.S.A.) 35 mm, 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
determired. .The magnification on the microscope was
arranged, such that the mean grain intercept length
(to be described in the next paragraph) was between
5 and 10 mm, It was found that the calculated grain
diameter was always greater if the mean Intercept length
vas less than 5 mm, as it was not possible to count
8ll the grains intercepted by the line drawn across

the photograph of the polished section., If the inter-
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cept length was greater than 10 mm., insufficient grains
were intercepted, hence decreasing the accuracy. Magni-
ficiations of between 150 and 1500 were obtained on the
prints for the specimens examined.

Fullman51 derived relationships for the calculatiocn
of the mean grain dismeter D, for a section through a random
arrangement of equal spherical grains. He showed that
for random straight lineg drawn across a section of such
a8 system, then the mean grain diameter could be obtained
from the relationship:-

D= 1.5 tieieesevessannnsnnassess (17)
where}[ is the average length of the intercepts of indi-
vidual grains along the lines. This expression is
considered valid when the grain gize varies over not too
wide a range, 2An 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= 122503 sivvnvncnccnincnnnenss (18)

Buist et 3129 showed that results obtained by the two
methods agreed to within 3%,

For non~uniform spherical grains Fullman10

derived
the relationship:

D“Tr RN R RN R I IS S S A A I I 19)
o (

where I is the average of the reciprocals of the grain
diameters in the section.

Becavse of the number of grain size determinations
required in this investigatlion, the average intercept
method was used to estimate the grain dlameters. Straight

lines were drawn across the photographs and the mean
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intercept length wasg calculated from approximately 500
intercepts. The mean grain dismeter was calculated from
equation (17). If the three grain sizes determined for
each firiﬁé of the nixtures varied by more than 5%, a
further specimen wasg mounted and its grain size determined.
The grain sizes of all the specimens zre given in the
corplete summary of the results in Appendices II and III.
The grain diameter isothermals were plotted for each
nizture at the 5 firing temperatures. Thesde results

are fully discussed and analysed in chapter 7.

It was not always possible to determine the grain
gizes of some of The mixtures after firing at 1400° and
150000 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 with diamond paste on paper fibre laps.
The former mentioned method gave nore relief on the
polished surface. Water was used as the lubricant on
the terxrylene c}oths, except for samples containing di-
calcium silicate, tricalcium silicate and calcium oxide
which are etched by water. For these mixtures paraffin
vas 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 conbtaining 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 malking the phases clearly
distinguishable. TFor those materials containing the
nonticellite phase, 1% hydrofluoric acid vas used, the
monticellite appeared as a deork grey phase around the
light magnesia grains. HMixtures containing merwinite
were etched with 2% Nital (2% nitric acid in alcohol)
followed by 1% hydrofluorie acid, which etches the phase
to a light grey c¢olour. Materials containing dicalciunm
silicate and tricalcium silicate were etched with 2%
nital alone. The former phase is etched black and the
latter is only slightly etched. Mixtures containing
calciun oxide were etched with walter. Photomicrographs
of the freshly polished and etched surfaces of all the
mixtures after firing at 1800°C are given in Figures

49 to 54,

Examination of the etched surfaces of the mixtures
fired at 1800°C conbaining merwinite, dicalecium silicate
and tricalcium silicate additions clearly showed that a
"silicate having a lower lime to silica ratio than the
addition was 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.
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6.10 Previous Invegtications cn the Selubility of Lime
in sriacnesia

Jones and Melfora®? have studied the phases pregent
in commercially available magnesia raw nmaterial and in

refractory produc"as64

using electron probe analysis,
electron-microscopy, X-ray diffraction and miecroscopic
techniques. They found only 0.13% Ca0 in the magnesia
grains in sea~-water magnesia having a mainly monticellite
(with a little merwinite) bond, and up to 1.9% Ca0O in
naturally occurring meznesiasgs. The latter material had

g higher lime and silica content than the former menticned
material, and the lime to silica ratio was greater than
2.0 to 1 compared with the sea-vater magnesia which was
legs than 1.5 to 1.

A sca-water magnesia and three types of naturally
occurring magnesias were examined by Obst et a1 using
electron probe analysis and microscopy to study the distri-
bution of elements in the phases of these materials., They
found in them evidence of so0lid solution formation by
comparing optical microphotographs and electron probe
66,67

analysis data. Leipold showed 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., were segregated mainly st grain
boundaries; whereas other impurity elements, such as Fe,
appeared uniformly distributed. Investigations of the
nutual solubility of Ca0 and Mg0 in the binary phase
system by Dorman et al68 showed that solid solutions up

to 5 wt.% Ca0 in magnesia can occur at 1300°C. Ob::—;'t69
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found 2.5 wt.% Ca0 in MgO in a sample of sintered

Dolomite (MgC@;.CaClz) fired at 1800°C. These results
show that the magnesia lattice can accomodate the larger
calcium ions in solid solution and in refractory magreslas
there is an equilibrium distribution of the lime at

high temperature between the silicate phase and the
magnesia grains.

6,20 Electron Probe Analysgis.

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 togéther with a sample of monticellite, which
was used as a standard, since it contained equal molar
proportions of Ca, Mg and Si. The sample was polished
by a similar procedureihescribed in section 5.40. The
polished set of samples was then coated in a vacuum
with a layer of carbon estimatéd to be about 200—300‘3
thick. The sanple set was mounted in the electron probe
analyser and point counts for Ca, Mg and Si taken in the
centres of magnesia graing 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 assumed to have rewched equilibrium within
the mixtures.

Further mountings were made containing pellet samples
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from mixtures fired at 1800°C for 4 hours with the 1.0
mole % additions of the calcium containing phases (0.5
mole % merwinite addition). Semples containing 0.5 mole
% of dicalcium and tricalcium silicates were investi-
gated after firing at 1400°, 1500°%, 1600° and 1700°C for
8 hours. The corresponding additions of monticellite
and merwinite were investigated after firing at 1600°
and 1700°C only.

Measurements were made on mixtures containing 0.5
mole % tricalcium silicate fired at 1800%C for shorter
times of 1 and 4 hours, as well as 8 hours, to determine
the effect of time at temperature.

Each result presented here is the average of at least
gix individual point counts on different grains. Any
unusually high counts on a grain were 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 was calculated from
the point counts by comparing the counts given by the
standard monticellite with those given by the sample. It
was asgssumed 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
on sample) x 25.6 %

wt.%Ca =

(Count on Monticellite - Background
count on monticellite) v esssases(20)
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Accuracy of counts, allowing for corrections of the
background counts, were assessed as having statistical
standard deviations of + 10% for the very low counts and
i1% for the highest counts. Therefore for electron probe
analyges which depend on low point counts, such as in
the examination of fired magnesia containing a monticel-
lite addition (where the lowest level of Ca0 in magnesia
was detected as 0.09 wt.%) the accuracy is + 0.009 wt.%.
In analyses determined from higher point counts, such as
in the examination of fired magnesia containing 1.0 mole
% tricalecium silicate, where the level of Ca0 in magnesia
was detected as 1.48 wt.%, 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 %o
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.% Ca0 was added and this was determined after firing
at 1700° and 1800°C as 0.70 + 0.02 wt.% Ca0 in the
magnesia grains.

6,22 Results of Electron Probe Analysis. The aver-

age point counts made for the elements Ca, Mg and Si
showed that in the periclase of the sintered mixtures
containing calcium silicate additions, there were
neasureable amounis of Ca, but no significant amounts of
Si.

From the Ca counts were calculated the amounts of

Ca0 in the periclase grains. Since the amount of Csa0
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present initially in the magnesia was very low, about
0.0006 wt.% Cal (see Table 1.) the lime present in the
magnesia grains would come from the additions. Appreciable
lime contents were found in the magnesia graing and the
values are presented in Tables 4 to 73 where details of
each mixture with firing treatment are given. The
Ca0/8102 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
gilicate, and then redetermining the CaO/SiO2 nole ratio.
The lime contents of the magnesia for the 0.5 mole %
silicate addition (0.25 mole % for merwinite addition)
after firing for 8 hours are plotted against the firing
temperature in Figure 3, TFigure 4 shows that the CaO/SiO2
mole ratio of the silicate phase changes with the solution
of lime in the nmagnesia, when mixtures containing 0.5 mole
% silicate additions are fired at 1600°, 1700° end 1800°C.
The changes that occur to the lime content in the ,
magnesia and its subsequent effect on the 030/8102
ratio tn the silicate phase after firing at 1800°C are
presented in Tables 4 to 7 for the silicate mixtures
containing 1.0 mole % silicate addition (0.5 mole %
merwinite)., TFigure 5 compares the effect of the lime
solubility in magnesia with the Ca0/8102 mole ratio of the
addition for the two levels of addition of the silicate
phase. Figure 6 shows the changes in the solubility
of the calcium oxide in the magnesia with the increasing
sddition 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°C.

Examination of the nixturss containing the 0.5 mole
% addition of calecium oxide fired at 1?00O and 4800°G, and
the 1.0 mole % addition fired at 1800°G, showed that all
the Ca0 had entered the magresia. 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 mierostructure.

The effect of the firing time on the solution of
lime in magnesia was only investigated for the tricalecium
silicate and magnesia mixture fired at 1800°C. The
electron probe analysis gave the following lime contents

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

TABLE 8.
Time at 1800°C, Ca0 Content of
hours. Magnesia, wt.%.
0.74
4 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 compositioca of the silicatc 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, indicatec a CaO/SiO2 ratio which was the
same as that calculated earlier (see Tables 4 to 7).

6.30 X-ray Diffraction Exanination

6.%31 Ionic Size Effect. If the calcium ions go in-

to so0lid solution in the magnesia lattice, the lattice
parameter of the material will be increased as the

2+
ionic radius?o of the Ca ions is 0.993 conpared with

2+ ions of O.65Qg vhich it is replacing

that of the Mg
in the cubic lattice. A preliminary X-ray examination
0f the fired materials containing various amounts of lime
in magnesia was mede to determine the lattlce parameters
of these solid solutions.

6.32 Experimental Detailgs. 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
gsilicon sample.

Only samples fired at 1800°¢ 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 0.5°/min. These were compared with
the diffraction peaks obtained with the pure magnesia
fired at 1800°C.

6.3 Lattice Paraneter Calculation., The investi-

gation was limited to the first order diffresction patterns
obtained by reflection from (111), (200) and (220) planes.
The interplanar spacing dy,, for each plane (h ¥ 1) was

calculated from the Bragg equation:-
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>\ = 2dhkl sin 8 LI I B A B I B S I B I I (21)
The lattice constant a, for the cubic magnesia lattice
was calculated using this information in the formula:-
2

2
ao =dhkl(h2+k2+l2) LR BN R A (22)

In this preliminary survey no Nelson and Riley71
correction was made to determine a, at an angle of 0°.

The values of 8, were used to calculate the true
densities of the magnesia phase containing Cal in solu-
tion. The fraction of Ca0 in the lattice Qgiﬁg the amounts
presented in Tables 6 and 7. Table 9 presents the values
of 2, and the trre densities of the periclase phase in
the fired mixtures.

The results show that there are definite changes in
the magnesia crystal lattice when it contains lime, Since
the a, values increase when lime is present in the magnesia,
this is proof that a true solid solution is formed betveen
Ca0 and MgO which is to be expected from the previous work
described in 6.10.

It nust be emphasised that these X-ray diffraction
results are only & 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 increass when Ga2+
inons enter the megnesia grains, which is confirmation
that a true solid solution is formed. Although no
correctiohg(Nelson-Riley) were made to the results, the
deternined 84 value of pure magnesia 4.211 i compares
favourably with the accepted value of 4,2115 3.59 The

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

6.40 General Discussion on the Solubility of Lime from
Galcium Silicaces in Magnesia.

A detailed discussion on the partial decomposition
of each of the silicate addicions and its subsequent effect
on the densification and grain growth 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 eﬁ?tron probe analyses of the magnesia and sili-
cate mixtures after firing showed that there was no sili-
con, and hence no silicates, present in the periclase
phase after cooling. Schlaudt and Roy72 report that the
solubility of forsterite, M,S, is more than 11 mole %
in magnesia at 1860°¢. They do, however, point ocut that
the silicate appeared as globuleg in the microstructure
on cooling. The forsterite in the obgserved microstructure
after firing at 180000, see Figure 52a, contained
slobules of forsterite In the structure although no sili-
con wasg detected in the nagnesia grains. This suggests
that, on cooling in air, the silica is expelled from the
nagnesia lattice so reforming the forsterite phase.

The analyses do show that there was an increase in
the lime content of the periclase and an incresse in its
lattice parameter after firing in contsct with a calcium
silicate phase. The lime content varles with firing tem-
perature, the CaO/SiO2 mole racio of the silicate, and
the amount of silicate phase present.

Presented in Tables 4 to 7 are the distribution
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coefficient, @, for the calclium oxide between the gilica
and magnesia components for the four calcium silicate
additions. It is assumed in this calculation that none
0of the silica enters the magnesia phase, therefore:-

Q wh. = CaQ per unit wt. of Si0» s (23)
Ca0 per unit wt. of Mgl

Qmole = Cal per mole of S5i0s (24)
Ca0 per mole of Mgl

For a constant level of addition of the silicate, the
values of Q will decrease with increasing temperature as
more CaQ 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 nmixture. The CaO/SiO2 mole ratio must also be
calculated. The CaO/SiOa ratio in the silicate bond

was checked on the electron probe with the value cal-
culated using the data on the lime content Iin the
magnesia and the original chemical analysis of the 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 end not the silicate.

Figure 3 shows that the silicate phase having a 1:1
Ca0/S1i0, mole ratio is the most stable of the silicate
phases in the presence of magnesia at high temperatures,
only ©.| wt. % of CsO being present in the magnesia phase atb
1800°C. 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 ut.% Cal at
1800°¢.

Mixbtures containing llonticellite. With the nonti-

cellite addition, no forsterite was observed in the micro-
structure, which would be the deconmposition product if any
of the monticellite decomposed to give free Cal which then
entered the megnesia phase. The calcium centent in the

magnesia is probably the result of isomorphous replacement

o+ ions in the monticellite for Mgg+. At firing

of the Ca
temperatures of 1500°C and above, the silicate phase will
be liquid and when at equilibrium will be saturated with
magnesia. Exchange of Ga2+ ions will occur between the
magnesia and the silicate phases until the activity of

the lon is the same in the two phases, at which point equi-
75

1ibriun is attained. EKeyser and Derie’'” have shown that
the phase monticellite exists over a range of chemical
composition between 00.64 M1.56 S to CIIS. In the present
investigation the silicate phase, after cooling from the
sintering temperature, existed over the composition range
00.84 H1.16 S to 00.92 M1.08 S. This range is based on
the calculations of the Ca0/8i0, 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/Si0, mole

ratio.

Mixbures containing Merwinite, Dicalcium and Tri-

calcium Silicates. Microstructures of the mixtures
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containing additions of merwinite and dicalcium silicate
(see Figures 51 to 53) did show the presence of monticel-
lite and merwinite respectively. At firing temperatures
for these mixtures between 1400°C and 160000, the low
level of lime in solution in the magnesia of approximately
0.1 wt.% is probadly the result of isomorphous substitu-
tion similar o 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°¢.
In mixtures fired at 1‘7000 and 180000, no tricalcium
silicate, only dicalcium.silicate, was observed in the
nicrostructures.

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 with the remaining
rilicate in the bond forming some of the silicate with the
next lower CaO/SiO2 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
vould be some solubility of silica in the magnesia at the
firing temperature, even if only a very small quantity
this mechanism ddes not satisfactorily explain why inc-
reasing the addition of the silicate increases the level
of the lime in solution in the magneslia. Since some
gilicate remained in the bond for the lower 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
silicates after firing at temperaturgfgién thoge initially
added, is that some decomposition of the silicate cccurs

on firing. The deconposition products are free lime, vhich
then enters solution in the magnesia, and the silicate

with the next lower CaO/SiO2 nole ratio. The decomposi-

tion reactlons of the silicatez would then he ag follows:-

merwinite magnesia monticellite magnesia- unreacted
lime solid merwinite
solution
dicalcium magnesia merwinite solid unreacted
silicate solution diealciunm
silicate
058 + M —> 058 + M(C) «+ 058
tricalcium magnesia dicalcium solid unreacted
silicate sllicate solution tricalcium
silicate

This would explain why increasing the level of the
addition of the silicate increases the level of the Cal

in solid solution, providing that the magnesia has not
been saturated with lime at the firing temperature. It
alsc explains why increasing the firing temperature from
1600° to 1800°C for the 0.5 mole % tricalcium silicate
edditions does not greatly affect the level of the lime in
solution with the magnesia. At 1600°C the CaO/SiO2 nole
ratio in the silicate bond is £.0:1, indicating that sall
the tricalcium silicate addition has decomposed to

dicalcium silicate and lime.
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At the higher firing ftemperaturesthe silicates will
be nolten and must be described irn terms of their CaO/SiOe
mole ratio. It is only on cooling that nixtures of
separate silicate phases will form in the microstructure.

The Ca0 will dissolve in the magnesia since this
results in the formation of a more stable system. The
free energy change, AG, for the s0lid solutior forming
reactions is given by the relationship:-

AG = AH = TAS tevieveasesssoneses (25)

AH is the enthalpy change for the reaction, T the absolute
temperature and AS the entropy change. On solution of

the lime in the magnesia, AH 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 Cae+ ions will take place between the silicate phase

2+ jons

and the magnesia until the activities of the Ca
are the same in the two phases. At this point trle free
energy of the system will be a minimum and the system will
be in equilibrium. No further decomposition of the sili-
cate will occur,

The instability of the tricalcium silicate with the
ease at which it deconmposes to lime and dicalcium sili-
cate is indicated by the binary equilibrium phase
diagram of Ca0 ani 8102 given by Levin8 where this phase
is only stable above 1250°¢,

The activity of the lime increases with increasing

CaO/SiO2 ratio of the silicate phase. The highest
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activity of the lime is in the tricalcium silicate.
Hence, when tricalcium silicate is fired in the presence
of magnesia, the silicate shows the highest instability

of this geries of calecium silicates.
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7.10 Pregentation of Results.

A conmplete summary of results for all the mixtures
of the bulk, apparent solid and true densities; apparent,
true and sealed porositiess; volume change on firing and
mean grain diameter rmeasurements after each firing treat-
ment are presented in Appendices II and III.

7.11  Densification. For the purpose of graphical

presentation of the densification undergone by each mix-
ture, isothermals are plotted of a volume shrinkage
paraneter, Fv’ at each of the 5 gintering temperatures.

The volume change on firing was not plotted directly due

to variations in the pressed bulk density (1.58 + 0.03g./cc)
and in the true densities of the mixture. These variables
were incorporated in a volume shrinkage parameter, which

1s defined as follows:-

Fv = Volume change of nixture x 100 ;

Maximum volume change possihle

= Pregsed Bulk Volume - Fired Bulk Volume x 100
Pressed Bulk Volume - Specific Bulk Volume

The bulk volumes were calculated from the reciprocals

of the corresponding density values which had been deter-~
mined as descfibed in chapter 4. It was generzlly found
that for a given firing treatment the factor Fv renained

constant over the range of the pressed bulk densities

At e e L I

The maximum error in the values of F_ was + 2.0% for values around
Lo#. This crror gradually reduced with iﬁcreasing the sintering time
and temperaturec, so that for values of ¥, greater than 90%, the maximum was
Ry 0.2%. These error limits are illustrated on Figure 7, which shows the
densification parameter versus time at each sintering temperature for pure
magnesia.
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firing temperature:-

Fp = Fired Bulk Density - Presced Bulk Density x 100
True Density - Pressed Bulk Density

The results based on this densificabion parameter are
included in the tables of resulvs for comparison with the
volume shrinkage parameter.

The changes in the grain diameter,D, of each of the
nixtures is demonstrated by isothermal plots for the 5
sintering temperatures.

7.12 Porogity. The effect of increasing the

additive phsse from 0.5 to 1.0 mole % (0.25 to 0.5 mole %
for merwinite) on the densification of magnesia can be .
demonstrated by plots of true and apparent porosgities
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
dianeter sgainst sintering temperature. The results
obtained on the pure nmagnesia are included for comparison.
411 these results were for material sintered for 4 hours
at temperature.

7.1 Time/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 densification and grain
growth of magnesia will be given in the next chapter.

7.20 Pure Magnesia.

A complete summary of the densities and porosities
after each firing treatment for pure magnesia 1s 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 nagnesia are shown in Figures 7 and
8.

Figure 7 shows that the sintering of magnesia,
prepared from the oxalate, 1s sengitive to the firing
temperature and time at temperature, on firing between
1400° and 1700°C for times up to 8 hours. At 1700°C only
small changes of shrinkage occurs on increasing the
firing time from 4 to 8 hours. The isotherm at 1800°¢
shows 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 %) until the true porosity
falls to approximately 10%. This was achieved by sintering
at 1600°C for 8 hours, at 1700°C for 2 hours or more and
at 1800°C for all the sintering times. The proportion of
gsealed porosity to apparent porosity increases with
increasing temperature and time at temperature, until at
4800°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°C are similar to those reported by Brown18 on
magnesia preparsd from a gimilar source.

No grain'size determinations c¢ould be made on speci-
mens fired at 1400°C or at 1500°C for sintering times of
less than 4 hours, because of the very small grain size
assoclated with the high porosities, which were greater
than 30 %, of the magnesia compacts. TPFigure 8 shows that
the rate of grain growth increases with increasing firing
temperature.

Brown observed that discontinuous grain growth had
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occurred in magnesia after firing at 172500 for 48 hours.
The microstructure of the magnesia after firing at 1800°C
for 8 hourais shown in Tigure 49a. After this firing
treatment, no secondary graln growth had occured, the mean
grain diameter of the apgular grains being~49 n. The
microstructure shows rounded pores at the grain boundaries
and also isolated within the grains. These entrapped
pores would make it difficult to achleve densities

greater than the 3,50 g./cc obtained since further
heating will cause further grain growth. This could occur
as discontinuous grain growth and would be expected fron
the results obtainred by Brown and by Lowrie and Ctz’c:le::"19
on high density magnesia. The pores would become iso-
lated at larger distances from the grain boundaries naking
it more difficult to remove them.

It should be noted that some pores were observed
entrapped within magnesia grains in all specimens on
wkich grain size measurements were made. This includes
the pure magnesia with and without the additions and for
sintering temperatures as low as 1400°¢.

7.30 Magnesia Containine Forste~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 measurementse are shown in
Figures 9 and 10.

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

increase in the volume shrinkage parameter occurs. The
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forsteritc addition has 1little effect on the shrinkage

of magnesia at 1400°C. It is probable that it is not
until the compact reaches 150000 that the forsterite
addition, (having a larger particle size compared with

the magnesia) has diffused in the compact to produce a
homogeneous mixture. At 1500° and 1600°C 1ittle shrinksge
occurs on increasing the sintering time from 4 to 8 hours.
At 1800°C no increase in the density occurs for times at
temperature in excess of 1 hour. The naximum volume
shrinkage obtained Qg;;g gimilar to that obtained at 170000
after 4 and 8 hours.

Figure 10 shows an even increase in the grain si;e
with increasing time and temperature between 1400° and
170000. At 1800°C there is a rapid increase ir the grain
growbth.. %he grain size increasing from holp after 0.1
hour to 106’p after 8 hours at 1800°C. This was the only
nixture to exhibit this secondary grain growth phenomenon.
In this rapid grain growth the grain size distribution
remains constant and no cannibal grain growth occurred.
Microstructures are gshown in Figures 49b and 52a where
the nearly 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 grainsg., It
is not homogeneously dispersed around the grains as is the
case with the calcium silicates. Schaudt and Roy72 report
that forsterite has limited solubillty in magnesia at high
temperatures. It would be expected that both 0.5 and 1.0

nole % additions of forsterite to magnesia would be comp-
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letely 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. TFigure 11 shows 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 at 1400° end 1500°C. The higher silicate
content of the magnesia enhances the diffusion of material
and accelerates the densification process. At 46000,
17000 and 1800°C the poroslties are approximately the
sgme for the two mixtures. The sealed porosity remalns
at approximately 4% within this firing temperature region.

Plots of the effect of the twp levels of the addition
on the grain size of the magnesia is given in Figure 12.
The higher addition results in a slightly higher grain
size of between 5 and G,P 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.

7.40 Magnegia Containing Monticellite Additions.

A complete summary of the sintering data on magnesia
nixtures 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 paramater for the mixture. The parameter inc-
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reagses rapidly at 1400°¢ for firing times in excess of 1
houf. In the mixture fired for 0.1 hour at 1400°C small
particles of monticellite were 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 gilve a densiby
as high as 3.00 g./cc after 8 hours at 1400°¢. At 1500°C
the gilicate phase is molten. At this temperature and
above only small changes occur in the shrinkage after
firing at temperature in excess of 2 hours. At 1800°C
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°C 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 silicate liquid which wets the magnesia grains and
holds the structure together at the high firing tempera-
tures. This phenomenonwill be discussed in the rext
chapter. The microstructure of the expanded structure
shown in Figure 49¢ shows where the impregnating resin has
entered pores that have expanded and become open to the
surface during firing.

The microstructures of the mixtures containing
monticellite show that there are less pores isolated with-
in the magnesia grains than in the pure magnesia and
nixturzs containing additions of forsterite and calcium
oxide, which do not form liquid phases at firing tempera-
tures up to 1800°C. The pores isolated within the magnesia
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graing in the mixtures contalining the calcium silicate
are however larger than in the other mixbures 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 grown at the expense of the
gmaller pores within the grains,

Figure 14 ghows the isothermal change in the grain
diameter of mixtures containing 0.5 mole % monticellite.
Only small inecreases 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
firing temperature%oggzgl increases in the grain size
occur with increasing firing temperatures and times. The
grain size $£¥hg sengitive to the time at the sintering
temperature.

A summary of the results obtained on the mixture
containing a 1.0 mole % addition of nonticellite 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°C the higher addition decreases
the porosity of the compact. At 1500°C the sealed
porosity of the material has reached between 6 and 7 %
vhich is maintained for both the mixtures on firing at
1600° and 170000. A slight lowering of the apparent
porosity is observed with increasing firing temperature
to 1700°C. 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 between 9 and 10%.

A plot of the graln diaueter of the magnesia, for
the two monticellite contalning mixtures, against the
firing temperature is shown in Figure 16. There is a
linear relationship between 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 show the same increcase of grain size with the
firing temperature but the hipgher addition has grain
sizes approximately 4‘p greater than the 0.5 mole %
addition, after each firing treatment.

7.50 HWapgnesia Cortaining Merwinite Additions.

A complete summary of the sintering data obtained
on magnesia mixtures containing 0.25 mole % of merwinite
is given in Tables 26 to 30 of Appendix II.

Figure 17 shows the isothermal plots of the volune
shrinkage pararmeter for the mixture. At 1400°C 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°C. Firing between 1500°
and 1800°C for 4 to 8 hours producesonly small changes
in the volume shrinkage parameter. These changes result in
the density increasing from 3.26 g./cc at 1500°C to 3.33
g./cc. at 1700°C. At 1800°C greater shrinkages are observed

up to 2 hours at temperature similar to that observed with
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the monticellite 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 temperaturec.

Liquid is present in mixtures of magnesia and
merwinite at 1575°C§ Above this temperafture lime is
logt 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 % merwinite addition is
shovn in Figure 18, A discontinuity in the positioning
of the isotherms occurs between 1600° and 1?0000. This
corresponds to the temperature at% which appreciable
emounts of lime are lost from the silicate o the magnesia
(see Pigure 3). It also approximately corresponds to
the temperature at which liquid is formed in this systen.

A summary of the data obtained on sintering
nixtures containing 0,5 mole % additions of merwinite
is given in Table 48 of Appendix III.

Figure 19 shows the effect of 0.25 and 0.5 mole %
additions of mervinite to magnesia on the porosities
after firing for 4 hours at temperature. The higher
addition results in slightly lower porosities being
obtained at the lower sintering temperatures. At 1500°¢C
the sealed porosity is between 4 and 5 % for both mix-
tures. This increases on raising the temperature to
1700%C. At 1800°C the true porosity increases dbut

a slight decrease in the apparent porosity is observed.
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The sealed porosity increases from 5.8 % at 17200°C to
6.6% at 1800°C for the 0.25 role % addition and increases
from 5.5 to 7.8 % over the same temperature range for
the higher addition.

Prots 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 with temperature is
obgerved. The higher addition resulting in grain sizes
approxinately S,P greater than for the 0.25 mole %
addition., 2t 1400° and 150000, where the silicate phase
is so0lid, the grain sizes of the mixture containing the
0.5 mole % addition are approximately 3}p smaller than
those in the system containing the lower addition.

7.60 Magnegia Containing Dicaleium Silicate Additions.

A complete summary of the sintering data on magnesia
nixtures containing 0.5 mole % dicalcium silicate is
given in Tables 31 to %5 of Appendix II.

Figure 21 shows the plots of the volume shrinkage
paraneter against firing time. At 1400°C a rapid increase
in the shrinkage occurs and tie 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 heating to the firing temperature until at '1700o
and 1800°¢C only small changes are observed in the shrink-
age parameter on increaging the firing time from 0.1 to

8 hours.
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Liquid is not formed in MgO-2CaO.5102 mixtures
until 1790008 but because of the loss of lime from the
gilicate (see 6.40) at temperatures above 1600°C to
form some merwinite in the silicate phase, 1liquid will
be present at both 1700° and 1800°C.

The plots of the isotherms of the grain dismeters
of the magnrnesia for this mixture given in Figure 22
shows a discontinuity between 1600° and 170000. At
temperatures of between 1400° and 1600°C very little

grain growth is observed. Only small increases occur

with increasing temperature and time at temperature. At

1?OO° and 180000, when the liquid is present in the systen,

appreciable grain growth occurs in the system. Figure

54 shows the increase in the grain size on increasing the

firing temperature fron 1600° to 170000.

The sintering data on mixtures containing a 1.0 nole

% 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 nmole %
additions are given in Figure 23. The porosity of the

compacts for both the mixtures decreases rapidly with

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 mole % dicalcium
silicate containing nixture from 5 % %o 6.5 % on
increasing the firing temperature from 1700° to 1800°¢C.

Figure 24 shows the changeg In the grain diameter
of the magnesia with 0.5 and 1.0 mole % additions of
dicalciunm silicate after 4 hours at temperature. At
firing temperatures between 1400° and 1600°C the grain
sizes of the two mixtures and the pure nagnesia are
similar, ©Small increases in the grain size are cobserved
with increasing the silicate content. At 170000 the
grain size for the lower level of addition mixture inc-
reages to 48’p compared with the 32)u for the 1.0 mole %
addition. This could be caused by the lower GaO/SiO2
ratio of the silicate bonrnd in the former mixture resulting
in some merwinite being formed and being molten and the
firing temperature. At 1800°C the increasein line contend
in the magnesia phase has resulted in a further decrease
in the CaO/SiO2 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-
peratare, where liquid is present in the magnesia - di-
calcium silicate gystem, the two mixtures give similar
grain sizes of 61'p.

7.70 Macnesia 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
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given in the previous chapter showed that due to the loss

of lime from the tricalecium silicate addition the Ca0/8102

mole ratioc in the gilicate bond changes from 3:1 to 2:1
for 0.5 mole % addition, when the firing temperature has
reached 1600°C. The resulting dicalcium silicate will
form a liquid phase with the magnesia at 1790°¢S
Normally, in the HgO-30a0.5102 system liquid would rot be
expected below temperatures of 185000.

Figure 25 shows the isothermal plots of the volume
shrinkage parameter of the mixture containing a 0.5 mole
% addition at the 5 sintering investigation temperatures.
The shrinkage of the coupacts increases with increasing
the firing temperature and time. The increases in the
shrinkage get img progressively smaller as the sintering
temperature is raised towards 1800°C. A% 14000, 1500°
and 1600°C only small changes occur in the shrinkage on
increasing the firing time from 4 to 8 hours. it 1700°
and 1800°C the densification is nearly complete within
the first hour at temperuture. Coatinued heating only
produces small changes in the shrinkage parameter.
Densities of 3.45 g./cc. were obtained at 1800°C. Only
the pure magnésia 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°C as the tricaleium
silicate addition.

Figure 26 shows the isothermal changes in the grain
diameter of magnesia containing 0.5 mole % tricalcium

silicate. At 14000, 1500° and 1600°C only small changes
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in the graln size are observed. At 170000 a greater
increazse in the graln diameter occurs, but conly disme-
ters of 22/p are obtained after 8 hours at temperature.
At 1800°C when a liquid phase is present in the system
rapid grain growth occurs. The grain diameter incrzases
fromn 37 to ?E/u on increasging the firing time from 0.1
to 8 hours. The changes in the microstructures of the
fired specimens after increasing the firing fronm ’I?OO0
to 1800°C are shown in Figures 5Lc and d.

The sintering data obitained on the mixtures containing
g 1.0 mole % addition of tricalcium silicate iz summarised
in Table 50 of Appendix IIXI.

Plots of the porosities of mixtures containing 0.5
and 1.0 nole % additions of tricalcium silicate after 4
hours at temperature are given in Figure 27. The higher
eddition results in a greater acceleration of the densi-
ficatlion of the magnesia at the lower sintering temperatures.
At 1700° and 1800°C the apperent porosities of the two
alxtures sre similar but the 1.0 mole % addition results
in a higher true porosity due to it containring more sealed
pores. A% 1800°C the lower addition mixture has a sealed
porosity of 2;9 % compared with the 4.2 % of the mixture
containing the 1.0 mole % addition.

Figure 28 compares the grain diameters of the two
nixtures with those of the pure magnesia. Similar results
are observed for these systems at temperavures up to
1700°C, The 1.0 mole % addition results in slightly
higher grain gizes at 4600° and 1700°C. fThis could be

due to the decreased porosity in this system at these
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temperatures. At 1800°C appreciable grain growth only
occurs with the 0.5 mole % additicn. In this system

the magnesia contains 0.76 % Ca0 (see Table 7) and the
gsilicate phase hasg a Ca0/8102 nole ratio of 1.90:1, the
maghesia grain size being 65/n. This compsares with the
relatively small grain size of 55/p in the nixturse
containing the 1.0 mole % addition, whers the magnesia
phase containeg 1.46 % Ca0 and the CaO/SiO2 role ratio
0f the remaining silicate phase is 1.99:1. Here, as can
be seen in Figure 53b, some tricalcium silicate ig re-
tained in the structure after cooling. For the lower
addition only dicalcium silicate was observed as can be
geen in Figure 51d. The 1.0 mole % addition of tricalcium
silicate inhibits the grain growth of pure magnesia at
180000, where the pure magnesia has a grain diameter of
AOJp.

7.80 Magnesia Containing Calcium Oxide Additions.

A complete summary of the sintering data on magnesia
mnixtures containing a 0.5 mole % addition of calcium
oxide is given in Tables 41 to 45 of Appendix II., Results
for mixtures yhere 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
gshrinkege parameter at the 5 temperatures investigated
for the 0.5 mole % calcium oxide eddition. The corres-
ponding grain size results on the magnesia mixture are
given in Figure 30, Both the shrinkage and grain size
plots show discontinuities between 1600° and 1?OO°C. Both

the grain diameters and volume shrinkage parameters show

86.




greater increages within this tempoerature range than
within any other. This may be caused by incomplete
golution of the 0.5 mole % lime addition in the magnesia
at the lower firing temperaturoes. IFrom the published

binary phage diagram of Dorman et a168

both the 0.5 and
1.0 mole % additions would be expected to be completely
soluble in the magnesia at ¢temperatures of 1400°¢ and
above. The increase in the grain diameter at 170000, may
be due to the decreased porosity at this temperature.

At 47000 and 1800°C 1little further shrinkage occurs after
firing in excess of 2 hours at %temperature. This com-
position also shows the most marked increase of all the
mixtures for shrinkage on increasing the firing temperae-
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./€c. after 8 hours at 1800°C. Very little grain
growth 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 reductions occur on raising the temperature
to 1800°C. This compares with the gradual reduction of
the trme porosity from 23 % at 1200°C to 3.6 % at 1800°C.
At this temperature both mixtures have sn apparent poro-

gity of 1 % but the mixture containing the higher addition
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has a sealed porosity of 4.5 % coupared with 2.5 % for
the other nmixture,

Figure 32 compares the grain diameters of these
mixtures with those of the pure magnesia. The nixture
containing 0.5 mole % has similar grain sizes to those
of the pure material. At 1600° and 170000 the 1.0 mole
% addition results in grain sizes approximately SJp
larger than for the pure magnesgia. At 1800°C the lime
additions inhibit the grain growth of magnesia. The
inhibition being more marked for the higher addition.
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8.10 Grain Growth Rinetices.

The isothermal grain growth of pure magaesia and
the mixtures containing the additions was assuned to be
a ginmple funcition of time, similar to that given in
equaticn (4) of section 2,57. Plots of logqot against
1og1OD wera found to be straight lines with slopes
approaching 2 for the pure magnesia and magnesia containing
calcium oxide, but a slope of about 3 was obtained foxr
the mixtures containing the silicate additions.

The grain growth equation (#) can be written in the
general form:-

n n
K(t-t0)=D ‘-DO e T EL LB LELIEOITEIOEEREES (26)

where to is some arbitrary zero time and Do the grain

slze at that moment. XL this equation is obeyed, vhen
plots are made of log,, (t - to) against log,q (p® - Dg)
using the appropriate value of n (2 or 3) with various
values of to = 0.1, 1 oxr 2 hours the slopes of these lines
will be unity. The slopes actually obtained experimentally
from these plots are given in Table 10, where it can be
seen that the slopes vary between 0.90 and 1.10 with the
majority occurring between 0.93% and 1.03.

Plots of D2 against time, t, for the pure magnesia
and megnesia with the lime addition at 1500°, 1600°%, 4700°
and 1800°C are given in Figures 33 and %4. From these
plots were calculated the grain growth rate constant, K,
at each temperature and the values are also given in
Table 0.

Similarly, plots of D5 against time, t, for magnesia
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containing each of the silicate addi”ioms at 1400°,
1500%, 1600°, 1700° and 1800°C are given in Figures 35
to 39 respectively. These plots compare the influence
of the silicate additions con the grain growth rate of
the magnesia at the 5 firing teuperatures. 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 shows the plots of logqu versus 1/T°A
for the grain growth of pure magnesia which obeys the
quadratic relatisnship (n = 2) of equation (26).

This graph indicates that an Arrehenius relation-
ship as given in equation (6) of section 2.50, holds:

i1.e. 2.303 log, oK = constant “E/RT caesese (27)
where R cal mole'(1 degree'q is the gas constant and T is
in degrees absolute tempsrature, with E being a pheno-
menological "activation energy" for the grain growth
process.

Also plotted on Figure 40 are the corresponding
values for mixtures containing 0.5 mole % lime which also
obeyed the relationship for n = 2.

Figure 41 shows similar plots for magnesia with 0.5
mole % (but only 0.25 mole % merwinite) 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 fron
the linear portions of each graph in Figures 40 and 41

are presented in Table 10,
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8.11 Grain Growth of Pure Maznesia., Table 110

shows that the grain growth of the pure magnegia follcwed
very clogely the relationship in equation (3):-

Time at% temperature.k = D° - Dg eenssess (28)
for each sintering temperature considered, vhere K is
in micronsz/hour.

The linear Arreheniug plot given in Figure 40 yields
an activation energy of 78 Kcal/mole. A similar value
has also been found by Spriggs et al?5 who used the same
empirical analytical technique to study the grain growth
of fully dense magnesia. Their material had a higher
impurity level of about 200 p.p.m. comparer with the
nagnesia usgsed in this research, vhere the impurities were
less than 27 p.p.m. (cf. Table 1). They found a value
of 81 Keal/mole for the activation energy of grain
growvth in dense magnesia.

The value obtained in this research was very close
to that obtained by Lindner and Parfitt74 of 79 Kcal/mole

for the volume diffusion of Mg*

ions in periclase crystals.
Oichi and Kingery75 found a value of 62.4 Ecal/mole for
the activation energy for the slower diffusing 02' ions
in periclase crystals.

The rate of grain growth vill depend, among other
things, on the relative diffusion rates of the cations
and anions, and one would expect the process to have an

activation energr similar to the Mg>® ions.

.12 Grain Growth of Maenesia with Lime Additions.

Table 10 shows that the grain growth process for these

mixtures still follows a squared relationship of the
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grain diameter with time at btemperature.

The isothermals in Figure 30 for these nmixtures
shovw a break in their sequence bebween 1600° and 170000.
This indicates a change in the grain growth mechanism
which is seen in Figure 40, as a distinct change in
the slope of the Arrhenius plot. Below 1600°C the acti~-
vation erergy for grain growth is 22 Keal/mole, which
means a low temperature dependence for grain growth below
1600°C and is typical of sufface diffusion mechanisms.
Above this temperature the activation energy is 62 Kcal/
mole, which means that the grain growth 3s more sensitive
to the temperature and is typical of volume diffusion
mechanisms.

These nixtures therefore sinter at temperatures
below 1600°C with very little grain growth. However
above 1600°C 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 micronsa/hour in Table 10,

The discontinuity and change in the activation
energy could be due to incomplete solution of the lime
additisn in t;e magnesia grains below 1600°C. Concent-
ration of lime at the grain boundaries of the magnesia
grains would presumably inhibit grain growth.

8.13 Grain Growth of Magnesia with Additions of

Forsterite, Merwinite, Dicalcium and Tricalcium Silicates.

The results given in Table 10, for all these mixtures
sintered in the temperature range 1500° to 180000, show

that the grain growth followed closely the relationship:-
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Time at temperature.X = D5 - Dg A =)
where X is in micronsa/hour.

This relationship was found to be obeyed for the
grain growth of magnesia in the presence of a liquid
phase at the sintering temperature by Buist et a1%9

27,28 and Brown1§

Nicholson

From Figure 41, it is seen that there are distinct
breaks in the Arrhenius plots. The activation energies
determined from each linear part are shown in Table 10
and indicate from those obtainable that these gilicates
cause grain growth in two stages.

The results of mixtures available for nerwinite and
dicalcium silicate additions to pure magnesia, show lower
activation energies for the high temperature process
compared to the lower temperature growth process. The
small number of points on the two portions of the
Arrhenius plots make it difficult to ascertain that this
is a true phenomenen. The uctivation energies, do hovever,
decrease continuously with increasing CaO/SiO2 ratio of
the addition and with increasing solution of lime, from
the silicate, in the magnesia phase.

The breaks in the grain growth mechanism appear %o
coincide with the formation of a phase change. The tem-
perature range of the change, ag shown in Table 10, occurs
when a liquid phase is formed. For the merwinite
addition the change occurs between 1600° and 170000 which
is higher than expected, since liquid is formed in this
system at 1575°C (cf section 7.50). Figure 3 doesg indi-
cate that in the temperature region of 1600° to 1700°C
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there is an increase in the logs of lime from the sili-
cate into the magneslia.

The nixtures containing 0.5 mole % tricalcium sili-
cate have a higher rate constant K at 1700°¢C than would
be expected. This could be due to a small amount of
liguid phase being present at this temperature as the
Ca0/5102 ratio in the silicate phase is below 2:1. The
further very large increase in K shown at 1800°C will be
due to liquid formation from the dicaleiun silicate
present forming a eutectic with magnesia.

Mixtures containing forsterite show a grain growth
mechanism which has an activation energy of 85 Kcal/mole
which is the highest for all the materials and mixtures
exemined 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 in K at 180000, seen in Pigure 41, would not
be expected since forsterite should all be in so0lid
solution with magnesia at this temperature, as shown by
Schlaudt and Roy?2 and the eutectic temperature for the
binary system is reported8 as 1860°¢C,

It might be thought that the low grain growth rate
at the lower temperatures for all the silicate mixtures
could be due to differences in porosity, the pores
inhibiting grain growvth. However, this is unlikely since
reference to Figures 42, 43 and 4%, show that these mix-
tures have low levels of porosity, i.e. high Fv values
at 150000 and above, and therefore the presence of pores

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

Microstructures presented in Figures 49 and 50,
show that at 1800°C most of the pores are sealed towards
the centre of the magnesia grains., Pores within grains
were observed in all the microstructures for which grain
growth data are presented.

The increage in the grain growth rate when liquid
phases are formed is presumably due to the increased
gsolubility and mobility of the magnesia in the liquid
phase which accelerates the transport of material.

8.20 Discussion of the Effect of the CaO/SiO2 Ratio

of the Addition on the Densification of Magnesia.

In the previous chapter the densification behaviour
of individual mixtures was discusged. In this section a
conparative discussion is given of the effect of the
addition on the densification of magnesia. Plots of
volure shrinkage parameter, Fv, against the Ca0/8102
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 Densificaticn of Magnesia with 2dditions of

Monticellite, Merwinite, Dicalcium ard Tricalcium Silicates.

It was shown in chapter 6 that, in the presence of
nagnesia, some lime was lost from these silicates and
entered into solid solution in %$he magnesia phase. The
Joss of lime resulted in the silicate phase having =
lovwer CaO/SiOe ratio and hence forming liquid phases av
lower temperatures than those predicted for the original

gddition, The activity of the lime in the silicate phase
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increased with increasing ratio so that the silicate with
1:1 Gao/SiOa mole ratio was the most gtable, and tri-
calcium silicate with a 3:1 ratio the least stable phase.
These comments enable interpretation of the densi-
fication results, for mixtures containing these calciun
silicates, shown in Figures 42, 43 and 44, Conmparison
of the 1 hour values of Fv for the mixtures with those
for pure magnesia in Figure 42, show that the addition
of 0.5 mole % sddition (0.25 mole % for merwinite) of
these silicates increased the densification of the
magnesia at all tenmperatures up to 170000. At 1800°C
the densification of the mixtures was 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% 170000 and above. Mixtures
containing dicalcium gilicate also contain merwinite
dve to the logs 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
Monticellite : 1490°¢
Merwinite : 1575°¢
Dicalcium Silicate : 1790°¢
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°C. However
at 1700° and 480000, the reduction of the densification
paraneter is more pronounced for the nixtures due to the
formation of greater emounts of liquid phase, an effect
which inereased with time as shown in Figure 44, Here,
nixtures containing a silicate phase with a 1:1 CaO/SiO2
rnole ratio show a great reduction in density a%b 1800°¢C.
This 1s presumably due to ligquid phases in the nmixtures
sealing the pores, which at high temperatures are able
to expand. At 1800°C a high degree of wetting of the
magnesia grainsg by the liquid seilicate is observed, as
shown in Figure 51. This reduces the solid-solid
bonding between the magnesia grains, which therefore
allows movement due to the pressure within the pores.
Jackeon 2170 showed that inereasing the Ca0/81i0, ratio
increased the dihedral angle of the liguid silicate, i.e.
increased the solid-solid bonding; and he predicted that
this should increase the densification of the system.
Reference to Figure 44 srous that af; 1600°C and above the
densification increases with increasing CaO/SiO2 mole
ratio, this phenomenon being more pronounced at 1800°¢,
Thus, tricalecium silicate additions result in the greatest
densification. A% 180000, at which tenmperature liquid
is first formed in the system, the tricalcium silicate
addition results in densification similar to that of pure
nagnesia,

Doupnling the silicate additions from 0.5 to 1.0 mole
% (but 0.25 to 0.5 mole % for merwinite) does not affect
the densification drastically., Figure 43 shows that the
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increage in gilicabe content has the greatest effect on
the volume shrinkage after 4 hours at temperatures of
1400° and 150000. At higher temperatures of ﬂ?OOO and
180000, there is no real change in the 4 hour Fv values.

8.22 Densification of llagnesia with Additions of

Forsterite., As would be expected, this silicate behaved

differently from the others, because it contained no
lime component, Additions of 0.5 mole % forsterite to
magnesia had little effect on the densification of the
mivture at 1400°C. The reasons for this are not clear,
but it 18 probably a diffusion effect since %ime is
needed at lower temperadures for the small amounts of
gilicate to reach equilibrium with the magnesia phase.
This effect is not observed when the silicate content
is doubled, as shown in Figure 43, where the addition
greatly enhances densification at 1400°¢, Figure 42
shows that after 1 hour at temperatures above 1400°C the
forsterite increases the densification of magnesia.
After & and 8 hours at temperatures of 17000 and 1800°
slightly legss volume shrinkage occurs with magnesia
containing fo?sterite than with the pure magnesia.

8.2% Dengification of Magnesia with Additions of

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

mole % addition of calcium oxide enhances the densifi-
cation of magnesia at sintering temperatures of 14000,
'1500o and 1600°C for times at temperature of 1, 4 and
8 hours. At 1’700° and 1800°C the addition results in a
slight reduction in the vclume shrinkage compared with

that for pure magnesia,
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The nixture containing 1.0 mole % lime does show in
Figure 4% that at temperatures up to 1600°C there is
increased densification compared with pure magnresia and
the other silicate mixtures. AT ’I?OOO and 1800°C Fv
valueg after sintering for # hours were obtalned that
were similar to those obtained for pure nagnesla.

Kriek, Ford and Whit346

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 was present.

8.,24 The HEffect of the Addition on the 'Limiting!

True Porosity. Figure 48 shows the plets of the true

porosity against the sintering temperature for magnesia
with and without the additions after sintering for 8
hours at temperature. At the higher sintering temper-
atures very little increase in the densification of the
mixtures occu;redon.increasing the time at temperature
from 4 %o 8 hours. TFor practical purposes the densifi-
cation procegs can be regarded as complete after 8 hours
at temperature for the mizxtures investigated in this
research, Figure 48 shows %tha* although additions of
gilicates having CaO/SiO2 mole ratios between 1:1 and 2:1
result in lower porosities at 140000, they do show =2
ninirum true porosity at 1700°C in excess of 5.5 %,

This mininum porosity increases with decreasing CaO/SiO2
ratio. The mixtu.es containing additions that form liquid
phases at 1800°C and above, show ninimum true porogities
of 3 to 4 % at 1800°C compared with the 2% of the pure
magnesia., From the trend of these plots it would be
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predicted that the mixtures containing 0.5 mole %
forsterite and tricalcium silicate have reached the
minimum true porosities at 1800°C ard increasing the
firing temperature would not be expected to produce
further ghrinkage of the compacts.

8.30 Grain Growth and 030/8102 Ratio.

Figure 45, 46 and 47 show that the average grain
diameter,D, of the magnesia after sintering for 1, 4 and
8 hours respectively is dependent on the Ca0/8102 ratio
at each temperature.

Similar trends are observed for the 3 sintering
times, increasing the sintering time accentuates the
effect of the CaO/SiO2 ratio on the grain size., In
this section the discussgion is limited to the results
obtained after 4 hours at temperature given in Figure
46 since this plot shows the effect of increasing the
gddition from 0.5 to 1.0 mole % (bubt from 0.25 to 0.5
mole % for the merwinite)

Comparing the D values of the nixtures with those
of the pure magnesia, maximum D values are seen vhere
liquid is present at the sintering temperatures.

At 4700°C there is a meximum D value for the
nixture containing 0.5 mole % dicalcium silicate due to
the formation of a 1iquid phase, as a result of the loss
in lime from the silicate addition. At 1800°C a similar
naximum value of D for mixtures containing 0,5 mole %
tricalzium silicate is obtained for a similar reason.
But doubling the addition to 1.0 mole % of both the

dicalcium and tricalcium silicates redunes the liquid
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contents at 1700o and 1800°C respectively, since there
is more lime available for the silicate phase,

Increaging the silicate contents for the forsterite,
monticellite and merwinite additions, slightly increagses
the grain size of the nagnresia. The rate of inerease
of grain size with 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°C.

The mixtures that show low grain grouth at the
lower sintering temperatures result in a greater sintered
density being obtained at the higher sinftering tempera-

turec.
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0.00 GENERAL COUCLUSIONS ND SUGGESTIONS FOR FUTURE WORK

The work carried out here on the effect of tke

Ca0/8102 ratic in the impurities present in commercial

magnegsia materials on their densification and grain grovth,

has produced data that explains much of the behaviour ol

thege materials during their production.

The CaO/SiO2 ratio of the silicate phase has been
known to influence the high temperature strength of
magnesia refractoriecs. This work has shown that this ratio
also influences the sintering characteristics and micro-
structure.

The following points summarise the main findings in
this research.

(a) 2dditions to pure magnesia of 0.5 and 1.0 nmole % of
the following:- forsterite, monticellite, dicalcium
silicate, tricalcium silicate and calcium oxide, (but
0.25 and 0.5 mole % for merwinite) enhances the
densification ¢f pure magnesia st sintering ftenpera-
tures up to 1600°C., For times greater than 1 hour
at 1700° and 1800°C, these additions inhibit densi-
fication. At these temperatures densification
increases with increasing CaO/SiO2 ratio of the cal-
cium silicate addition.

(b) Mixtures containing silicate additions with a Ca0/5i0,
mole ratio of 1:1 and 1.5:1 expanded after sintering
at 1800°C for an excess of 2 hours. This phenomenon was
more pronounced for the mixture containing the monti-

cellite addition.
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(c)

(d)

(e)

(£

()

(n)

A marked increase occurs in the grain size of
magnesia when a liquid phase is formed in the mixture.
The mixtures that gave th2 smallest grain size at the
lover sintering temperatures resulted in the highest
densities after firing at the higher temperatures.
The iscthermal grain growth of pure magnesia (total
impurity 27 p.p.m.) and magnesia solid solutions
such as those with a 0.5 mole % calcium oxide addition,
followed the relationship:-

Time at temperature O (Grain size)2
The isothermal grain growth of magnesia with additions
of each of the above silicates (lower additionmn),
followed the relationship:-

Time at temperature cC (Grain s:i.ze)3
letivation energies for grain growth of the mixtures
decreased with increasing CaO/SiO2 ratio of the
addition. These energies are generally high and
similar to those for the bulk diffusion of ions in
ragnesgia.
Discontinuities occurred in the grain growth of
magnesia containing these additions which corregs-
ponded to physical and chemical changes within the
system. TFor the calcium silicate additions, these
changes generally occurred at the formation of a
liquid phase.
From the additions 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 which increase with the firing tem-
perature. No silicon was observed in the magnesia
lattice after firing and subsequent cooling.

(1) A silicate phage with a Ca0/510, mole ratio of 1:1
is the most stable calcium gilicate in contact with
ragnesia at higk temperature. The stability decreases
with increasing Ga0/3102 ratio, so that tricalcium
silicate is the least stable of this group of sili-
cates. These observations demonstrate the increased
sctivity of lime in the calcium silicates as the
Ga0/8102 mole ratio is increased from 1:1 to 3:1.

(§) Because of changes in the lime level of the silicate
additions up to 1.0 mole %; the CaQ/810, ratio of
the fired silicate phase is reduced, resulting on
cooling in a mixture containing a silicate phase of
a lower CaO/SiO2 ratio. Hence in calculations of
the mineralogical contents of high magnesia bearing
refractories, account nust betgggg of the level of
lime in solid solution with the magnesia phase.

This becomes increasingly important for rYefractories

with high Ca0/S10, ratios fired at high temperatures.

Two final vyear undergraduate projects have been
carried out to supplement the work described in this
thesis. These were as followg:-

(a) An investigation on the change of the lattice para-
meter of MgO with lime content from the various
caicium silicate sources.

(b) 2n investigation of the effect of the sintering

atmosphere on the densification and grain growth of
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magnesia containing similar additions to those

described in this thegis.

The effect of the CaO/SiO2 ratio 6f the silicate
additiens on the high temperature strength of magnesia
is the subject of a project to follow this one.

Future work on both the sintering and high tempera-
ture strength properties of magnesia should be concent-
rated on additions of calcium silicates containing
CaO/SiO2 nole ratios between 0.5:1 and 3.5:1 which covers
the whole range of those found in the industrially
avallable material and those likely %o be produced in the
future.
in these

The effect of additions of FeEO and 3120

3 3
systems on the densification and grain growth 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 3203, MnO, T102 and the
alkali metal oxides could then be determined. It would
also be useful to determine whether anions such as
chloride and fluworide have any effect on the sintering

of magnesia, BSuch anions are present in the megnesium

hydroxide extracted from sea-water.
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TABIE 2.

TRUE DALSTTIES OF THE RAJ MATERIALS

DERSITY go/CCo

HAT JAL CHISTAL
STRUCTURE CALCULATED
FROM =TLAMED
X . RAY DATA
MAGHSSTIA CUnIc 3.58 3453
0
20, 510,
MONTICELLITE
Ca0, H{;’D. 3102 ortho RHOUHMZIC 3.04 3.07
MERJINTIE
oy ortho RAGNBIC 2.% 2,93
TRAICALCTIUM
SILICATS TRRLINIC 3.1 3.04
398.3. 35.02
CALGIV:{ OXIDZ — 3.37 .

Cal

III.




TABLE 3,
CExMICAL COMPOIITION OF HMIXTURRS

CALCULATED CHIMIZAL
i 2 ne AYALYSIS ¢ wi
. HATERIAL ADCSD , .
TO MACH-STIA ADDITION
&C. mole wte|
< % MG 30 3102
w ISP IGELLITE 05 19| 959 | te | 0.3
M5 NIUKES S YV L 200 G425 1,02 0,73
H7 DICAISTTM SILICATE (005  2.,10{ 97,90 | 1437 0.7
M3 TRICALGIUA CILICATE [0S 2:T7| 973 2.04 0.73
¥3 CALCTIM OXIDE  [0.5 0489 9921 | 0469 0,00
pIA FORST.AINS 1.9 3440| 95455 Je00 1.45
3 HORTICELLITE 1.0 2.77 97,20 | 1.35 1.45
193 M4 INIT. 05 1.9@ ;058 k) | 1.42%
D7 DICALGIUM SILICATE | 1.0 Ze11 95,871 2,49 1.4
53 TRIZALL TS SILICATY 1.0 5040 450 3473 1./2
D9 CAIC T OXIDZ 1.0 1.3T 3462/ 1432 0,00

IIz.
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TJ‘E.ELE: [

TH SOLUBILITY O CALSITMA OXIDL IW MACKH.SIA CONTATHING MOUTICWLLITE AuDIRIGH:,

Caleiunm oxide coatent of monticellite 35.9 wie ¥ CaJ/S.tOz mole ratlo of additicn 1,.:1.

C20/5105 DISIRTE « .7 CIeFFICLNT
080 CONPLI" €20 IN OLs RATIO G oad sl

s BONTICJLLID. | 9 0¥ pmIxe | soLUTIoN 1 210/ €0,
- ADDTTION pprpns  (SPSRATURE D STLICATE BOYD “
50 sl o TAGITSS IA AFTER

- I --:f* - o ‘(‘

mole wts, G wheh FIRING Q vt. q zole

1364 0.5 0,60 1600 0,09 048611 239 1340
1373 0.5 0.63 1700 0.09 0.35:1 90 1340
1328 05 0.68 1270 C.11 0.8431 710 1060
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TABIE 5,
Ty SCIUBILITY OF CALCIT' oY IDE

T AGIUSTA COUTAIYT G .i.n. 7 'TPa AUDITTGNS.

Calcium oxide econtent of merwinite 51,2 wt. 73 c:ao/sm2 mole ratioc of addition 1.5 : 1.

ca0/ ;10 JISTAIBIRIUN COEFPISIENT
Ca0 IN |y nit of Ca0 B:TWEE
REF. MERJTIIT.  (GaDd COSTENT | FIRING SOLUTION o g 10,/3&0 =
ADDITION DIXTURE  [TEMPERATURS yi] ﬂn_’fﬂ AT 2 .
30, role 7 wtoZ %. MAGHISIA wiliaats

"t o BO&:) a‘LFTLJR Q "-J't Q "‘010

o7 PIMIG . i
M668 0e25 1,02 1600 0.12 1:32:1 1030 1530
15688 0425 1.02 1300 0622 1:17:1 500 750
D68. 0.5 2,01 1860 0.29 1:75:3 400 530




PR TP

TRILITY OF CALSTY: 04105 T rAGin3Ly S0 TAITING DISALCITT Silluai-

TH4 SOLU
Calelunm oxide coitent of dicaleina silieats 65.3 wte ¥ Cas/ 510, role ratio of 2 dldion 2.0:1.

Ca0/310y E) SN ERING I A ) (V0 1901
PISALILAL | Ca% COT.|  pppeg | CAO T POLE RATID T, T
RTP. 3ILICAL - ALgTs | SRS L sorgrIon oo A0
J‘DDITT L l‘I.:E T'JR:}J'JIL-; I’I SILIU.-L}::-;{B-) h':)
’ o AaFr 1";
50, HAGHLS Sl
N mole wt, 1 og Li: %Gm FIRIG. Q v, g -olo.
iy ./ - -
o 1743 o5 1.37 1409 9.1 1.8511 157 2350
w753 045 1.37 1500 0.11 1.85:1 1570 2350
1763 05 1.37 1600 0.12 1.54:1 143~ 2120
M7738 0u5 1.37 1700 G2 1.58:1 73 1073
H788 045 1.37 1800 0.30 1.58:1 4 740
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THE SOLUBILITY OF CAICTITM CYID: IN MAGKNDSYA CSWTAINING TRICAICIU. SILICATE ADOTTIONS

Calcium oxide content of tricaleciun silicate 73.7 wt. “3 Ca.O/SiO2 mole ratio of zdditicon 3.0:1,

. Ca0/s40 DISTRID7ION COTTC I4NT
PRICALITC: . Cad IN | MOL: :4TIO OF 11 BuTaood

’ ADDTPTON MIXTURE  |1.)iPERATURE N SILICATRE A
X0 mole & MAGNISIA | BOMD AFTER

. # wt.% %. T FIRING g wt. 4 mole
M348 0.5 2,04 1400 0.34 2,50 : 1 699 1020
M358 0.5 2.04 1500 0.50 2.27 3+ 1 420 630
M868 0.5 2,04 1600 0.72 1.9 3 1 260 280
M378 0.5 2,04 1700 0.75 1,92 : 1 240 360
Maas 0.5 2,04 1800 0.7% 1,90 ¢ 1 230 350
Dass 1.0 3.9¢ 1800 1.46 1.99 : 1 130 190
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Clrwr s L BN 0 ] + 180
giarras TOIATRIICS Al

ADLS 9.

M.TL3 AUD TAUL

DISITY ©F A0 05T

I3 LTS €70 0.

q Ca0 4n CALG  iauy 40
9 1ACTLIIA IR 4
A A o wt. o gofCoe
A
J 4211 0.0 3.534

=0 + 1,0 mole % Cal

4 o220

1.30

Nns ok 05 7ole S 05

4e214

0.30

34533

120 + 0,5 mole 4 CBS

44216

075

3.534
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Che f Ry oF Tin RSRTCT _OF ANDTTIONS ON THI KINETIICS OF THH GRAIN GROWTH QF MAGNRSIA

‘81T

SLOPT OF PIOT TIMPERATURE APPARENT
J. INTICER n IN - o el n RATE COMSTANT X RANGE CF LCTIVATION
I i PR - S - . (‘ - i R shodln VORT I Y
. L?:?, l.lg. LO RZLATICHSHIFE LC\J’:O(t o) VS L)GTO(D Do ) CHANGE IN BNERGY
P e A ~ ' T AN [ 04 (HIch
Mele. % 1 o o o o o o o o o o NECHAN[SM L )
’ o= D0 oot 5ot {1600 | 1700C 180 [1806C [1500¢ fi600C 17006 [180c og LLbs |Feib
T, 2.6 1 8.9 .j2.47 -
20 LLDITTON 2 - - [0,8211.03% |o.g% | - x*.oG‘ ot | o'l 210 NO CHANGE 78
0.5 1.06 [3.81]1.2311.28 1700 - 1800 85 _
PORBILATID 3 ~ 04941 0.95]0.95 [1.07 - {x107 | x10” {x10" | x10°
] RN SENN A R
0.5 66 2. 1.11 1 2. L84 -
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0.5 1.09 1 2.38 15,63 | 2.45 1 1171 1600 - 1700 | 53 |43
- lo.501io0. 0. 1,00 - 2
DICALCTUN HTLICATH 3 E 951 0.97 x10% | %102 | x10° | 10" | x10°
0.5 8.25; 1.88 { 3.13 { 1.01 | 4.7 4
= ! . . 1700 - 1800 7 -
AICALCIY SILISATS 2 0.90 |0.90 | 1,03 | 1.04 1 0.9 | ,10 ﬂoa x'lo3 x105 x1o2
0.5 8.0 | 1,15 11.28 | 2.76| 1600 - 1700 22 |62
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FIGURE 1

SILICATES IN THE CQO-M90-5102 TERNARY SYSTEM
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FIGURE 2 A

CL ARK- WHITE _MERCURY_ _BALANCE
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FIGURE 2B

DIAGRAM OF THE POSITIONING OF THE PELLETS IN THE
SINTERING FURNACE
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Figure 3.

THE EFFECT OF FIRING TEMP:sRATURE ON THE SOLUBILITY

OF CALCIUM OXIDE IN MAGIZSIA FROM THE

CALCIUM SILICATE ADDITIONS.
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Figure L.

PLOTS OF CALCIUM OXIDE COWTENT IN THE MAGNSSIA

AGAINST THZ LIME/SILICA RATIO OF THE SILICATE

ADDITION AND SILICATE BOND AFTAa FIRING

AT VARIOQUS TEMPERATUR.L3 FOR 8 HOURS,

Mixtures containing 0.5 mole % (but 0.25 mole % for merwinite)

of tho silicate additions.




ClrlS

Cahlﬂsz Czs

ADDITION  _

. 1700 N
[+ ]
wT. [
caLcIuM e i
BOND
OXIDE - AFTER ADDITION 4
FIRING
DISSOLVED, ,| i
IN
MAGNESIA i
02 -
1 | | [ |
. 1600 °% + i
O-6- BOND -
AFTER /ADDITION
- FIRING 7
0.0 1 1 | 1 [l
-0 I-S 2.0 2-5 3-0

LIME~SILICA RATIO OF THE SILICATE




Ficure 5.

THL EFFSCT OF THE LT4s/STLICA RATIO 07 TII: CALCTM

SILICAT. ADDITION OF Ti+w SOLUBILITY OF CALCIUM

OIIDE I VAGIWSTA

VFTLR PIAING AT 1800°C.

Mixtures containine 0,5 and 1.0 mole % (but 0.25 and 0,5 mole &

for merwinite) of the caleium silicate additions,
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Figure 6.

TH, &FFACT OF INCREUASTIG TIC ADDITION OF THE

CAICIUN SILICATS QN THS SOLUBILITY OF CALCTIUM

OXIDE T HA&GH.SIA AT 1200°%.,
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Fioure 7.

ICOTHERMAL PLOTS OF VOLWD SHiNKAGE PARAIGTCER, F

AGAT. ST FIRING TG, 4,

FOR PURE IAG STA.

vt
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Figure 8.

FOR UL MAGNSSIA,

ISOTH. UL PLOTS OF GRATI DIAILTLR, D, AGAINST FIRING TIIE, %,
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Firure 9.

TSOTHARMAL PLOTS CF VOLONIS SHALNJAGE PARAITTLR, F "y

LCATTOT FIITTG TT A, by

FOR LGOS IA CC TAINING O,.5 mole © FORSTIRITE.
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Fipure 10,

ISCTH.RMAL PLOTS OF GRAIN DIsIZATER, D, AGAINST

FIRL'G TD0, 4, FOR 1WGWaSIA

CONTALIIG 0,5 mole € FIWSTURITS.
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Firure 11.

THY wFFECT OF IICRUASING THL ADJITION OF FORSTEITE TO M.GNESIA

ON TH. POROSITY Ari.i 4 HOURS AT THI SINTLRING TallPLRATURSE,
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Fimure 12,

THe ZFFSCT OF INCRIASING THa ADDITICN OF rORST-RITE

TO VMAGHSSTA O Tild GRAIN DIAMITER, D,

AFT:ZR 4 EOURS AT TH4 SINTRIIDNG

TolPLRATIRE,
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ISOTHORIAL PLOTS OF VOLUIL, SERTTIAGL PARAMLTER, sz

AGATIOT FIRTIG TLE, 4,

FOR DAGHLSTIA €O TATIIEG 0.5 mole & NONTICLLLITE.
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Jimure e

ISOTHLRIAL PLOTS OT' GRALI DIUXTER, D, AGALST FIRING TIE, +, FOR

AGUSSTY COUTIINTYG 0.5 rpla & LONTICALLITE,
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Pirure 15.

TH: wFFECT CF INCRUASITCG TIUD ADDITION OF MOUTICSLLITZ TO MAGICSIA

ON _THEE POROSTITY 4w7 7% 4 HOURS AT Ti'w STUTRRING TEMPURATURE.
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Figure 15,

THs EFFECT OF INCREASTIG THE ADDITICH OF HOUWTICELLITE TO NAGHIESIA

ON THZ GRALT DIWVEITAR, D, AFTSR 4 HOURS

AT THI

STITARING TUUPLRATUZE.
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Firure 17.

ISOTHORMAL PLOTS 07 VoLl SIRTIKAGD PARMIETER, F_, AGAINGT

FIZING TOE, 4, #OR "AGNuSIA COUTATIING A 0,25 mole %

ILRJTIITS ADDITICH,
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Fioure 18,

ISOTH:RMAL FLOTS OF CRATI DTAMWLTZR, D, AGATIST FIRING TRIS, %,

FOR MAGU.STA CONTLDIL G 4 0.25 nole % 1LXiDIIIE ADDITICN.




FIRING TIME t(Houns)




FigUre 190

THd BFFZCT OF INCRIASING THS ADDITICON O° JLRUINITE TO IAAGHISIA

Ol THI POROSITY A¥TUN 4 HOURS AT THS STUTSRING TEIP=RATURS,
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Figure 20.

THI EFSFCCT OF INCRSASITNG THD ADDITICYH OF

INRSINITS TO iLGUDSTA OW THL G2AIN DIAILTRR, D,

AFTER 4 HOUS AT THS STHTIRING TEINPIRATURE,
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ISOTHARMAL PLOTS OF VOLUILS SHRINZAGE PARAMMITER, F , AGATNS

FIRLIG T0E, £, FOQ IACNCSIA COUTVIIING ALD.5 mole %

DICALCIUN SILICATS ADDITICH.
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Pigure 22,

ISOTHIRIAL PLOTS OF GRAIY DIYLTCR, D, AGATIST FIRING This, 4,

POR IACTIST. CONTATIT'G A 0.5 =ole &

DICAIC T STILICATA ADDITICH.
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Jirare 23,

TID DFTACT OF TICREASINT TEEZ ADDITION OF DICALCIUN SILICATS

TO MGHZ3IA ON T70 PORCSTITY AFTIR 4 HOURS

AT THZ SIRTORING T:MPURATUR,
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Fieuro 24.

THIZ EFFLCT OF LNCTLASING TIL ADDITION OF DICALCTUM SILICATE TO

MAGHESIA CH TIIE GRAIN JIAMLSTHR, D, AFTHR 4 HOURS

AT Til SINTUADING TalruRATURS,
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Ploure 25,

v s ——r

ISOTHSRUAL 2LOTS OF VOLWILL SHALNKAGS [ARAMUTUR, Fv’ AGATHST

FIRING TDZ, 4, TOR L AGULSIA GCOUTAINING A 0.5 role &

TRICALGIUL GILICATS ADDITICH,




FIRING TIME t(HOURS)




Fipure 26,

— e

IS0THORMAL PLOTS OF GIAIN DIANUTAR, D, AGAINGT PIRING TIE, t,

FOR UAGTL3TIA COUTAINITNG A 0.5 mole %

TRICALC IUI! SILICATS ADDITICH.
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Figure 27.

THS £FF .CT OF TLICREASI G TESZ ADDITICHN OF TRIGAICIWMI SILICATE TO

MAGHLSTIA O TTZ PCROSITY AFTLR /4 IIOURS

AT THo SIUTERING TSIPCRATURE,
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Piruye 23.

PHE EFFECT OF DICRIASING THS ADDITION OF TRICAICTIUM SILICATL

T0 MAGHISIA O TIL GRATN DIMIITIR, D, AFTIR 4 HOURS

AT TIZ) SLNTLAING ToITZRATURI.
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Pirure 27.

ISOTHLRANL PLOTS OF VOLUILD SHRINZAGS FARAILTLR, Fv, AGATICT

FIRLG TIE, 4, OR IAGULSIA CUITATIING A 0,5 mole %

CAICIWI CXINE ABDITICH.
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Figure 30.

ISOTE.RVAL PLOTS OF GRATDY DIANETRR, D, ACATHST FIRING TLE, t,

FOR MAGNISIA CONTAINING A 0.5 mole % CALCIUM GXIDE ADDITION.
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Fipure 31,

TEs EFFECT CF DMCRIASTIG Tif. iDDITICY OF CALCIUM OXIDZ TO IAGNZSTA

ON TiE POROSITY ATTER 4 HOUAS AT TES SINTURING TIliPIRATURE,
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Figure 32,

THI SFFECT CF IICHR-A3TIG THZ ADDITICT OF CALCIUN OXIDE TO VAGHSSTA

ON TH: GRAIN DIAILATRR, D, AFTSR 4 HOURS AT TH:S STHTEZRING TZir. RATURS,
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2

ISOTHERMAL PLOTS OF D™ AGATNST FIRLYG TIL, 4, FOR PURS MAGNTSIA

AND VAGUESIA CONTATNING 0.5 mole % CALCIUM OXIDS.

Ficure 33. AT 1500° AND 1600°%¢,

Ficure 34. am 17" A 1300%¢,




FIGURE 33
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ISOTHSRMAL PLOTS OF D° AGAINST FIRING THE, +, FOR MAGNESIA

CONTAINING SILICATE ADDITIONS.

Figure 35 AT 1400%C,
Figure 36 AT 1500%,
Figure 37 AT 1600%,
Figure 38 AT 1700%.
Figure 39 AT 1800%,

All nixtures containing 0.5 mole & (but only 0.25 mole % for

. merwinite) of the silicate additive phase.
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FIGURE 37 ,
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FIGURE 38
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FIGURE 39
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Firure 40.

PLOTS OF Loe K AGALIST /T°A TO DET=RUTLHE THE ACTIVATION DVGRGILS
10

OF GRAIN GROJTH OF MAGNISIA,

2

(1) SYSTUL3 ODEYING RELATIONSHIP Xt = D% - 0}

(1)  PTE 1z0

(G) 50 + 0,5 mole & Cal
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Fipure 41.

PLOTS OF Log, K AGAINT 1/1°4 TO DITERUIME THS ACTIVATION ENZRGIZS

OF GRAIN CGROWTH OF IAGUESIA.

3
(11)  SYST:! ODBYING THE RELATIONSHIP Kt = n% - D,

(8) 11ig0 + 0.5 mole % 2!50.510,

(G) II{IO + 0.5 nole % C&O.”goosioz

(D) Mg0 + 0,25 mole % 3Ca0,l40,2510
2

(8) 10 + 0.5 mole ¢ 2020,510,,

(7} 1150 + 0,5 mole % 3020.510,
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Tigure A2.

PLOTS COF VOLUIZE SHRIMLLGE PARAMLTIR Fv ACATNST Ca0/S10, MNCLL RATIO

2
OF ADDITION TO PURL VAGILISIA AFTER STIT=ATNG FOR 1 HOUR

AT =ACH ToliPoRATURE,

All mixtures containing 0.5 mole ¢ (but only 0,25 mole & for

merwinite} of the additive phase,
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Tirure 43,

PLOTS OF VOLIIL: SUALTTAGL FARAILLTLR Fv ACAT:ZT Caw/S40, ' OLI FATIO

OF ADDITION TO Ui PAGY.OTA AST . STOT NING Fuj 4 HJUTS

»T LACH Totle (GATURG.

P

Comparison of nixiurcs containing 0.5 and 1.0 mole & (but only

0,25 and 0,5 nole & for n~rwinite) of the additive phase.
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Fioure 44.

PLOTS OF VOLUID SHRIIIAGS 2 RANLTER FV AGATIST CaQ/8102 1L RATIO

OF ADDITION TO UL LAGTISTA AFT.R STITHIING FOR 8 HOURS

AT ZACH T -RATURA.

A1l mixtures containinz 0,5 mole & (but only 0,25 mole % for

nmerwinite) of the additive phase,
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Firura 45.

SUTHLMS O GIALI DIALITIR D (dn risrena) PLOTTSD AGATLT TH:

CaO/ﬁiOz LodL, RATIO OF TH. "NTCTUT TO NI <ACYTISTA

) T fal- e T - . 3
ASTR ST LIT G FOT Y VUYL A0 TR T

411 nmixtures containin< 0.5 molz [ {btut only 0.25 -ole % for

nerwinite) of t'2 additiv: phace,
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Pli~ure 16.

[SOTHERIG O GRAIV DIALTER D (in microns) PLOTTLD AGCATIST TIHC

Ca0/5 10, 0L, ATT. OF TIL: ADDTTICYH TO PURT "AGNUSTA

ADT.R SLIT NG FOR 4 IUIRS AT T PUDATURE,

Comparison of mirturcs containine 0.5 and 1.0 mole % (but only

0.25 ana C.5 sole © for merwinite) of the additive phase.
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Timara L7,

ISOTH-20 94 £3AT, 97 TR D {41 —derona) PLOTT D AGATVST T17.

€a0/510, ..oL. ATIJ O T, ADDITIULN TO PURL JACTESTA

AP BT T AT G Qv g [Th'rs AT T oL AT Tw,

ol

Al1 mirxtures containing 0,5 mole © (but only 0.25 mole ¥ for

~srwinite) of thoe 2d1itive phase.




A
\REFIRED 1800 °% FOR 8 HOURS

\INITIALLY FIRED 1800 “c FOR
\ 8 HOURS -

i
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Simure 43.

FIOTS 90 T.UT, 1070,y ACAD LT T00 LI LADG T4 0 AT

TAGTISTIA JITT 0T GITRUUT TP OADDITIONS

-y s - B Y B
crwt 2INF TG 02 8 HoT S AT TS DT,

(4)  Pure -0

{8) 1170 + 0.5 "0le & 21’30.3102
(€) 170+ 0.5 mols § Cali':0.510,
(D) =3+ 0,25 nola 7 3630.L30.23102
o) 00+ 0,5 role © 20:0.3102
{(r) 1nd + 0,5 rolo 30&0.3102

(%) 10+ 0,5 mola ¢ Cab



O 8 HOURS AT TEMP.

+ 2HOURS AT TEMP.
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HICR

Firira L9,

C3TRUCTURAS OF UiliuiimD MATDRIALS APTOR oINTLRILG FOR 8 HUURS

AT 180070,

{a ) Pare lagnesia. Iots the ancular varnesia prains.

(b)

(e}

(a)

I’ ;nesia with 0.5 mole L of forsberite. Note the darker
grey isolated arcas of forsterite at the prain boundaries
and the large racnesia grains,

Yaraesia with 0.5 nole € of monticellite. lote the rounded
mignesia graina with the monticellite phase around thom.
Large black areas are whore material was pulled out during
volishing, Grey patches are the irmprecnating resin,

“aprnesgia with 0,25 mole % meruinite, MNote the rounded rmagnesia

grains with the silicate phase aroind thew,
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Fimure 50.

HICROSTRUCTY WS OF IIATARIALS APTOR 3THTERING 103

8 1IOURS AT 1200°0.

(a) l=mgnesia with 0.5 role ¢ of dicaleium silicate. Zounded
magnesia grains with the silicate phase at their grain
houniaries,

(b) IMagnasia with 0,5 mole ¢ of tricaleiun silicate., large
rounded magncsia grains with the silicate phzse a%t their
grain boundaries.

(¢} Magnesia with 0.5 mole % of calciun oxide etehed with
dilute salphuriec acid, lote the small angular meeonesia
crains,

Pure rmagnesla etehed with dilute sulphurie acid,
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Tipure 51.

UICROSTRUCTUR 3 OF Th. oTCILLD MAGHUSIA CONTAIIING SILICATL

(4)

ADDITIONS APT.2 ol T.310G FIR 8 HoURs AT 1800°C.

Parnesia with 0.5 mole % of monticellite etched with

1 & hydrofluoric acid, Note the dark etched monticellite
rhase around the narnesia grains, The lirht grey rhase
is the impre-nzating resin,

Mapnesiz with 0.25 nole & nsrwinite addition etehed with
2 % Nital.followed by 1 ¢ hydrofluoric acid. Note the
lirht groy morwinlte phase and small areas of ‘ark
~onticellite phase around the rmagnesia pgrains,

Mapnesia with 0.5 mole & of dicalecium silicate zddition
etched with 2 % ITital. Yote the light grey mirwvinite
phagse and dark grey patches of etched dicaleiun silicate
around th: marn-sia grains,

ilirnosia vith 0.5 nole % of tricaleiun silieate addition
etched with 2 ¢ Hital. At thz grain boundaries are dark
arcas which are alnost all diecaleiur silieate.



ALL X 400







ALL X 400




MICROSTRUCTURES OF THE STCHED MATERIALS AFTER SINTERING

(b)

(e)

FOR 4 HOURS AT 1800°C.

Magnesie with 1.0 mole ¥ of dicaleium silicate addition
etched with 2 £ Hital, DNote the light grey merwinite
and the dark grey dicalcium silicate phase swrrounding
the magnesia grains,

Magnesia with 1,0 mole ¥ of tricaleium silicate addition
atehed with 2 ¢ Nital, Note the small magnesia grains

and dark areas of dark grey dicalcium silicate surrounding
the 1ight grey tricalcium silicate at the graln boundaries,

Macnesia with 1.0 mole % of caleium oxide etched with
d?lute sulphuric acid., Note the small magnesia grains.




ALL X400




(a) and (b) Megnesia with 0.5 mole % of dicaleium silicate

(a)

(b)

(a)

(d)

addition fired at temperature for 8 hours.

Fired at 1600° and etched with dilute sulphuric acid,
Hote the small magnesia grain size.

Fired at 1700°0 and etohed with 2 ¥ Nital, Note the

large rounded magnesia grains surrounded by mainly dark
grey dicaleiun silicate phase. ¢f.Fip.5ls.

I of tricanloium silicate
gddition fired at tquperature for 8 hours.

Fired at 1700°C and otohed with dilute sulphurie acid,
Note the small grain size of ths megnesisa.

Fired at 1800°C and unetched. YNote the large rounded
magnesis gralins,
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APPERDIX T

HIGH TEMPEZRATURE STRETGTH MEASTURENELT RIG.

A high tvemperature furnace has been designed and
constructed for the determination of the compressive
or modulus of rupture strength, and can be rezadily
adapted for creep measurements of refractory materials
at temperaturcs up to 2QOO°C. The tungsten element, by
which the specimens are heated, will operate in vacuunm
or low 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 effect of additions from
the CaO-MgO»SiO2 phase system on the high temperature
strength of magnesia is the subject of a later separate

investigation.
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Tirure 55,
ol it B

oa tha "Instron

THOTOGRAFIS 07 Tii. TITGT TOMROAATURL TURNACE FO STRONGTH
DOTOINATIONS
(a) Front vien showing nositien of ths furnzce
physical tostin  rachine.

(b)
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radiatien chiclds,
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APCEIDIX I

STARY OF TII T3CTTNT AL 3R

TABIES 11 - 15  Puro lagresin

TABIES 16 = 20  lhpnoaia Containing 0.5 mols § Forsteorite

TABLES 21 = 25  Ili7neais Containing 0.5 mole % Monticollite
TADLIES 26 = 30 lagnesia Containing 0,25 mole ¢ lopuinite

TABIES 31 - 35  1lfagmesia Containing 0,5 mole & Dicaleiws Silicate
TABLES 36 » 40  llagmosia Contalising 0.5 role % Tricalelun Silisato

TABIZS 41 = 45  lfagnesla Containing 0,5 mole % Caleium Oxids




TARL. ]
SIST.UIEG DATY ON IACS 3TA FTLSY AT 1400%C.

T PIOPE®TIES A®TEF FTTTYNG
rpp.  |TOME AT T TOSED ‘ ' ) .
o DE.S7. TCATTON
o, | BULK DENSITY g./cc. POFPOSITY VOLUME S A;\:Iw o CTATIN
NO
* HR, DENSTITY APPARENT CHARGE ST7E
s Jcc. BULK SOLTD THUE |APPARENT! TRUZ SEAIED p NENSTRY | VOLUME )
140 0.1 1.56 2,03 3.52 3.58 42,3 433 1.0 23.2 233 40.9 -
1141 1.0 1.53 2,21 3.56 3.53 37.9 38.3 0.4 28.5 31.5 51.0 -
1{142 2|0 1.58 2.27 3-55 3-53 3601 36-6 O.S 33.!;‘ 34.5 54-4. -
1344 4.0 1.58 2.34 3.55 358 341 34.6 0e5 32.5 38.0 53.1 -
M148 8.0 1.57 2.39 3.55 3.58 32,7 33.2 0.5 3443 4048 61.1 -




TARL. 12

oL'.. .1 G D2y oN 1260 TA FI2e) AP 15c0°C,

PIYOPETTIES ATTTEF FTT"TNGEG

TIME AT PPESSED
REF. -
’ LEISTY TON
ogmp. | BULK DENSITY g./cc. POFOSITY % vorue Elpi Lﬁ%%ﬂo P
NO. DENSTTY CHABGE
HR APPARENT 4 STZE
. BULK THRUE APPARENT{ TFUZ SEALED ATy
g./ce. SOLID % TENSTLIV | VOLUME u
::153 Oul 1.5\3 1,014 3-55 3.5‘3 39.7 4{;02 0.5 26"“' "23'0 4.6.8 -
1151 1.0 1.57 2.36 3.5 3.53 32.9 3443 04 33.5 2T.2 5246 - !
152 2.J .50 “el5 3.50 353 31,3 31.7 3.4 35,4 43.9 6442 -
X ~
1154 40 1,60 <57 3.05 3.5 R7.3 2d,.2 0.4, 37.7 49.0 5342 30
TERES A T M el -
M153 840 leb0 2.74 3.:76 3058 23,0 23.4 0.4 11203 Scel 755 11,0




_TABLE 13

SINTERING DATA ON MAGNZSIA FIRED AT 1600°C,

P.OPE"TIES AFTEF FTRING
rER.  |TTME AT FFESSED .
¥ . (Aj DEI»ST..‘..ICATION
revp. | BULK DENSITY g./cc. PO osxTY-,T-h o 15w, ICATT -
NO. DENSTTY \ CHAZOE -
HR. sk |APPAREN G STZE
. /oo sorry | TRUE  |APPARENT| TRUE SEALED | rENSTSY | VoLuMe )
160 0.1 1,57 2,36 3.58 3.58 3440 34.0 0.0 33.5 39.3 59.7 5¢5
“1
M161 1.0 1.56 2,50 3.57 3.58 30.0 30.2 0.2 37.5 475 66.5 8.0
Meé2 2.0 1.60 2.7 357 3.58 2345 23.7 0.2 ARy 57.1 T4.9 10.0
1
M164 440 1.59 297 3.57 3.58 16.8 17.0 0.2 4645 69.3 83.6 12,5
S SRS S
M168 8.0 | 1.58 3.22 | 3.55 | 3.58 93 10.1 | 0.8 50,9 82,0 91.0 14.0




SINTENTIG DATA (7 MAGNESTA FIRSD AT 1700°%,

TABLE 14

= P  OPE-TIES AFPTEF IPTT"THNG
rEp.  |TTME AT [ DOOED - o .
BULK . . o LE! ST TICATTON
TEMP. DENSITY g./cc POPOSITY ¢ VOLUME o AR CTATN
No. DENSITY CHARGE
HR APPARENT s STZE
. BULK UE .
. /cc. SOLID THISE APPARENT| TRUE SEALED % PEFSTSY | VOLUME u 1
70 0.1 1.60 2.3 3.57 3.58 234 23.7 0.3 ) Ale5 573 75,0 10,0
:"171 100 1.55 2.99 3-57 3058 16.8 16-6 002 43.2 7O¢7 84.8 1205
MI72 1 2.0 | 1457 | 3z, | 3.52 | 3.58 8.9 9.5 1.6 51.6 83, 31 9L.8 15,5
74 40 1.60 3.45 3.51 3.58 1.8 3.6 1.8 £3.2, 93,2 9.9 20.5
11178 8-0 1.60 3.4,6 3.52 3.58 1.7 3.4 1.7 530\4 93.9 97.2 28.0
{




SINTFRISG DATA OF MAGN-SIA FIRED AT 1800°C.

TABLE IS

P.OPE"TIES A®TETD FT"TNG
cop. [TDME AT PPESSED ' _ B
, DE 75 TCATTON
reyp, | BULX DENSITY g./cc. POFOSITY %  {vowe o e L0 CTATN
NO. DENSTTY . CHARGE T
HR APPAREN STZE
* BULK i ¥
. Joo. sorgn | TTUE  |APPARENT| TRUS | SEALED | rersTey | voruve .
M180 0.1 1.59 3.32 3edb 3.58 4e3 7ok 3.1 52.1 86.7 93.6 23.0
Mal1 1.0 1.5 3.40 347 3.58 2.0 5.2 3.0 5442 90.9 95.8 28.0
I
M2 2,0 1.56 344 3.9 3.58 1.5 3.9 24y 5445 93.1 9% .9 33.0
~ 1
M134 440 1.62 348 3.51 3.8 0.9 2.7 1.8 5344 949 97.5 40.0
Miee 8.0 1.57 3.49 3.52 3.58 0.8 2.5 1.7 55,0 9545 98.0 49.0




T.21E

16

CILORIDLG DMTA U1 TACTLGIA COUTATITNG 0,5 mole $ FONSTLUITE FINCT AT MCODC.

P OPETTIES ATTEF PT"TNG
. TTME AT PPESSED £ ]
, o CE: 87, TCATTON

TEMP. BULXK DENSITY g./cc. POTOSITY % VOLUME : PAWW%R CFATN
NO. DENSITY | - {CHATNOR

iR. APPARENT STZE

2. Joc. BULK SOLTD THUE |APPARENT] TRU=Z SFALED p rENSTTY | VOLUME "
M40 0.1 1.5 1.94 3.50 358 L4 b 453 1.2 19.7 18,8 3.9 -
1441 1.0 1.57 2.08 3.52 353 40,9 ‘41.9 1,0 24D 25.3 4349 - i:
ML2 2.0 1.55 2417 3453 3458 3845 394, Q0.9 22,5 30.4 5043 -
1

3/ ¥V 4.0 1.5 2.2/, 3.54 3.53 3647 37 0.7 31,/ 3443 55.1 -
Hi48 8,0 1.55 2,35 3.55 3.53 33.8 33 0.5 33.5 3%.1 5%.4 7.0




PABLE 17

SINTIRING DATA ON MaCHESIA CONTAINING 0.5 mole $ FORSTZIRIT: FIRLD 1T 1500°C.

———

- TIMEATIPPESSED P .OPE-TIES APTEF FT"TNG

TEMP. BULK DENSITY g./cc. POPOSTIY % VOLUME DE;i?J;}Ig%ON OTATN
NO. 1R, Z?:?Y BULK AZ‘;’:EN"' TRUE |APPARENT| TRUz | SEAIED CH:%GE rerstiy | vorme STHZE
M450 0.1 1.54 215 3.53 3.58 39.0 39.9 0.9 2544 29,9 49.9 -
M451 1.0 1,53 2,50 354 3.58 29.3 30.1 0.8 36.7 4.0 65.5 10.0
MA52 2.0 1.57 2,98 3455 3.58 16,2 16,9 0.7 472 70.0 8.1 12,0
M454 40 1,53 3.19 3647 3.53 8.1 10.9 2.8 5044 80.3 90,2 16.0
M458 8.0 1,56 3,27 3.39 3.58 3.5 8.6 51 51,7 8445 92.5 21,0




TABLE 1§

SINT.ALNG DATA OF IL.G% SIA CONTAINING 0.5 mole % PORSTERITE FIRED AT 1600°C.

P .OPE"TIES AFTETFT PT"TNG
- TTiE a7 |FPESSED
o, 387, T
TEMP. BULK DENSITY g./cc. POTOSTTY VOLUME Fmpﬁ :m?n%f;‘%}a"” T ATN
NO. DENSITY CHARG -
HR. APPARENT S™ZE
o oc. BULX SoLTD TRUE |APPARENT| TRUE SEALED p rENSTYY | VOLIME )
M460 0.1 1.5 246 3.56 3.53 31.0 31.3 0.3 3.8 4448 65.0 3.5
3
137433 § 1.0 1,60 2,80 3.55 3.58 21,0 21.7 0.7 43.1 69,8 T7.7 17.5
1462 2.0 1.57 3.12 3.51 3453 1.2 12,8 1.6 49.7 ™ 88,6 220
172 4.0 1.59 3.33 342 3.58 2.6 Z.0 4ed 5244 87.5 93,9 25,5
:{!&63 800 1.53 3.36 3044 3.53 2.5 6-3 308 52.9 §8‘8 9408 32.0




TABIZ 19

SIOTZRING DATA ON MAGNESIA COUTAIIING 0.5 mole $ FORSTERITE FIRED AT 1700%,

v A e e d e B Ak Ak e d——— oo A SE—— ¥

PTTTNG

P.OPE"TIES AFTET
cen [rmiE Ar (TRESSED S
— CENSITY g./cc. POTOSTIY & _ lvows LEL B JoATION CTATN
NO. DENSITY | CHAGGE 3T7R
HR. APPAREN S
2. foo. BULK worrn | TTUE  |APPARENT| TRUS | SEALED | rErsTyY | VoruMe "
M470 0.1 1.57 2495 3454 3458 16,7 17.6 0.9 4643 68,7 8345 1545
i
M1 1.0 1.59 3.35 3e42 3.58 6.8 11.1 43 5244 87.7 9401 2440
W72 2,0 1.56 3.38 35 3458 2.0 546 3.6 5348 90.1 954 31.0
74 | 4.0 1.59 | 3e42 | 3447 | 3.58 1.5 4o 3.0 53¢5 | 92.0 %.2 37.5
ML78 8.0 1.57 3e42 3648 3.58 1.7 be5 2.8 S54el R.0 %4 4545




TABLE 20

SINTERING DATA ON IfACNESTA CONTAINING 0.5 mole % FORSTERITS FIRED 4T 1£00°C,

<——

P OPE"TIES AFTEF ¥T7™TNG
en 7O AT PPESSED
raup, | BULX DENSITY g./cc. POTOSTTY VOLUME | pn gt ON CTATN
NO. DENSTTY CHATGE
R APPARENT Ao STZE
. BULK :
2. Jec. SOLID THUE APPARENT| TRUE SEALED % PENSTEY | VOLUME u
M,80 0.1 1.60 3.38 3.43 3.58 1.3 545 442 52.8 89.9 95.3 40.5
481 1.0 1.61 3.42 3.48 3.58 1.7 he5 2.8 52.9 91.9 %.2 59.0
M482 2,0 1.60 3.40 347 3.58 1.9 49 3.0 5249 91.0 95.8 69.0
- 1
Mi84 4.0 1.60 3.43 3.48 3.58 1.4 4ol 247 5343 2.5 X5 84.0
MLBS 8,0 1.60 3.43 3047 3.58 1.1 4-1 3.0 5303 92.5 %05 l%




TADLE 2|

G DATA ©1IUGIISTA COSTAINING .25 mole % IDIPIC.LLITS FID AT 11.0006.

P .OPE"TIES AFTET PT™ TNG
- TTIME AT PPESSED B i
3 7 of TEr 8°+ T
rewp, | BULK DENSITY g./cc. POROSITY & VOLUME E; : AIDgg%‘FON CTATN
NO. DENSTTY . CHANGE -
HR, APPARENT . S™7E
.. cc. BULX oL TRUE |APPARENT| TRUE SEALED p I e— .
Y340 0.1 1.60 2,12 3.53 3457 38,2 3%1 0.9 2649 3.6 L8.7 -
I
e TA X.0 1457 2423 3e54 3.57 37.0 37.7 0.7 22.5 33.G 5247 545 F
M342 2.0 1.57 2.0 355 3.57 32,4 1 33.0 Gob 345 41«5 61,6 7.0
- 4
1344 440 1453 2483 3.55 3.57 20,2 | 21,0 0.8 44,3 604 T35 8.8
3.8 8.0 1.59 2,98 3453 357 155 16.5 1.0 bl Tie3 84.0 1l.0




SINELL

TABLE 22

I¥G DATA CH MAGIESIA CONTAINING Ou5 mols £ MOSTICILLITS FPILD 4 1500%.

P . OPE"TIES ARTET PT7 "NG&
S PPESSED .
remp, | BULX DENSITY g./cc. POFOSTTY % VOLUME DE‘;E “ﬁ%ggm GFAIN
NO. DENSITY \ CHARGE
HR. BUIK  |APPARENT STZE
e /co. sorrm | TAUE |APPARENT| TRUE SEALED p rrsTry | vortve "
- -9
M350 | Q.1 1.53 2.83 3450 357 19.3 22.9 1.6 439 6245 2.1 10,0
1851 1.0 1.59 2,98 3.42 | 3.57 12.8 16,5 3.7 25e6 0.2 8440 14.0 :
052 24,0 1.58 3406 3435 357 9.1 L3 5.2 43.5 45 871 17.5
—1
1‘854- 4«-0 105& 3.10 3.34 3.57 7.2 13-2 6a0 4.9.7 %96 88.1 2100
M358 8.0 1.58 3.13 3.30 3457 542 12,3 7a1 49.6 T1.9 89.0 23.0




ﬁa

TABLE X3

SINTERI'G DATA ON :AGN.SIA CuLTAISING 0.5 mole % FONTICELLITE FIR:ID AT 3600°C.

P.OPE"TIES AFTEF I T" TNG
- ITME AT PPESSED |
remp, | BULK DENSITY g./cc. POFOSITY VOLUME DEfpﬁ f}}éﬁ%m CTATN
NO. DENSITY N CHARGE T
iR, APPAREN] : i STZE
g./cc. BULK SOLID TRUE  [APPARENT| TRUZ SEALED g NEESTAY | VOLUME )
M360 0,1 1.60 3.17 | 3.36 3.57 5.6 11.1 55 476 797 89.9 11.0
361 1.0 1.60 323 3.29 3.57 1.8 2.5 7.8 5043 82.7 91.6 17.5
M362 2,0 1.59 3.25 3.29 3.57 1.2 9.0 7.8 5l.1 B3.8 92.0 26.5
1364 4.0 1.58 3.25 3.31 3457 1.8 9.2 7.2 51,2 84.0 92,3 35.5
e
M368 8.0 1.60 3.29 3.33 3.57 1.2 7.8 6.6 51.3 85.5 93.0 455




TABLE 24y
SINTERING DATA ON I'AGIESIA CORTATNING 0.5 mole % MONTICELLITE FIReD AT 1700°C.

.r.___m P OPE"TIES AFTEF FIRTNG
cmp. |[TDME AT PPESSED
LE! ST, ICATION
revp. | BULK DENSITY g./cc. POFOSTTY % VOLUME oA AR CTAIN
NO. DENSITY ., CHARGE A
HR, APPAREN & STZE
g./cc. BULK sorro | TRUE  {APPARENT| TRUE SEALED | MENSTSY | VOLUME y
1370 C.1 1.60 3422 3.29 3457 2.1 9.8 7.7 50.4 82.1 91.1 21.0
M7 1.0 1.57 3426 3433 3457 2.1 3.6 6.5 51.8 Ehe5 R.6 <9.0
M372 2.0 1.59 3.28 334 3.57 1.8 3.0 642 51.6 85.6 93.0 36.5
137, 440 1,59 3429 3.35 3.57 1.8 7.8 6.0 51.7 85.9 93.3 49.0
M378 8.0 1.58 3.30 3.36 3.57 1.8 76 5.8 52,1 8644 93.6 59.0




TABLE_2§

SINTCRING DATA ON MAGNASIA CONTAINING 0.5 mole ¢ MONTICLLLITE ¥IRuD AT 180000,

P.OPETTIES ATTEF PTTTNGC
ipe.  [TDE AT PRESSED
0STTY DENS T ICATT
raup. | BUIK DENSITY g./cc. POTOSITY o VOLUME Lo LCMTION CTATN
NO. DENSITY CHARGE -
HR. APPARENT! HARG S™ZE
2. Jcc. BULK SoLTD TRUE |APPARENT| TRUE SEALED g FENSTAY | VOLUME "
M380 0.1 1.60 3.28 331 3.57 0.9 8.1 Te2 51.3 85.3 92.9 23.5
T
H381 1.0 1.60 3.31 3.35 3.57 1.1 7e2 641 5148 86.8 93,7 39.0
4382 2,0 1.60 334 3.36 3.57 0.6 6.4 5.8 52.1 8843 %edy 50.0
M384 4.0 1.61 3.16 3.28 3.57 3.6 11.5 7.9 49.0 771 8%.1 60.0
M388 8.0 1.60 3.04 3.39 3.57 10,3 3.8 4e5 47.4 73.1 85.9 .5




TABLE 24

STUTCRILG DATA O 1AGUESTA CONTAINING 0.25 mole % !TRWINITE FIPED AT 1400°%.

P OPETTIES AFPTEF ?TTTHKNG
REE. TIME AT PFESSED B
N r oo LCENSUTTCATION

TEMP. BULK DENSITY g./cc. POPOSTITY ¢ _ VOLUME Ph TR
NO. DENSTTY . CHARG

HR. APPARENT he

s worrp | TUE  |APPARENT| TRUE | SEALED | SR P
mAO 0.1 1.59 3-52 3058 4002 41.2 1.0 24'..7 2601 4044
}541 1.0 1.59 3055 3058 35.7 36.4 0.7 3003 34.7 54.5
Mo42 2.0 1,58 3.55 3.53 34.1 3447 0.5 32.5 38,0 53.1
1544, 4.0 1.53 3.5 3453 18.2 18,7 0.5 5.9 6645 8243
A

1648 8.0 1.58 3455 3.58 13.5 1.3 0.8 8.6 T4e5 86.8




TABLE 27

SINTERING DATA ON MACNESIA CONTAINING 0.25 mole % MERWINITE FIRED AT 1500°C.

P .OPE"TIES AFTEF I"T"TNG
- +1vE ap |PPESSED E
QST ¢ 2 STIICA

TEM. BULX DENSITY g./cc. POPOSITY VOLUME DEPﬁ AI% %}'-;ON CTATN

NO. DENSITY . CHARGE -
HR. APPARENS STZE

2. Joc. BULK SoLTh TRUE  |APPARENT| TFUE SELLED p NENSTEY | VOLUME .
M50 0.1 1.60 243 354 3.58 31.4 32,1 0.7 34.3 42.1 62,0 10,5
M51 1.0 1.60 3.00 3.50 3.58 14.3 162 1.9 4B T0.7 8444, 13.5
652 2.0 1,58 3.16 3.49 3.58 9.3 11.8 2.5 50.1 79.0 89.6 16.0

~

M55, 440 1.60 3.25 3.42 3.58 49 9,1 42 1.0 83.6 92.0 19.0
M558 8.0 1,58 3427 3.4 3.58 4ol 8.7 46 51.7 8445 92.5 23.0




TABLE 28
SINTERING DATA ON MAGNESIA CONTAINING 0,25 mole % MERWINITE FIRED AT 1600°%.

P OPETTIES APPEF IFTT"TNG
— TIME AT PRESSED o
? o TELS T, TCATTON

TEMP. BULXK DENSITY g./cc. POTOSITY ¢ VOLUME o A:‘Iﬂ(_':."lgn CTAIN
NO. DENSITY ' CHATGE

iR. APPARENT 13l STZE

BULK :
e, Joc. Sor1h TRUE  {APPARENT| TRUE SEALED p PENSTAY | VOLUME .

MH60 0.1 1.57 3.07 3.48 3.58 11,7 1.2 2,5 3.9 7446 87.1 18.0
1661 1,0 1.58 3,20 3.43 3.58 6.7 10.6 3.9 50,6 81.0 90.5 20,0
1662 2.0 1.58 3.25 3.1 3.58 Ll 9.0 Lb 51,5 840 92,2 22,0
1664 4.0 1.57 3.28 3.41 3,58 3.8 3.4 Leb 52,1 85.1 922.9 27.0
1%68 8.0 1.58 3.31 3.38 3.58 2.1 7.7 5.6 52,2 86,3 93.4 32.0




TASIE 29
SIS LG DATA ON LAV L IA SUTCALTNG 0.25 mole & X VINITL FIUD AT 17%6°C.

P . OPETTIES AFTET PTT"THNG
REF., TTME AT FRESSED
BULK ) \OSTTY DELST, TCATTON
TEMP. DENSITY g./cc POTOSITY VOLUME Ph AN ER CTATN
NO. DENSITY CHANGE
HR APPARENT i STZE
. BULK UE P UE
a. /cc. SOLTD TH APPARENT| TRUZ SEALED % PENSTTY | VOLUME y
570 Q.1 1.57 3.22 3.34 .58 3.6 10.1 6e5 51.2 2.1 91.3 3.0
T
%N 1.0 1.5 3424 3.35 3.58 3.3 2.5 642 513 332 91.9 39.0
T—-

1672 2.0 1.57 3.30 3.36 3.58 1.8 7.8 6,0 52.4 8641 Beb 33.5

1874 4e0 1.60 3.32 3.37 3.53 1.5 73 5.8 51.6 £6.9 93.7 4240

1578 8.0 1,60 3.33 3.38 3.58 1.5 7.0 545 52,0 874 94.0 52.0




Sint i DATA OF DG TA CONTa

TAZLY

L:I5G 0.25 mole &

30

AL ]
b

JINTTs £ Lo.d oF 10009C.

P . OPETTIES AFTEF DTTTHNCG
RET. TIVE AT PPESSED = _
rmp, | BULK DENSITY g./cc. POROSITY % VOLUME DE;E %II%?%ON T ATH
NO. DENSTTY . CHARGE -
IR, APPARENT STZE
2. /cc. BULK SOLTD TRUE APPARENT| TRUz SEALED p nErSTY | VOLUME u
1680 Q.1 1.60 3.33 3.36 3.53 0.9 7.0 Gel 52.1 Y A ol 32.¢
B
3£81 1-0 1.61 3 033 3 '37 3058 1.2 700 5.8 5107 87.3 93.9 1.0 00
‘hg2 2.0 1.61 3.36 3440 3.52 1.2 6.1 4a9 52,1 C3.9 94e9 47.0
1584 4.0 1.61 3430 3434 3e53 1,2 7.8 546 51.2 85.9 93.3 5545
1683 8.0 1.59 3.30 3.34 3.58 1.2 7.8 646 51.8 6.0 93,2 65.0




TABLE 31

SINTERING DATA OF il\"BLSTA CONTAINING 0.5 mole % DICAICTUM SILICATE FIRED AT 1400°C.

en o e PPESSED P .OPE"TTES ATET FTIRING |
teqp, | BULK DENSITY g./cc. POROSTTY % VOLUME Dﬁijiﬁgngﬁgéw T ATN
- IR, iniTY BULK Al; 1; ﬁiw N tmEe  |apParanr| TRUE | smarEp CH;:mE R [— STEE
M740 Cel 1.5 2.05 3.50 3.58 ALY 427 1.3 23.9 24.2 L2 - i
M7.1 1.0 1.56 2,30 3.53 3.58 34.8 35.8 1.0 32.2 36.6 57.0 - |
M742 2.0 1.59 2,56 3.54 3.58 27.7 28.5 0.8 37.9 8.8 68,2 - —
M744 4.0 1.58 2.28 3.54 3.58 18.6 19.6 1,0 45.1 65,0 80.8 8.5
748 8.0 | 1.55 | 3.02 | 3.5 | 3.58 | 147 | 156 | 0.9 | 487 | 725 | 8.9 | 10.0




TABIE 32

SINTARING DATA ON "1iGHN SIA CONTAINING 0.5 mole % DICALCIUM SILICATE FIRED AT 1500°C

_—

P . OPE"TIES AFTEF PT"TNG
i e ap [PEESSED T i}
BULK . Jec. v o DELST. TCATTON
TEMP. UL DENSITY g./cc POPOSITY ° VOLUME PR AVENER CTATN
NO. DENSITY CHARGE
iR, APPARENT! G STZE
BULK ;
. /co. SOLTD TRUE |APPARENT| TRUE SEALED 5 rENSTTY | VOLIME .
M750 0.1 1.57 2.42 3.56 3.58 32.0 32.4 0.4 35.1 4242 62.6 -
H751 1.0 1.56 2.7 3.55 3.58 22.3 22.9 0.6 43.5 59.5 T7.1 3.0
H752 2,0 1.58 2,93 3.54 3.58 17.2 18.2 1.0 5.1 67.5 82.4 10,0
~
M754 4.0 1.57 3.67 3.53 3.58 13.0 14.2 1.2 45.9 T4 87.1 12,0
M758 8,0 1.57 3.20 3.47 3.58 7.8 10.6 2.8 50,9 81.1 90,8 12,0




TABLL 33
SINTNRING DATA ON JAGNICIA CONTAINING 0.5 mole % DICALCIUM SILICAT. FIRnD AT 1600°¢.

P.OPE"TIES A"TEF PTTTNG
cpe | AT PRESSED
; 0STTY DELS T, TCATTON
oemp. | BUIK DENSITY g./cc. POROSITY % VOLUME EPi m}%%mo CrATN
NO. DENSTTY CHARGE -
HR, APPARENY: . G STZE
2. /oo BULK corn | TFUE  |APPARENT| TRUZ SEALED | R P— "
1760 C.1 1.57 2,98 3.55 3.58 16.0 16.8 0.8 47.3 0.2 84.3 6.0
M761 1.0 1-5‘6 3.07 3.50 3-58 12c3 1402 109 49.2 74—.8 87.2 9.0 '
M762 2.0 1.57 3.19 3445 3.58 7.5 10,9 34 50,8 80.6 90.5 11,0
— 1
M754 4.0 1,58 3.29 3.4 3.58 3.5 8.1 beb 52,0 85.5 93.0 13.0
M%8 8,0 1.57 3.30 3.1 3.58 3.2 7.0 AN 524 1 26,1 93.5 15,0
! B




TABLE 34
SINTERING DATA OF MAGILSIA CONTAINING 0.5 mole ¢ DICALCIUM SILICATE FIRKD AT 1700%.

P.OPE"TIES AFTEF I'T"TNG
I PRESSED
\ r o DE.ST, TCATTON

revp. | BULK DENSITY g./cc. POROSTTY  |vouoe oa CTATN
NO. DENSTTY o CHARGE

iR, APPARENT i STZE

BULK
e /co. sorrn | TFUE  [APPARENT| TRUZ SEALED o NEISTY | voroe "
M770 0.1 1.59 3.25 335 3.58 3.0 9.2 6.2 51,1 8.5 91.9 21,0
M771 1.0 1.58 3.27 341 3.58 4.0 8.6 he5 51.7 345 92.5 30.0
M7T2 2.0 1.59 3.30 3.40 3.53 3.0 7.8 4.8 51.8 86,0 93.2 39.0
N774 4e0 1.59 3,33 340 3.58 2.0 6.9 4.9 52.2 875 9.0 48.0
NTT8 8.0 1.59 3.36 3.1 3.58 1.5 6.1 46 52,7 89.0 9.7 53.0
. i,




TABLE 3%
SINTZRING DATA ON MAGM.SIA CONTAINING 0.5 mole % DICAICIUM SILICATE FIDED AT 1800°C.

o P:OPETTIES ARTETF FT™TNG
_— TIVE AT PPESSED
: o DE: STITICATTON
TEMP. BULX DENSITY g./cc. POROSITY ¢ VOLIME Pﬁ A;»ITE" %‘F CFATN
NO. DENSTTY . CHARGE -
HR. BULK APPARENY § g STZE
o /oo SoLID TRUE  |APPARENT! TRUE SEALED p nExsTiY | vorne )
1'1780 0.1 1059 3028 3037 3-58 2.? 804 5.7 51.5 85.0 92.7 36.0
N781 1.0 1.58 3.31 3.38 3.58 2.0 Teb 545 52.3 8645 93.5 43.0 '
M782 2.0 1.59 3.32 3.28 3.58 1.7 72 505 52,1 87.0 9.7 50.0
+
1784, 4o 1.60 3.33 3.38 3.583 1.5 7.0 5.5 52,0 37.5 93.9 3.5
¥738 8,0 1.59 3.34 3.38 3.58 1.2 6.7 5.5 52.4 23.0 o2 67.0




TABIE 134

SINTEARITLG DATA CF :LGESSLA CONTAINING 0.5 mole ¢ TRICAICIUM SILIC.Ar. FIZLD AT l!.OOOC.

e e wm e s e e et o i 4 Sm—

P . OPE"TIES AFPEF PT"TNG
- T Ap (FPESSED |
BULK . /ec. OSTTY < TE: 87 “TCATION
TEMP, DENSITY g./co FOFOSITY __{vormE PR ANEN BT OrATN
NO. DENSITY CHARGE
IR. APPARENT' SG ST7R
2. /oo SOLTD TRUE  |APPARENT| TRUE SELLED p rENSTCY | vormE .
:1340 0.1 1-60 3'52 3.57 3507 :’6-7 1-0 2—).1 3305 5208 -
V41 1.0 1.60 3.54 3.57 23.8 29.5 a7 36.5 /6.7 66.1 7.0 I
132 2.0 1.59 3.54 | 3,57 24e7 25,4 0.7 20,3 54,0 72,6 7.5
- 1
1344 40 1.59 3.54 3.57 22.6 23.3 Q.7 L2.o £3.1 75.6 2.5
LOAS 5.0 1.5) 354 | 3.57 20.9 21.6 0.7 4343 61.2 73,0 9.5




ol L. .G ual. Ll

TABLs 372

-1.{.:‘ ¢4JI11 C‘\Jul‘.“ilquG 0.5 lee S:’

TAICALC IV LILICATS . I°=D AT 1500°C.

P .OPETIES AFPTETR

FTTYTNG

b ———— = =

rgp,  |TODE AT [T ESOED -
BULK . 0SITY DE.STITCATTON
TEMP. DENSITY g./ce POFOSIT‘; L VOLUME PA AN ER GTATN
NO. DENSITY " |crataE
HR APPAREN i STZE
. BULK P FUE N
5. oo, worrp | TRUE |APPARENT| TRUS | SEALED | N F— .
1350 C.l 1.53 247 3.55 3.57 30.4 32.3 0.4 26,2 £4.9 6.8 6.5
1851 1.0 1.50 2,7 355 3.57 2440 Rl Ced FAVIY 55.8 73.8 745
¥852 2.0 1.60 2484 3.55 3.57 20.0 20.4 0.4 437 62,9 79.1 9.0
854 4.0 1.54 3,04 3453 3.57 12.9 14.8 0.9 43.1 T34 8642 10.5
1";558 8,0 1-6U 3,15 3:50 3.57 10.U 11.8 1.3 49.2 ! 7('3.6 88.8 12,0
i




SINT.RIG DATA O 1.G'ISTA CONTATNING 0.5 mole % TRICALCIUM SILICAT SINTD AT 1600%

D T S

PIOPE"TIES A®TEF FT"TNG
- TOME AT PPESSED T |
VLK s o DENSTLTICATION
TEMP. B DENSITY g./cec. POROSTITY S |vorm oh ATEn CrATN
NO. DENSTTY CHARNGE r
HR APPARENT' STZE
. BULK ; UR )
o e, SOLTD THUE  'APPARENT?! TRUR SEALED g PENSTTY | VOLUME "
1360 0.1 1.62 3,03 3.55 3.57 1..9 15.1 0.2 6.6 72.1 CL.9 8.0
1251 1.9 1.60 3.11 3.55 3.57 12.4 12.9 0.5 4345 757 a32.0 2.0
11%2 2.0 1.62 3.21 3.51 3.57 3.5 10.0 1.5 49.9 3.8 a0.4 5
1854 40 1.59 3.28 3,48 3.57 5.7 8.1 2. 51.6 35.5 2.9 11.5
11258 3.0 1.58 3,35 3.45 3.57 2.3 6.1 3.3 52.8 9.8 94.8 14.0




TABLA 3

SIN, ATNG DaTA o AG ST COITAINING 0,5 role % TAIDLICTNM TILIC.T.

T _D AT 1700%C,

P a——

P:O0PE-TIES AWTEF DPT™THNG
- e Ay |PPESSED
o TELS T ICATTON
] TEME. BULK DENSITY g./cc. POTOSTTY  lvorne L8 TOATY CrATN
0. DENSTTY . CHARGE
HR APPAREN" LG STZE
. B 5
. Jco. ULK oL TD TRUE  |APPARENT| TRUS SEALED p FENSTTY | VOLUME .
12870 0.1 1.61 327 3.43 3457 L7 8.4, 3.7 5344 34.7 G2.5 10.0
1373, 1.0 1.62 3,37 3.43 357 1.9 546 3.7 51.9 89,7 95.1 12.0
HBTR 2,0 1.59 3.39 3444 3,57 1.9 543 3.6 531 0.9 95.7 13.5
— 1
1874 4.0 1.59 342 3o 3.57 1.6 Aol 2.1 534 92.6 YA 16.0
B T}*W" - l
Ygrs 8.0 1.59 3.43 34 3.57 1. 3.9 25 53,8 93,0 85.6 22,0

:

|




TARLL 4o

SINTLRING DATA CN (LAGRECTA CONTADNING 0.5 mole % TRICAICIN SILICATL “Tliy al 1800°C.

- P . OPE"TIES APTETF T "TNG
REF, TTME AT PRESSED -
BULX . /ce. : v o TE: STUTCATION
TEMP. DENSITY g./cc POPOSITY ¢ {voLuwE PR ALETER CrATN
No. DENSTTY " |cmamc
iR, APPARENY' i STZE
BULK THUE |APPARENT} TRUE
g./ce. SOLID A UE SERLED % TEMSTWY  § VOLUME i
113380 0.1 1.57 3.35 3.40 3.57 1.7 6.3 JAR 52.5 3.7 9,46 37
1331 1.0 1.57 3.40 344 3457 1.2 4e?D 3.7 53.2 .4 95,9 48 ,
ARAYA 2.0 1.61 342 345 3.57 1.0 4ol 3.2 5.9 2.3 9.7, 53
1
LEJ 450 1'5‘3 3‘44 3‘4() 3.57 1.0 3.8 2.9 5:’\.-0 93.2 %.9 63
11338 3.0 1.57 3.45 347 357 0.5 3.4 20 52,4/, 4.0 7.3 3 t




TABLS 4}
SINPIRTG DATY OF MLG ool CORTALIING 0.5 mole % CALCIUM OXJu . PIRED aT lAOOOC.

P.OPE"TIES AFTEF FTT"T"NGC
on rmiE PPESSED I
OSTTY o TELS T TCATTON

remp. | BUIX DENSITY g./cc. POPOSTTY % VOLUME L8 TOMIT CrATN
NO. DENSITY CHALGE

HR APPARENT! 5 STZE

: BULK 1 TUR 3
e /oc. oLty | TAUE  |APPARENT TRUS SFALED % PENSTAY | VOLUME .

M940 0,1 1.57 2,33 .50 3.58 33.5 34.9 1.4 3.0 32.1 5346 -
K941 1.0 1.56 2,50 3.55 3.58 29.%6 30,2 0.6 37.6 /6.8 66.3 -
11942 2.0 1.58 2.63 3.54 | 3.28 25,7 2545 Ced 40,0 52.5 71.6 -
¥944 4.0 1.53 2.7 3.54 | 3.58 22,0 22,9 0.9 425 59,0 7546 -
11948 8.0 1.57 2.89 3.54 | 3.58 18.4 19,3 0.9 4547 65.7 8l.4 75




T Bl

SY¥.AING DATA o 146G~ LI\ CONTAINIFG 0.5 mole & C.LUIUM OXfJZ FIRED .o 1500°C.

P.OPE"TIES A"TEF FPT"TNG
- T ap [FRESSED
BULK . Jee. v o DE: ST, TCATTON
TEMP. DENSITY g./cc POPOSTITY ¢ VOLUME . T ER OrATN
NO. DENSTTY CHASOE
IR, APPARENY' S STZE
BULK 3
5. /cc. U THUE  |APPARENT| TRUE SEALED g FENSTAY | VOLUME N
1950 0.1 1.60 Re54 | 3.55 3.58 2245 29.1 0.6 36.56 475 | 66.3 -
1751 1.0 1.56 2.50 355 3.53 =70 oy A VA 40.0 51.5 70.9 7.C
1'5952 2.0 1.53 2.75 3.5:‘ 3053 2207 2302 005 42.5 5505 J'Jol 8.0
17354 A0 1.60 2.7 3.54 3.08 17.8 15.3 1.0 5.0 66.2 82.0 2.0
K358 8.0 1.53 .49 3454 3.53 12,7 12,7 1.0 45.9 V55 87.5 1.5




Tabli &3

DT . ala vi .G.oDs SUHPATHING 0.5 mole '« CALCIU © GXID: .’12.D AT 14uciC,
D P .OPETTIES AFTREE PTTTNG
REF., TIME AT | COSED
BULK D . /ec. OSTTY CELST. TCATTON
. TEMP. ENSITY g./cc FOPOSITY J VOLUME Ph AMETTT CTAIN
. DENSTTY . CHAXGE
HR. APPAREN"I STZE
BULK TRUE  |APPARENT| TR )
g./ca. SOLID UE SEALED A TENSTZY § VOLUME u
4960 0.1 1.57 25 3457 .58 25.2 R5.4 0.2 .2 Ehe? Tl 75
A
M961 1.0 1.58 2,33 350 3.58 20.5 20,9 0.4 Lo 62,5 79.0 9.0
i
M%z 2.0 1.56 2.?4 3' 3 4 3.53 1704 1T.u 0-4 4«5q:> f)e .1 N 8301 1000
-1
M%4 4.0 1.60 3.07 3455 | 3458 13.5 1442 0.7 47.5 The3 86.2 11,0
Mo%68 8.0 1.53 3.17 354 3.52 10.5 11.5 1.0 50.2 795 89.3 12.5




SI'" TG DATA O AL

TABIE 4Ly

s la CONTATEING 045 ™le & CAISTIDN UXTDS FIR W 3176%,

-

P . OPE"TIES ATTEF 7TT"THNC
- TIVE AT PRESSED B v
R CENSTT TCATTON

TENP. BULK DENSITY g./cc. POFOSTTY VOLUME o2 A rcmgp CTATN
NO. DENSTTY CHARCE -

HR. APPARENT' L S*7E

BULX UE
e Jco. SOLTD THUE  |APPARENT} TRUE SEATED , FENSTEY | VOLUME "
M370 0,1 1.5% 3.17 3.52 3.58 10,0 11.4 1.4 5347 73.8 90,0 10,5
Momn 1.0 1.58 3.26 2.52 3.58 7.5 9.0 1.5 51,6 53.8 92.2 15.5
|

Y972 2,0 1.57 3,32 52 3.558 ot T3 1.5 52.7 £7.1 93,9 19.0
174 40 1.57 3.34 352 3.58 5.1 6.7 1.6 52,9 88.2 %44 2445
4978 8,0 1.5 3.37 3e4b 3.58 2.6 5.9 3.3 53.6 89.6 9542 33.5




TABLE 4§

SINTERING DATA ON MAGUZIIA CONTAINING 0.5 mole $ CALCIUM OXIDE FIR=D AT 1800°C.

- a rm e tmu A 4w = Aem M e ke Ge fee

N P PPESSED P .OPETTIES AFTEF PTTTNG

TEMP. BULK DENSITY g./cc. POFOSITY _5_6  lvowom DE;?EE%%%ON CTATN
Ho- HR. ZEiiZTY BULK AP:; iﬁm TRUE |APPARENT| TRUE | SEALED CH;EGE PEYSTLY | VOLUME ST'UZE ]
¥9E0 01 250 3,23 [3.42 3.58 505 949 bod, 51.8 82,7 | 91.6 18.5
331 1.0 1.57 3.33 3.43 3.53 1.5 5.6 4ol ﬁ 53.4 x.0 95.3 22.5 !
11932 2.0 1.58 342 3445 3.58 0.9 45 3.4 53.8 92.0 9.2 26.5
M234, 4.0 1.5% 3.6 3.49 3.58 0.9 3.5 2.4 5440 24,0 97.1 37.5 |
11783 840 1.53 3.44 3.47 3.58 0.9 3.9 3.0 540 1 93.0 %.SW“ :‘:5

'.




APPEYDIX TIT

SU:TIARY OF THE SINTERITG AND GRAIN STZE DATA, AFTER A HOURS AT

TEMPERATURE, OF THE MAGIEZIA MIXTURES CONTAINIuG THE INCREASED

ADDITIONT.
TABLE 46  Magnesia Containing 1,0 mole % Forsterite
TABIE 47  lMagmesia Containing 1.0 mole % Monticellite
TABLE 48 Magnesia Containing 0.5 mole ¥ Merwinite
TABIE 49  Magnesia Containing 1.0 mole % Dicalcium Silicate
TABIE 50 Magnesia Containing 1.0 mols % Tricaleium Silicate

TABIE 51  Magresia Containing 1,0 mole % Calcium Oxide




TABIE 46

SINTERING DATA ON MAGNISIA CONTAINING 1.0 mole § FORSTZRITE FIRED AT TEMPARATURE FOR 4 HOURS.

PRESSED PROPERTIES AFTER FIPING
REF, FIRING
BULK DENSITY g./cec. POROSITY % VOLUME { DENSIFICITICN GPATN
NO. TEMP. e T . CHANGE P. PANETET
o DENSITY e STZE
c. ;. Jeo. BULK | soum TRUE IAPPA}’.ENT TRUE '{ SEALED 5 DENSTTY | VOLUME .
L A A
D444, 1400 1.58 3.17 347 3.57 8.6 11.2 2.6 5042 79.9 89.9 9.0
D454 1500 1.57 3.33 3.38 3.57 1.5 6.7 Sel 52.8 88.0 943 22,0
D464, 1600 1.56 3.35 342 3.57 2.0 6.1 Lel 53.3 89,1 9.8 32,0
D4TS 1700 1.56 3.38 3.44 3.57 1,7 5.3 3.6 53.6 90.6 95.6 43.0
gL | 1800 | 159 | 3l | 346 | 357 | 34 | 45 |33 s34 |99 | wa | g0
e




TABLE 47

SINTERING DATA +'N JIACUESIA CONTATNING 1.0 mole ¢ !ONTICELLITE FIRED AT TE.PE ATURE FOR 4 lOURS.

1 .
PRESSED PROPEPTIES AFTEP FIFING |
REF, FIRING y p S——
DENSITY g./cc. POROSTTY % VOLUME i CHFTIC
NO. TENMP. BULK = r 5 CHANGE P, RAMETET OrAtH
o DENSTTY APPARENT STZE
c. BULK SoLID TRUE [APPAPENT! TRUE | SEALED ” DENSTTY | VOLUME y
g-/CC . /0 L
- — &
D344 1400 1.5 2,92 3.50 3.56 16.5 18,0 1.5 449 67.2 31.9 11,0
3 X i -
D354, 1500 1.66 3.27 3.32 3.56 1.5 3.1 6,46 9.2 84.8 9242 23,5
D364, 1600 1.61 | 3.28 3.33 3.5 1.5 7.8 643 51.1 85.6 93.1 39.0
D374 17C0 1.62 | 3.30 3.33 3.5 1.0 Tk 644 5043 26.6 3.2 | 51.5
)
D384 1800 1.1 | 3.1 3.20 3.56 1.9 11.7 93 433 73a5 89.1 6.5
H 1




Tailllh 48

SINT.RING DATA ON VAGTISIA CONTAINING 0,5 Hole $ IERWINITE FIRED AT TE!PIRATURE FOR 4 NOURS,

PRESSED PROPERTIES AFTEP FIFING
REF, FIRING -
BULK DENSITY g./cc. POPOSITY % VOLUME | DENSIFICATION GRATN
No. | TEMP. - \ A CHANGE P. RAVETET
APPARENT 1 .
o, (PRSI o TRUE |APPAPENT| TRUE | SEALED PENSTTY | Vorum STZE
g./ce. SOLID % = YOLOE b

D644, 1400 L 1.60 | 299 3.55 3.57 15,7 16.2 0.5 V1A 70.5 844 2.0

/-

D654 1500 1.55 3.31 3a41 3457 247 7.2 4e5 5342 37.2 94.0 16.0

h YA 1600 1.58 331 3.37 3.57 1.8 743 55 5243 8049 93.7 32,0
%74. 1700 10 58 3031 3 037 3 L] 57 1.8 7-3 5.5 5203 66.9 93 07 4705

D684 1300 1.57 3.25 3.29 3.57 1.2 2.0 7.8 51.7 840 9.3 60.5




TABLE 49

SINTORING DATA ON MAGNCSIA CONTAINING 1,0 mole % DICALCIUM SILICATE FIRXD AT T.MPZRATURZ FOR 4 HOURS,

PRESSED PROPEPTIES AFTEP FIPING
REF. FIRING -
BULK DENSITY g./cc. POROSITY % VOLUME | DENSIFICATION GPATN
NO. TEMP. ———— CHANGE P. RAYETEF
DENSITY S7ZE
%, UK corgp | TRUE [APPAENT| TRUE | SEALED . SENSTTY l‘:’OLUME .
g./ce. g
b, L %
|
D744 1400 1.60 2.93 3.54 | 3.57 | 17.2 17.8 0.7 | 4544 82.2 9.0
————aL -
D764 1600 1-57 3.30 304-1 3057 3.2 75 403 5204 9306 17.0
D7 1700 1.58 3.39 343 3.57 1.1 5.0 3.9 5344 9549 32.0
-
D784 1800 157 | 3433 3.36 3.57 0.9 6.7 5.8 52.8 TAA 61.0




TABLE 5S¢

SINTERING DATA QU :aGiixols CONTAINING 1.0 mole $ TRICALCIMM SILICATG FIRGED AT TJ. PERATURE FOR 4 LOURS,

PRESSED PROPEPTIES AFTEP FIFING
REF, FIRING - |
O - BULK DENSITY g./cc. POROSITY % VOLUME DENSIFICATTICN GRATN |
. P, . - o CHANGE P. RAYETET
o DENSITY APPARENT gt
2 AP ZE
C. . /oo BULK SOLID TRUE PAPENT{ TRUE SEALED 5 DENSTTY | Voruve N
JL_ £
D344 1460 1.61 3.09 3,52 3.56 2.2 13,2 1.0 L79 YA 374 7.0
N —“’—'—' . ';“._ H
P
D354 1500 1.61 3.31 3.39 3.56 2.2, 7.0 L8 51.4 1.7 91,7 10.5

D264 1600 1.5% 3.33 340 3.5 2.0 6.5 4e5 5242 a5 %5 13.5

D37, 1700 1.53 3.38 3e42 3456 1.2 5.1 3.9 5342 95.8 95.8 23.0

v

D334 1200 1.59 3.38 3641 3.56 C.9 5¢1 Lo 5249 957 957 35.0




TrR2LS S

ST LD L 2.T4 Ol AGLLOTA CULYATHING 1.0 wole 5 CLLOIUH CXIDS TIVD AT To.ou .« ATETS FUR 4 FEoUTS.

PRESSED PROPERTIES AFTER FIPING
REF, FIRING o
DENSITY g./cec. PCROSITY % VoLUME | DENSIFICATICN .
NO. TEMP, BULK - \ CHANGE P, RAMETEF GRATN
o DENSITY APPARENT STZE
C. . oo BULK SoLID TRUE |APPAPENT| TRUE SEALED % LDENS v | vorme .
Dg“ wg 1.57 2.36 3.53 B 19-0 23.3 1.3 45.0 6/@.02 80,0 7.0
v s i -‘-"r S iy s - - g
3954 1500 157 3eH 3e47 357 €.l 2.2 32 51.7 34el 92.1 i0.5
D54 1600 1.5 3437 343 57 3.3 6.1 Lol 53,05 g 23 949 12.0
-
0974 170 1,57 3,57 JekZ2 3.3 1.5 Hel L6 53ed 3749 e? 220
k.
235 9 1.53 333 3ad2 3.7 1,2 5ed 46 £l Ted 35.1 32.0
1







