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BBSTRACT

The present work was carried out to determine the effect
of differeunt factors on the sintering of alumina using volurre
shrinkage as the sintering criteria, and to examrine the mechanism
of sintering over the terrperature range 1200°C to 1950°C.,

Up to 1450°C this work agrees with the accepted theory of
sintering by volune diffusion (shrinkage proportional to time to
the power of two fifths), whereas', above 14500C this work was
found to differ frorr the present-day theories of other workers,

by giving a tirre relationship of a one fifth power. An

explanation has been formrulated using the concept of an exponential
rise in the cquilibrium concentration of vacancies present in

the crystal lattice affecting the concentration gradient of defects
fromr the particle junctions to the surface,

The effect of prefiring at temperatures below that at
which sintering begins has been known empirically for some
years, The present work explains this behaviour by considering
the diffusion of atorrs along the surface of the particles to
give the formation of necks prior to shrinkage.

Sintering from 1770°C to 1950°C was performed in
vacuo, and the temperature range was extended below 1770°C

o
to 1600 C to comrpare the results with those obtained in air.



The dispaxity observed has been explained on the basis of
evaporetion of high-energy areas giving a lower driviag force
for sintering and sﬁbsequent iowering of the shrinkage values
cormrpared with zintering in air.

A comrparative examination of the effect of particie size
and shape indicates the imrportance of the initial particle size
as a control of the degree of sintexing,

The effect of additions of 1%, 5%, 10% ligquid using
sodiurr. silicaie as a liguid formrer, shows that an appreciable
arr ount of liquid is not necessary for licuid-phase sintering,
and that for the solution~precipitation stage only enough Iiguid
need be present to form a lens at the particle junctions, With

1% liguid addition no ligquid-phase sintering occurs, but

enhanced soiid state sintering is observed due to formation of
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1.

SECTION 1: INTRODUCTION

The process of sintering is a subject of considerable
importance to all industries making components of mr aterials
having very high meliing points, obviating, for e¢conomic
reasons, sorre forming process near these melting points,
Sintering is typical of such processes. This part of the
industry has gained im petus since the Second World War,
although the idea was known for many years before, and
4ualitative work had been carried out as early as 1922 in
Gerxr any( 1) .

As the quantitative theorics appertaining to sintering

(2),

have only been formulated since 1949, notably by Kuc=zynski

(3) (4)

Mackenzie and Shuttleworth and Clark and White ', ouwr
understandicg of the kinetics of the processes involved is
incom plete.

The object of this ressarch was to study the
sintering behaviour of alumina, and of alurrina with various
arrounts of sodiurr silicate as liquid former. This was
deerred necessary as additions mrade by previous workers

(5)

were either in the range of 20% liquid and upward") , or

in the very low range, at an impurity level.



Work was begun on the sintering of pure alumina
covering the cormrplete range of sintering from 1200°C - 2000°C,
as it was noticed that previous work had been in various
lirited ranges., Certain unexpected features appeared,
which caused the sim ple plan of research tb be slightly

Ix. d:iifi edo
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SECTICON II: SURVEY OF THE STATE OF KNOWLEDGE

To have a fuller understanding of the process of
sintering it is necessary to survey the nature of crystals
and their defects, as these play an important part in
sintering. It is also necessary to know something about
the effect of the surface properties of powders 6n sintering,

Types of Bond in Solids

There are four principal types of bond which occur
between atoms in cherrical comrr bination, namely, the icnic
Lon¢, the covaleant bond, the nr etallic bond, and the Van
der Waals' bond.

An ionic bond is one where considerable differences
exist in eclectronegativity betwecsn the constituent atomrs. It
is the resuit of coulorrbic attraction of the exa ess electiric
charges of oppositely charged ions. NaC1l is one
examrr ple of the ionic bond, which is regarded as a strong
bond.

A covalent bond consists essentiaily of two electrons
shared egually between two atomrs, one electron being
contributed by each atomr., This type of bond generally occurs

in organic comrpounds and is present to some extent in
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4

SiO4 s CO3, and similarly in oxides, MgQO, A.IZO S5iC..

3! A

A metallic bond is one in which an array of
positive ions are bound together in a uniform: electron cloud.
The bonding energy in this case is much less than that present
in ionic bonds.

The Van der Waals' bond is an additional weak
electrostatic force between atorrs or n.olecules arising from:
an interaction of fluctuating dipole moments for the atomrs or

molecules,

Structures of Ideal Crystals

The bonds between ator:s in solids are similar to
those already discussed, with the added factor that, in crystals,
comrplex units fit together so as to preserve as far as possible
local neutrality and minimise electrostatic forces, aliowing
solids to have bonds which match at energetically favourable
anglss and spacings,

As there are four mrain types of bonding, so there
are four types of crystals, each type of bonding imparting
particular properties to the crystal,

In ionic crystals, with a similar distribution of
electrons as for the ionic bond, an added factor is tiat positive

and negative ions are arranged in a periodic lattice, so that



each positive ion is surrounded by negative ions and vice
versa. NaCl is an examr ple of an ioric crystal, the mretal
oxides being largely ionic in bonding, e.g., MgO, A1203.

The bonds in covalent crystals are similar to
these of the covalent bonds, a pair of electrons being shared
by two atoms. These crystals forn when a structure can
be bulit in a repetitive way, consistent with the strong
directional properties of the bond, Most crystals have a
significant contribution of covalency, an example of a
com. pletely covalent crystal being diam ond,

Metals are characterised by their particular bond,
which has already been describeds

When other bonds are absent, then crystals may
be forred by Van der Waals' forces, but they form only
weak crystals,

With relation to sintering it seemrs that crystals
with ionic or metallic bonds sinter easily, e.g. MgO, Cu,
while crystals with a preponderance of covalent bonding are

ifficult to sinter, e.g. SiC.

Defects in the Structure of Crystals

In an ideal crystal, with no defects present, it can

be envisaged that the properties would be very different from



those of real crystals, due to the absence of defectis.
Growth of such ideal crystals from melts would be almost
impossible, as the growtb is attributed to steps or defects
in their faces, enabling the atomr:s from the melt to fit into
the normal lattice positions, by virtue of the energy of such
a surface, Diffusion through an ideal lcttice would also

be imrprobable as movement of atoms in such a lattice would
necessitate the formation of a defect, the energy of formation
of which is enormncous. In venl orystals, with defacts
already present, the crergy required to move an z2tom is
far less. Higher energies would be required for plastic
flow of materials, giving rruch higher strengths to the ideal
crystals compared with real crystals, Defects, therefore,
will have a great significance in sintering, paxticularly those
appiying to surface regions,

Structural Imperfections

Considering a perfect crystal as one having a
corr pletely ordered structure, then a real crystal can be
vicsualised as one having a certain degree of disorder, which
can be caused in n:any ways. The sim plest defect one can
imagine is the increase in the amplitude of vibrations of atoms

about their equilibrium positions as the temperature increases,
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Another simple defect is caused by exciting electrons into
higher energy bands, leaving =lectron '"holes'" or vacant
positions in the novrmally filled electron band. More com:plex
causes of defects are due to impurities, vacant atomric sites,
interstitial atoms, by dislocations or line defects, and the
boundaries between crystals in an agglomeration,

Irr purity Defects

Foreign atom:s can be introduced into a crystal
structure either by substitution, that is, by replacing a
lattice atorr,; or interstitially, that is by fitting into the
interstices between the lattice atoms, If the energy of the
system is increased appreciably by the inclusion of a
foreign atom, then the crystal system will be unstable,
resuiving in the rejection of the atom. If the inclusion of
the atoms is an order<d way results in a large decrease in
the energy of the systerr then a new stable crystal phase will
be formed. Between these extremes atoms mray be
accomr modated in the structure in a randomr waye. For oxides
the factors affecting the extent of impurity addition axe the
relative ion sizes and the valencies of each atom type. In
some cases the inclusion of a foreign atom necessitates an

associated charge balance so that the electrical neutrality of
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the crystal can be maintained, This usually results in thd
formation of either a cation or an anion vacancy.

Lattice Defects: Even without the inclusion of foreign atomrs,

several different defects can occur in crystal lattices, the
two main defects being the Frenkel defect(b) and the Schottky
defect(7).

When an atomr leaves a lattice site to take up an
interstitial position, then the defect formed, having both a
vaceont lattice site, and an interstitial atom, is called a Frenkel
defect, The occurreuce of this particular defect increases
with temrr perature, as the entropy or randomrness of the crystal
is increased, which favonrs thermodynam ic stability.

When an eguivalent nurrber of cations and anions
leave their lattice sites and build up a new layer on the
surface of the crystal, then the defect formed is called a
Schottky defect.  With this kind of defect there is an increasev
in the volume of the crystal due to the building up of a new
surface. Thus, the main difference between these two kinds
of defects is that the Frenkel defect consists of vacant lattice
sites and interstitial atorrs, whereas the Schottky defect
consists of vacant lattice sites only.

Another type of lattice disorder is the Jost(B) defect

where only the interstitial positions are filled, without any
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vacant latticz sites. Finally, another disorder occurs with
an interchange of positions of two types of atomrr s, called
the place-exchange mechanism.

Dislocations: The preceding paragraph has been concerned

with specific lattice position or point defects, Dislocations
are defects which occur as line disorders. Unlike point
defects, dislocations have no equilibrium concentration which
can be calculated by thermodynarrics and although their
formation is not altogether clear they are believed to be
introduced in a non~equilibriumr way during solidification,
crystal érowth or cooling, Another possible source is
thermal or mrechanical stresses and the precipitation of
vacancies during cooling.

Movement of dislocations can best be visualised by
the plastic deformation of a material. Dislocations in é
crystal can move in one of two ways, the first being movement
in the slip plane, which requirec only a small stress, The
actual slip of one part of a crystal over another occurs by
wave-like motion of a dislocation in the slip plan., so that the
lattice disturbance is limrited to a narrow region around the
dislocation, otherwise, the stress required to move one part

of a crystal relative to another, disturbing the whole plane
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would be far too high{(}). The boundary between the slipped
and the unslipped portions of a crystal is called the
dislocation line, Yhen the dislocation lin: is perpendicular
to the direction of slip, it is called an edge dislocation,

and when it is parallcl to the direction of slip, a screw
dislocation. The structure of an cdge dislocation is
equivalent to the insertion of an extra plane of atorrs in

the crystal, The movement of dislocations in the slip plane
is confined to the surface containing the dislocation, whereas
the second general type of mover ent involves the climrmbing
oi a dislocation from plane to plane. This process must
involve the nmoverrent of vacancics and intarstitial ions
thrcugh the lattice and, unlike the slip movement procecds
slowly and at r»ore elevatzd temr peratures, One of the
mwost irr portant asp:cts of dislocation, as far as chemical
action is concernsd, is the interaction biotw:zun dislocations
and in parity defects, Since impurity aton s distort th:
crystal locally, then they rrust intoract with th: stress

field present at a dislocation{lo).

Surfaces and Interfaces: The surfaces and interfacus that

exist in a ceramric body are very ir portant in determining

m:any properties of that body. There are two ways in
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which suvrfaces can be thought of, Firstly, they can be
regarded as two dimensional irr perfections or, secondly, the
surfaces of a crystal could be used to define a particular
crystal structure in any environm ent. In either casc it is
desirable to understand the properties of boﬁndaries or
surfaces of a solid or liguid, and the interfaces betwecn
phases, as they have such a large effect on the overall
processes involved in sintering. Probably the post i portant
effect of a surface is shown in the tendency of either a
Yiguid or solid to formr a surface which has the n inimrumr
euergy.

Grain Boundaries : One of the sim plest kinds of interface

is the boundary betweentwo crystals of the same kind., If
two crystals. having the same orientation are brought
together then they will fit together perfectly, but if the
crystals are tiited before being brought together, then they
will not fit together, but wijll stili be two distinct crystals
separated by an interface or a boundary, which is term.ed
the grain boundary. The tilting vwould produce an
interference at the junction of the two crystals, which would
be eguivalent to a row of edge diskocations. Sirrilarly if

the two crystals were rotated, and not tilted before being
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brought together, then the interface would be eyuivalent to
a row of screw dislocations at the boundary, As the angle
of tilt or rotation is increased there is an increase in the
degree of misfit at the boundaries, until at high angles, there

(11)

would be areas of complete 1 isfit This surrrrary of
grain boundary propertics applies to the ideal casc< of pure
materials, With addition of impurity atomrs a segregation
to the grain boundaries occurs, because the forecign atoms
need not distort the boundaries as much as the lattice in
order to fit into the crystal. Another recason is that some
atoms may be more stable when fitted in a random boundary

than in 2n orderad lattice,

Grain Growth: The term grain growth and recrystallisation

have had a very broad usage in ceramics, and for clarity
and precision a clear definition of termrs is essential.

Primary recrystallisation is the process by which
nucleation and growth of a new gonceration of strain-free
crystals occurs in a matrix which has been plastically
deform ed.

Grain growth is the proucess by which the average
grain size of a strain-free material increases continuously

during heat treatment without change in the grain-size
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distribution,

Secondary recrystallisation or discontinuous grain
growth is the process by which a few large grains are
nucleated and grow at the expense of a fine-grainsd but
essentially strain-free matrix. Although all these processes
occur in ceramics, grain~-growth and secondary recrystallisation
are most comn only encountered, and will now be discussed
in further detail,

Crain Growth: It is usually found that an aggregate

of fine grains increases in average grain size when it is
Leated at elevated temperaturczs, As the averagc grain size
increascs it is obvious that the sv aller grains in st
disappear, so that th: proccss of grain growth may be
visialized as the disappecarance of the smaller grains .
The driving force for this grain growth rmmust be
associated with the difference in intorfacial ensrgy between |
the small grains and the larger rraterial resulting fromm the
decrease in grain boundary area.

There is a difference of frec encrygy across a

curved boundary given by

4 F

gL+ L)
1‘1 '.l'.'z
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where QO F is the change in free cnergy on going across the
carwed interface, ¥ is the bosndary energy, V the n.olar
volurre, and r, and r, the principal radii of curvature(g) °
This differznce in free encrgy across the boindary is the
driving force which srakes a boundary move towards its
centre of curvature, thus decreasing its curvature, . The
rate at which a bo ndary moves is proportional to its
curvature and to the rate at which atoms can jurp across

the boundary.

Secondary Recrystallisation: This process occurs

when a smrall fraction of the grains grow to a large sizc,
absorbing the smaller grained rratrix. It is most likely to
occur when the normal, continuous grain growth is inhibited
by the presence of imrpurities or pores. TUrdex these
conditions, the boundaries that are able to move are those
with a curvature rmuch larger than the average, so that they
can grow around the inhibiting agents. Szcondary
recrystallisation also depends on the particle size of the
initial powder, a coarse starting mr aterial giving z smaller
relative growth than a fine m aterial, The driving force

for secondary recrystallisation is th: lower surface encrgy
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of the large grains com pared with the fina grains in the
mratrix,

Factors affecting grain growth: The rrain factor affecting

grain growth is the presence of inhibiting age nts, such as
inclwdione ox i purities or pores. A layer of liquid
covering the interface also has an inhibiting effect as it
reduces the driving force and increases the path of diffusion.
Another factor which affects the growth of a crystal is the
nurr ber of sides it posseses, as this affects the curvature of
the sides. 7Tor a matrix of equal sized particles, their
sides are usually straight and n.eect at the corners at 1200,
becanse th: boundaries would have equal energies. For a
two~dim ensional picture, this can only occur if the grain has
six sides, Grains with less than six sides will have
concave sides, viewed frorr the centre of the grain, while

it will be convex for grains with ncre than six sides, Thus
grains with less than six sides will shrink as the boundaries
mrove towards the centres of curvature of the grains.

Atorric mobilifyi ¥or cherrical reactions and mricrostructural

changes to take place in condensed systemrs, atomrs must

be able to n:ove about inside the crystal structure. The
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sirr plest to visualize is the direct exchange of two atomrs, or
by movemrent of a closed ring of atoms, as the direct
exchange of only two atomrs is imr probable due to the high
strain energy necessary. A second process which night
take place is the moverrent of an atom into an adjacent vacant
lattice site as these vacant sites are present in every real
crystal above absolute zero temperature. The rate of
diffusfon of atorrs by this process depends on the ease of
movement of the atomrs into a vacant lattice site and on the
concentration of these vacant sites. Atomric movement by
this - process is probably the rost commron process in
atomic mobility, If ators diffuse one way then the process
can be visualized as the movement of vacant lattice sites
in the opposite direction, so that this process is commonly

called vacancy diffusion.

Another mode of movement of atoms through a lattice is by
interstitial atoms, In the form ation of Erenkel defects atom:s
rrove easily fromr normal lattice positions to interstitial
positions, and the movement of these inte-stitial atorrs through
thev lattice is another mr echanismr of movement. Another

form of this same process is the movemrent of an interstitial
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ator. into a normal lattice position, in .which case the
"resident" atorr is moved out into an interstitial position

to make roonr for the incomring atomr, This process can take
place even though the movemrent from one interstitial position
to another is unfavourable.

For sintering, in the cases where diffusion is
prevalent, then the speed of migration of the ators will
deternine the rate of sintering. There are also two possible
paths along which diffusing atomr.s can move. The first is
through the bulk of the crystal, comrmonly called "volurre
diffusion' and the second along grain boundaries or other

such interfaces and surfaces, =nd called "surface diffusion¥

The diffusion mechanism plays a very important part in the
sintering of oxides, and will be discussed in detail at a
later stage.

Diffusion Procecsses

As the sintering of oxides depends to such a large
extent on diffusion it is necessary to consider the laws
governing diffusion, without being involved with the rate
controlling mechanism,

Fick's Laws: The fact that the rate of diffusion is partly

governed by the concentration gradient of the diffusing species
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was first put forward by Berthelott, Following his
postulation, Fick(lz) formr ulated a rmathemratical approach to
the problem, Fickl!s first law states that the quantity of
diffusing material which passes per unit time through a unit
area normal to the direction of &iffusion is proportional to

its concentration gradient

where J is tha actual flow per unit tine per unit area, c the
c;oncentration per unit volumre and x the direction of diffusion,
The constant of proportionality in the equation, D, is termed
the diffusion coefficient, and is expressed in units of square

centimetres per second,

This equation gives the rate of diffusion of a steady
flow across a unit area in terms of the concentration gradient
of the diffusing species, Similarly, the relationship between
the change of concentration and time may be expressed in the

equational forn of Fick's second law of diffusion

2
dc . dc
e - D —
dt dx

This equation refers to the unsteady state of flow, The main
criterion of Fickls Laws being that the material will only flow

if there is a concentration gradisnt of the diffusing species
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between the two particular points, If the rraterizal is
perfectly homrogeneous, with no concentratior gradient of any
kind, then there can be no net transfer of atoms to or from
any particular point. Another way of stating this driving
force is that all concentration gradients tend to be evened out,
Sorr e investigatnr3(13) have, however, considered diffusion not
on the basis of a concentration gradient, but that it is a
function of the activity gradient.

Diffusion as an Activated Prccess

On closer exarrination of the diffusion coefficient,
D, there is no reason why it should be assumed to be constant,
since there is a distribution of energy through thes lattice,
depeadent on its defect state, which varies with temperature.-
There is also an energy barrier which mrust be surmounted
for a rrigration of ions fronm normal sites to =ither
interstitial positions or to vacant lattice sites. Furthermore,
any local variation in comr position or defect types will cause
variation in the same way. When dislocations occur in the
lattice, the importance of this aspect cannot be neglected,
The energy which nust be supplied to the atoms to surmount
the energy barrier between the lattice position is called ihe

activation energy for the process, As the tem perature of
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the system is increased the fraction of atorrs which has
sufficient energy to surmount the energy barrier also

(14), the

increases; also, the nurmrber of defccts increases
overall increase being exponential, so that the temperature
dependence of the diffusion coefficient is given by an

Arrhenius type of equation

~E/RT

where D = diifusion coefficient! Do = a constant or a pre-
exponential factor; E = Activation energyi R = gas constantj
T = absolute temperature,

The Arrhenius piot gives the relationship between the
diffusion rate, the termperature of the diffusion, and the
activation energy for the process at that terr perature, The
values of Do and E are of great immportance in establishing the

mechanism controlling the process,
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The Sintering of Oxides

Essentially the process of sintering must initially
involve the interaction of the surface atoms on particles
which touch, followed by the rearrangement of the bonds
across the boundary.,  After this stage there rust be transfer
of rraterial across this region by one or more of several
possible mechanisrrs, It is probable that all the mechanisms
make some contribution to this transfer, possibly several of
therr simulianeously, under certain conditions, and that the
present theorics on rintering are qualitative approxim ations,
It seems feasible that by changing the conditions of the
environmn ent the rate controlling mechanismr can be changed,
so that every possible mr ecchanism is potentially the
governing process,

The sintering process is fundarmrentally dependent on
the requirement that an eguilibriunm systen. shall achieve the
rraxim urr state of order arnd the minimum free energy, so
that in the course of the process there is a general increase
in order, and a reduction in surface free energy by the
reduction of the total surface area,

With an idealised material the aspects which may
be cornsidered to be of rrajor importance in affecting the

sintering behaviour of this rraterial ares
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(1) Interaction of bonde betweeon adjacent particlesy
(2) Evaporation and condensation cf material;
(3) Surface diffusion of atomrs into the region of the

contact area}

(4) Transfer of ir aterial to the contact area by volumrre
diffusion;
(5) Macroscopic flow of material, especially in the

presence of high mechanical stresses applied to

the rmraterials
(6) Grain growth.

These points are of fundamrental importance in the
sintering process, but there are cther factors which play an
irr portant part in the sintering behaviour of any particular

material, such as:

(1) The effect of particle size, shape and distribution;

(2) The disappearance of both open and closed pores;

(3) The effect of the gas . atrosphere surrounding the
raterial.

In oxder to mrininise the variables encountered in
the sintering process most of the fundarrental work done
in the field has been carried out on simple systems and

2,4
comrparing experimental vesults with these systems (2, ),
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As the driving force for the systerr is the same in all cases
(the minimising of surface free energy) then differences in
behaviour in the various types of systemrs will be dependent
on the overall r echanism of material transfer, which is in
operation in each case, so that a theoretical knowledge of the
saveral possible mrechanisms -will be of use in the later
discusrion,

Interaction of surfaces: Zven though little is known of the

chenrical or physical bonds between adjacent solid surfaces, it
has been well established that these bonds are modified
significantlv by the defect nature of the surface region, and
that adsorbed gases on the surface affect the kinetics of the
sintering process., The greater the disorder in the surface,
the greater will be the tendency for the surfice to surface
bonds to intertaect, due to the high surface cnergy of a
disorderecd solid(ls). The bond irteraction will also be greatly
affected by the presence of another phase between the two

surfaces,

Evaporation-Condensationt This nechanisrr is the easiest to

treat quantitatively, but is dismissed by most authors as being
too linited in its application, When it is considered, however,

that the vapour pressures surrounding the grain are
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considerably higher(16) han those deduced fromr high tem perature
eguilibriurr measurements, then this mechanisn becom:es
feasible, e.gs2 NaCl,

This process of material transfer depends on the
difference in vapour pressures above the free surface of a
particle and the junctions of two adjacent particles, It is
inown that the vapour pressure above curved surfaaes is
dependent on the radius of curvature of the surface, Thus the
vapsur preessure above a positive curvature (concave when
viewed from: inside a grain) is greater than above a plane
surface which in turn is greater than the pressure above a
negative. curvature (convex when viewed fromr inside tﬁe grain),
As the free surface of a spherical grain has a positive
curvature and the junction between adjacent grains a negative
curvature, it is evident that there will be a '"pressure gradient"
between the two regions, resulting in the transfer of rraterial
from the free surface to the junction, This resulis in a
build up of material around the junction or 'meck', (in future
referred to as a neck-growth), and it is evideant that the
Phenomenon is a transfer of materials fromr surfaces and not
from the body of the particle, which means that there will be

ne  change in the distance between particle centres, or in
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other words, there will be a change in pore shaps, but no

(17)

densification or rermroval of pores .

Surface Diffusiont Tammann(la) has shown that at tem peratures

greater than approximately half of the melting terr perature (°K)
- commonly referved to as the Tamman tem perature - lattice
mobil ity becomes appreciable, whereas below this temrperature

15)

it is negligible, However, H"Ettig{ has shown that surface
mobility is appreciable down to a fifth of the melting temperature,
or even Jower, and that this mrobility increases rapidly with

tem perature as does the depth of the surface layer in which

it operates, It is however not fully appreciated that the effect
of surface diffusion will still persist above the Tammann

tenr perature, although it way be masked by the lattice m obility,
and that it probably plays a vez;y irrportant part in the

formation of necks in the early stages of sintering.

Another fact which should be borne in mrind is that
grain-boundary diffusion is but a modification of surface diffusion,
and the imrporiance of it cannot be overlooked,

The mechanisry of surface diffusion is very similar
to that of evaporation~condensation in that rraterial is

transferred fron the free surfaces of the grains to the suxface

at the junction of adjoining particles, Whereas evaporation-
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condensation relies on the transfer through a vapour phase,
surface diffusion relies on the transfer across the surface of
the paxticles, ar there is a concentration gradient of surface
defects, which tend to be evened out, In the fr:e surface of
the particle, there is a disordered structure dui to the
peculiar nature of the surface, as has been described before.
This provides the mobility in the surface which must be present
before any diffusion or transfer of rr aterial can take place,
The difference in free energy or cherr ical potential between

the neck area and the surface of the particle then provides the
driving force necessary for diffusion to take place. Again, as
this is a surface phenom=znon, therc can be no densification of
material, mexely a change of pore shape,

Volumr e Diffusion: Above the Tammann tem perature,

spontaneous production of vacancies and lattice mobility occurs,
thus facilitating the phenomenon of volum e diffusion. From
another vievaoint, it is the stage at which the depth of the
surface active »egion has reached the centre of the grain and
the "surface' becomes the whole lattice, It is, however,
unlikely that material is transferred from th: rriddle of the
grain to the surface, as this process would be far too slow to

explain the experimental rates observed(3). The path for
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the transfer of material must be small to give a satisfactory
explanation, and the view is that material is traneferred fronm
the junction of the particles to the neck-area, or in other words,
from a graln boundary to the neck via the intarior of the
grain, This is synonymrous with the diffusion of vacancies
frorr the neck area into the particle junction, The driving
force is then the difference in chemical potential between the
disordered grain boundary and the 'comr pletely disordered vapour
phase'', Material will diffuse outwards fromr the junction to
the necks, or, in other woxrds, vacancies will diffuse in from
the necks to the grain boundary, As this mechanism entails
the removal of material from the boundary, the two particles
will tend to merge one into the other, =zs the necks grow,
giving a densification and a decrease in pore size,
Theoretically this process could proceed to throreticzl density,
with no porosity at all, but practically this does not occur as
the pores tend to become isolated and with the occuxrence of
grain growth, the path from: pores (vacancy source) to the
grain boundaries (vacancysink) tend to become larger, thus
slowing down the whole process until it eventually stops,

19)

Macroscopic Flow!? Frenkel( was the first investigator to

mwake a serious atterrpt to develop a theory of sintering,

His assumption was that the process consisied of a siow
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deforrmratisn of the grain under the action of surface tension,
which reduces to a Newtonian flow of m aterial {rom the
grain to the neck areas, According to Frenkel this flow is
due to the difiusion of the holes or vacancies in the lattice,
This mechanismr of macroscopic flow was later developed(3'4)
to bring in both types of bulk flow, nan ely viscous £jisw and
plastiec flow.

For glasses, which are envisaged as super-cooled
liguide, a viscous flow mechanism is generally accepted as
being in operation during sintering, in which the surfgce
tension of the particles at high temperatures produce the
shearing of planes of atorrs, and which gives direct
proportionality between shear stress and shear strain.

For crystalline materials the flow takes place
plastically, with a well defined yield point. This type of
flow is generally referred to as Binghan flow.  The
characteristic of this type of flow is that the shear siress is
proportional tc the shear strain only above this yield point.

Although there is considerable information on the
deformration of metals, and the related flow mechanisms
operating, iess information is available concerning ionic

crystals, but it is accepted that the flow of material is sinilax
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to that of metals, so that the plastic flow would take place, in
low temrperature regions by slip or glide along preferred
cryetallographic directions and that this slip is associated
with dislocations and their "wave-like" mrovement through the
crystal,

Besides plastic deforrmration, another possible mechanism
of plaeiic flow would be that of creep, in which stress above
a certain limit but below the breaking stress gives elastic
deformation followed by a zone for which the deformation is
proportional to time. This steady flow stage is generally
referred to as viscous flow, but is not Newtonian flow as the
flow rate does not increase proportionally with stress,

Theoretical Considerations. of Sintering

The first attempt to formulate a theofe’cical concept
was made by Sauerwald(l) who postulated that during sintering
there existed two distinct stages. Firstly, adhesion
occurred due to the mutual attraction of surfdgce atoms, and
surface tension, On reaching a certain characteristic
terrperature (which he put down as three quarters of the absolute
. elting point) rapid shrinking is caused by spontaneous
interchange of atoms between adjacent particles, calied

crystzilisation , and is the second stage of sintering, Huttig
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et al(zo) fromr 1941 to 1948 carried out extensive research on

sintering and gave individual temperature zones a particular

characteristic:

(1) First terr perature range 0~0.23 of absolute rmelting point
Period of adherence of particless

(2) Second temperature zange 0,23-0,36 of absolute m elting point
Pexicd of surface diffusions

(3) Third tem perature tange 0.33-0,45 of absolute melting point
Period of grain boundary displacements by growth;

(4) Fourth temrperature range 0,37-0, 53 of absolute mrelting point
Period of lattice diffusion;

(5) Fifth terr perature range 0,42-0,8 of absolute meiting point
Period of formration of new crystallisation centres;

(6) Sixth ternperéture range 0,3-1 'of absolute melting point

Pericd of excessive grain growth,

This gives good agreemert with present day theories.

Frenkel(lg) advanced a theory based on work carried

q A Y
out by Ba]ke(ul', and postulated that the sintcring of nmretallic

particles is caused by sur{ace tension forces, in which metals

can display a viecous flow similar to arrorphous solids, This

flow is due to the diffusion of cavities of an atorric order of

magnitude, in contrast to the ordinalty plastic flow of the
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particular metal, Hi;él work was closely followed by Shaler
and Wulff(zz), but in neither cé.se was the theory validated by
conclusive experimental work,

Mackenzie and Shuttleworth(3) favoured the mechanism
of plastic or viscous flow for sintering, using as their model a
single spherical pore in a solid medium surrounded by a
comrpos’te material containing a uniforn distribution of holes,
The later stage of sintering was considered when all open poree
have disappeared and the remaining pores surrounded by a
solid n:atrix, The mn.aterial was viaualised‘ as flowing into the
pores, which are under a positive pressurc from the gas
within them, Their experimental work agreed well with the
theory, for the latter stages of sintering, but some discrepancy
occurred during the initial stages,

Clark and White considered the initial stages of
sintering when the pores are open, giving a continuous m atrix
of the gas phase, Their model was taken as two spheres in

contact, with surface tension forces operating to give plastic

flow of 'the material to the neck arcas of ths particles in contact.
However, to fit their experinm ental results to the theoretical - “
curves several empirical correction factors had to be incorporated

in the formulae, based mainiy on the differcnce in geom etry



32.

between the model and the real compact.

Kuc:aynski's(z theoretical considerations were based
.on almost the same model as that of Clark and W hite, with
the -difference that he considered a single sphere being
sintered on to a flat plate, His theory was concerned with
the time dependence of sintering, but unlike Clark and White,
whose theoretical model was the idea of two spheres in |
contact, and whose meacurements were made on compacts of
irregular~shaped powders, Kuczynskils practical work was
carried out on spheres of ccpper being sintered on to a flat
copper plate, the measurement taken being that of the increase
in neck diameter, He showed mathematically that different

mechanisms would give different time dependencies, e.g.

xz oc t Volume diffusion
a
x7 o& ¢t Surface diffusion
3
a
2
SIS VO X Viscous or plastic flow
a
3
_ oc t Evaporation and condensation
‘a

where x = neck diameter, a = radius of spherical particle,

t = time of sintering.
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By plotting the increase in neck diameter against
tirr ¢ on a logarithmic scal: he showed that the slope of the
straight lincs producad agreed with a volun ¢ diffusion
mechanism.,

Although Kuczynski's matherr atical treatri ent has been
criticised, the gencral conclusion reached by » any authors(s'“’zs)
is that the rate controlling rrechanis. for solid state
sintering is that of volur:e diffusion, although it is also
believed(24) that at the onset of sintering surface diffusion occurs

to start off the growth of the necks,

Terr perafure dependence of sintering

As diffusion is an activated process, obeying the

Arrhenius cquation

D = D e-E/RT

then if sintering is wholly dependent on the diffusion of lattice
ions through the body of the crystal, on the surface diffusion

of atorrs or on grain boundary diffusion, then sint.ring could

be described as an activated process, and could be designated an

energy of activation, i.e.:

Rate of sintering = A



where As = a constant, Es = activation energy for
sintering, R = gas constant and T the absolute tem pcrature.

A plot of the logarithm of the change of volume
against reciprocal tem peraturc of sintering (OK) should then
indicate the dependence of sintering on voluwr e diffusion,
ice, an activation enecrgy comparable to that of volumre
diffuaion should be calculable.

Defect Structures in sintering

Although most investigators have worked on
establisking one of the n auy poésible v echanisn 8 as the rate
controlling process in sintering, little work has been done to
establish what ions or group of ions are in fact deterrmrining
this rate process, Before any exact evaluation of the
mechanisms involved can be 1 ade, th: mode of transport and
the naturc of the ions moving must be firmrly established, as
it seerns very lik.ly that a difference in the defect nature of
the solid will change the diffusion condition and, thercfore,
the possible rr echanisr. for sintering.

Effect of gas atm osphere

In considering the cffect of defect structure on the
sintering process, the effect of the gas atir osphere cannot be

neglected, The gas phase surrounding a surface can change
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the defect structure of this surface very considerably, and th.s
the sintering process itself. It must also be borne in mind that
a change if gas atmosphere could affect the itransport -y echanisn
by affecting the vapour pressurec of the solid, and possibly
promoting the evaporation~condensation 1 echanisr, Schottky
and Wagner(zs) have described the equilibriur sct up between
the gac phase and the lattice defccts in a soiid, whiic Gray
discusses the adsoxption and desorption of gascs on the surfzce
of solids affecting the defect structure.

Effect of particle size

As the size of particles increases, the nur ber of

particle contacts decreascs, and the distance travelled by the

L

ions frorr the lattice sites to the neck areas also increases, I
has been experin entally shown by Coble(27) that the rate of
neck~growth between paxticles decrcases logarithmically with the
particle size, over a very wide range of particle diam eters,

It is also known that gradiag of powders to different
distribution of coarse, mediunm and fine fractions can change
the final densities achieved in a sintered bedy, It is therefore
evident that for a fair con parison of sintering characteristics
the sarce particle size distribution mrust be mraintained throughout

the experimental work.
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Effect of pre-firing

Assur ing that surface diffusion is the initial wechanisn
in sintering, then pre-firing specimens before the actual
sintering process should give different arcas of contact between
particles which should show in the total amount of shrinkage
tzhing place during the actual firing of the specirmens,

As surface diffusion gives no volur e shrinkage of the
-peliets, pre-firing at temw peraturcs below that at which shrinkage
begins, i.e. 1150°C for A1203, should enable a correlation to
be carried out between the actual shrinkage on sintering and
the extent of surface diffusion to form necks at various
terr peratures, and thu. establish the roleé played by surface
diffusion in sintering.

Effect of a reactive-liquid

Nost of the work carried out on sintering in the presence
of a liguid phase has been cou the addition of relatively large
(5)

( =» 10%) fractions of liguid formex With such an appreciable

arr ount of ligu’d present the process of sintering can be
. . (23)
considered in three stiages :
(a) The rearranger ent of fhe solid particles in the liguid
mratrix to give a more dense body;

(b) Solution of solid at the points of contact and

reprecipitation zt the neck. There is increased
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: =olubility .at the polunte ofr:.contact due-to the surface
teanien forces hetween the particles;
(c) Sintering slowing down due to the formation of a
solid skeleton,

With small liguid additions the effect of the
rearrangem ent process will be very small corr pared with the
solutio~ precipitation process and the rate controlling factor
should be the diffusion cf the solute ions to the neck,
Interaction of the ligquid with the surface of the particles mray
also affect the defect structure of the surface giving enhanced
surface mobility, If the solid particles are sufficiently srall
then this cffect could well be evident in the bulk of the
particle as well as the surface,

The liguid mray also affect the growth properties of
the solid, by forming a layer between th particles, thus
inhibiting the movemrent of the boundary fron one surfa;e to
another, this would ensure the removal of the pores fromr around

the particles tu give a dense con:pact,
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SECTION III: PLAN AND TECHNIQUE OF EXPERIMENTS

The sintering of a powder comrpact changes many of
its physical properties, so that a variety of technigues have
been used in the past to deternrine the sintering behaviour of
the different powders,. Model experiments have also been
devise ! to mrinimise the variables encocuntered in the sintering
process, and these have been extremely useful in formulating
the theories of the sintering r echanisr ,

Kuczynski(a) in his mr.odel experimments sintered
s pheres of copper to a copper plate and rrcasured the growth of
the necks with a microscope, He extended his experirr'ents(zg)
to considexring the sintering of spheres tcgether, the materials
used being sapphire, glass and copper. Anothexr variant on
this model experiment was the sintering of wires, wound
around a bobbin in several layers.

Kingery and Berg(l’n also followed the sintering
phenowr enon by observing the sintering of spheres togeth.r in a
furnace through a transparent window,

For metals, the sintering behaviour has been

foliowed by measurerrents of electrical resistivity, magnetic

measurer ents and tensile strengthse For ceramic ncaterials,
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excepting ferrites, these measurements offer some difficulty, so

that experim ental techniques have been rather limited,
Kingery(zg) has favour:d the direct 1 easurement of

linear shrinkage by observing compacts in a furnace, using a

(30)

travelling rmicroscope, while Oel has made dilaton etric
measurements to follow the sirtering behaviour of loose powders,

Clark and White(é) measured the volume shrinkage of
powder compacts using a mmercury balance, based on Archimedes!
principle. This is an accurate method of measuring volume
shrinkages and which is quite simple to use.

This last rrethod of measuring volume shrinkage was
thought to be best suii;.ed for this tresearch and was adopted for
the experimental work carried out. It is also the n:ost obvious
difference which is scen in sintering, and. which needs the
closest control possible in industry.

U = Alumrina was chosen af the powder for the research
as it was easily obtainable in a very pure form, and has no
phase transformations on heating or cooling,

Sodium silicate was chosen as the liquid formezr as its
behaviour in contact with alumrina is well known after the work

(31)

carried out by various investigaters in this laboratory o

The Ca0O - A1203 ~ Si0_ systerr would have been best suited for

2
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this research, being much in evidence in industry, but as most
of the components have high melting points ( » 130000) the
lower melting (1088°C) sodiur: silicate was chosen as the best

substitute,

Volume shrinkages of alur ina compacts and of alumina

with sodium silicate additions, were then carried out to
determine the effects of terr perature from 1260°C ~ 2000°C,
of liquid~forming additions, fron 1 - 10%, of gas atmospherz

(vacuwr and wix) and of time on the sintering behaviour of

alumina,
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Experimental Work

A, Materizls

1. Alurrina

For the mn ain part of the research "Analax'" reagent
alurrina was used, For a corrparative experiment high purity
alurrina obtained frorr the Plessey Company was used,

24 Sodium Silicate

This was prepared by fusing "Analar'" reagent sodium
carbonate and silica. in the forn. of Loch Aline sand in a
platinumr pot at 1}.000C. The powders were thoroughly n ixed,
with 5% more sodium carbonate than theoretically needed, to
make up for loss by evaporation, The liquid silicatc was
poured out onto an iron plate and powdered wh.n cold. This
was then remelted and the process repeatad to ensurc
homrogeneity, The powder was kept in a dessicator to avoid
moisture pick-up, and used as required,

3 Preparation of Alumina Powders

The powders which were not recalcined were ground
in an electrically driven agate irortar for four hours uniil the
particle size was approximately 1-2 microne, a rough check
£

being done with a microscope. The comrparative purilies of

both powders after grinding arec shown in Table 1, page 42



TABLE I

Impurity Analar Plessey
Alumina Alumina
sio, 0.04% 0.02%
cl 0.005% 0.005%
S04 0.01% o]
Fe 0.01% 200 ppm
others trace trace
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A moxre accurate analysis of the particle size distribution was
rrade using the Andrsasen pipetie mrethod.

For liguid-phase sintering, the Amnralar powder was
used, the silicate powder being added to the ground alumina and
thoroughly m ixed for half an hour in a tur bling mill,

HNo cther treatr ent was given to the powders before
being pressed into peilets.

4, Niould Used

‘The mould used for presving the pellets used in thics
research project was made fron a solid block of Perspex,
A half inch hole was drilled, and two fitting Pcrspex punches
mrade Perspex was chosen for the mould material as it
would mininmise the pick-up of inorganic ir purities during the
prescing operation, Tre pressures involved were then limiied,
to increase the life of the nauld and a pressure of 0,75 tons
per sy, in. was used throughout,

5a Preparation of Pelicis

Approximrately 1 grar of powder was us.d for each
pellet to minimise variation in pressing stresses and to achieve

a fairly uniform initial bulk density, A drop of 10% gur

ey

ragacanin soluiion was added to each sample beiore pressing

1y,

to give good green streagth to the pellets, +he pellets were
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than kept in a dessicator for a few hours before use,

B, Sintering Procedures

Furnaces

A platinun -wound horizontal electric resistance
furnace was used for temperatl"ures up to 1400°C and open to
the atmosphere, ‘This furnace had a 13" internal diameter
alurina tube, The furnace and controller: is shown in Fig. 1,
page 45 .

A temperature distribution of ¥ 2°C over 1% ins, at
1400°C was observed for this furnace, and all sintering work was
carrieé out in this zone.

A horizontal furnace with mrolybdenunr tape wound on
an imperneable alumina tube was used for temperatures up
to 1770°C and open to the atr osphere. An inert gas
atir osphere was mraintained around the mrolybdenum winding by
using cracked ammonia. The apparatus is shown in Fig, 2,
page 46, .

A temperature distributien of T 29C ever 3 ins, at
1’10000 was obtainad with this furnace which was used for the
sintering work.

A vertieal tungsten eler ent (later changsd to molybdenurr)
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vacuurr furnace was used for ter peraturcs up to ZOOOOC, and
for comparing sintering experin ents in facuo at lower
temperatures (1600 - 1750°C} with thosc conducted in air in
the rr olybdenunr wound furnace, The apparatus is shown in
Fig., 3, page 48 , and a cross section of the furnace cham ber
in Fig. 4, page 49 .

The hot zone was not determined for this furnace, but
direct tem perature readings of the top surface of one of the
specirr ens was taken with an optical pyrometer,

Fluctuatim; in the mains A,C, supply was reduced to
about one~lenth by a "Regavolt" autorratic voltage controlier
permra..ently connected in the line for the molybdenurr wound
furnace and the vacuumr furnace,

Ter perature Measurement and Control

For temperatures up to 1550°C a platianumn:-platinurrs

13% Rhodiurr thermocouple was used, which was standardised
o
against a standard thermrocouple. Above 1300 C, spot
readings only were taken, to lengthen the life of this
therm ocouple, The thern ocouple was attached to a potentiometer
. + L0
for accurate terrperature readings -~ 1 C,
o
Above 1550 C, when preferential volatilisation of

rhodium becomn.es appreciable, an optical pyrometer was used,
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which was accurate to t ro°c.

The platinum and molybdenuir wound furnaces were
kept at tem perature throughout the experiments, the specimens
being pushed into position on permeable alu~ ina boats,

2-3 ins, long,

The boats were pushed slowly into the furnace until
they re.ched a pre-determ ined position in the hot-zone,

The time-taken to oncn this position was gstandardisedo

at each temr perature to avoid any discrepancy due to unequal

heating of specin ens, The tiﬁ.e for each run was taken from
the r orr ent that the specimens reached the hot-zone until the

o ent they were removed from it.

' For the vacuum furnace, an entirely different procedure
of heating control was used, because of the nature of the furnace.
The pellets were placed in a molﬁrbdenun- crucible which fitted
over a molybdenurr pedestal in the furnace chamber. The
furnace was then evacuated by a rotary purmp to 1 o Hg
pressure, and then to 0,0l microns Hg pressure by an oil diffusion
pump. The current was then switched on and the chanlber
brought up to ter perature in about 10 minutes, continual
readings of the temrperature of the spccimens being taken, When

the specimren reached the required temrperature, the tirming of
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the run was started, At the end of the run, the current was
switched off and tiie chawr ber allowed to cool before reroving
the specin:e:ns,,

The terr perature was measured with an optical
pyrom eter to * lOOC, through an adjustable mirror and the
silica~glass viewing window on top of the furnace, The optical
readings were taken on the specimen in the holder, the
pyrometer being calibrated beiorehard for absorption loss through
the window and mrirror.
Control:  The platinur ~wound furnace was controlled by a
"Sunvic" ou-off conirol which regulates the energy input to the
furnace by tfimring the period for which the current is switched
on and swiitched off, This gives a very steady temperature
of * 2°,

The molybdenurm~wound furnace was controlled through
a step~down transform=r, operated by hand, This again gave
a very steady temperature,

The vacuum fernace wé.s controiled through a low-
voltage transformer and ever with manual control the

terr perature of tue specimrens could be reproduced to within

the accuracy of the optical pyrometer,
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C. _Measurement of Volurre of Pellets

A, . e,

The volumre of the specimens were measured by
using the sin ple Archimedes! Principle.  The method used
4
by Clark and Whiie was rrodified for greater accuracy.
The apparatus, shown in Fig. 5, page 53 consisis
of an ordinary two~pan balance, one pan being m odified for

lowering the specirren into the mercury with a grab rade of

jacguered iron wire,

D, Polished and Thin Gections

In prelirrinary investigations on polishing, marny
alternatives were tried, including the use of diamond dust on
photographic paper, and a whole tange of abrasive and polishing
powders. The best resulis, using a series of dian ond
dusts on a polishing wheel took about six hours for one
specimen, so that this tech il _uae was not used,

Thin sections wexe rrore readily prepared with the

-

faciiities at hund, and they were used in microscopical work,
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t

o Experimental Prorcedure

Sintering of Alum inz

Prelin inary Work: In order to standardize

experimental technigues and to calibrate the mercury balance,
some preliminary experiments were undertaken on the alumina
pwder used,

The powder was first of all ground in a power-driven
agate mortar for times ranging fromr 1 hour to 4 hours. It
was found that the closest distribution of particlie size was
obtained by grinding for 4 hours, and this time was then taken
as the standard for all subsequent grinding of the "Analar"
alurrina. The Andreasen distribution cuxve is given in Fig, 6,
page 55 ,  For the Plessey alwrina a tirme of 13 hours was
found to be best, as the distribution curve shown in the same
figure was the closest approxim ation to the other powders
cbtained. The difference in the two curves was due to the
di:fferént starting conditions of powdex shape and size, shown in
the electron microscope photograph, Fig. 7, page 56 . Any
subsegueni operations on the Plesscy alumina did not give a
beiter distribution, so that it was decided to use the powder

only as a comparison with the "Analar' alur iza, which was in

greater supply.
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As has been explaired beforehand the heating operations
were standardized for each temrperature, as the temperature
gradieut {rom the mwouth of the furnace to the hot-zoune changed
with each temperature used, In the vacuurr furnace a heating time ¢
of 10 mrinutes was used {or all runs as previously stated, as
the furnace was alwaye started cold, and so subsequent heating
could bz controlled far move easily and quickly, thermal shock
being almr ost negligible due to the use of metal- parts throughout
the furnace as opposed to the thermal shock susceptible
irr perm.eable furnace tubing, rails and boais vsed in the
molybdenum furnace.

In preliminary work a molybdenun push-rod was used
as the material . was easily available and was stiil usable at
the temrperatures achieved in the furnace. It was thought at
first that the oxidation of the rod while inserting ox removing
the specimen <would have no effect on the sintering characierirtics
of the alumina. The results obtained were; however, to the
contrary, as shcwn in Fig, 8, page 58 ¢ This gives a
typical curve obtained for alun ina at 15OOOC, and similar curves
were obtained at other temrperatures, To explain this

henorr enon, hardness tests wers conducted on the specimrens,
I

x-ray analysis proving ifruitless, The hardness :values shown
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in Fig, 9, page 59 follow the samec general pattern as the
volurmr e change with timre, which suggesis a change in partiaie-
particle bonding,  The sharp increase in sirength (indicated
by the indentation hardness values) followed by a decrease in
strength, and then a further increase to a constant value seemrs

to incdicate that material is transferred to the neck area and

(o1
n

they rer oved o' ~kly, in a matter of half an hour, This
"de~sintering' effect is tentatively aitributed to the iateracticn
of molybdenunr oxide and alurmina at the surface of the
particles, producing noan-stoichiomr etry in the surface and thus
giviag an enhanced defect siructure, which increases ion
mobility, and givesg a sharp risc in the neck area,; closing
rroet of the open pores, On fuxrther heating *he molybdenum

b3

oxide evaporates, due to a time dependent dogrease in the

e

concentration of the oxide in the surrounding atmrosphere, and
as the pores are now closed, it has to diffuse through the
alumrina as a gas, in so doing, formirg more porosity which
gives this de-~sintering effect or bloating. The "plateau'’ in
the diagram can be explained as the nullingof this de-sintering
effect with the progressive sintering of the alumina, A

corm pavison with alun ina sintered at the sarre te:mpe-:c“aj:urea

but uszing a non-oxidising push-rod (silica glzss) given in the
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cgarre figure seermrs to confirm this idea. As the molybdenurr
push-rod masks ths true sintering characteristics of alumina (and
probably other oxides) it was decided to use silica glass rods fox
subsequent experinm ents as it had excellent thermal shock
properiies and did not vapourize,

Sensitivity of the Balance

The rr ercury balance was constructed after an idea by

Eaton , as it was more sensitive and accurate than the
k] 3 ” - (33)
model previously used in the laboratory o

The sensitivity of the apparatus was determined by

measuring experimentally the density of a substance of known

density, givem in the following table:



TABLE II

Glass A
-Glass B

Glass C

Reported
Density
(g/cc)
2.4926
2.4904

2.4876

vVolume
Measured
(ce)
0.0811
0.177

0.101

Calculated
Density

(g/ce)
2.2158
2.4393

2.2387

62.

Percentage
Erroxr

11.1%
2.1%

10%
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Great care was taken at all times to ensure that the
mercury and the iron grab were clean with no powder adherdug
to cause discrepancies in weighing, The balance was kept in
a constant temr perature rooo to prevent undue terrperature
fluctuations during weighing which would affect the density of
the n ercury,

The specimen holder wasfirst ly weighed in the mcercury
to find the upthrust on the holder alone, The specimen was then
weighed in the rercury, after weighing in air on a balance
weighing to 0,1 milligrar . With care, the weight in mercury
could be determined to 1 « illigran, the third decimnl place being
used as =z guide. The terr perature of the mrercury was recorded,
and its density detern-ined from tables. Th: volume of the

specimren was deterrmined as follows:

v = W + Wp)

]
’

£ x W

Hg A

V = volurre of the specimen, Wp = weight of the specimen in

air, W = weight in w ercury (or the upthrust), /f} = density
Hg Hg

of merxcurvy.

Procedure for the Sintering of Alumrina

In the literature it wasobserved that no'single

investigator had covered the whole range of sintering terr perature



envisaged, i.e, from 1200°%c - 2000°C . aithough different
experim ents had been conducted to cover differcni temperature
rangec, It was thought desirable that this research should
cover complete ranges of temrperatures, as variations between
investigators were unavoidable, especially in technique, nrcde of
measurement of the sinfering characteristics and most important
of all, in the variation in the purity and in the particle
charzacteristics which arz evident when powdexs frorr difierent
sources are used, as will be shown. The experirrental

procedure, as explained beforehund in the preliminary work, was

undertaken.,

Puwocedure for the Sintering of Alurrina with Srrall Additions of
Reactive .. uid

As the main work of othex investigators(zs) hes been
concerncd with liquid additions greater than 10%, it was thought
advisable to investigate the effect of small additives of liguid,
from 1% - 10% by volume, This was done to establish whether
such a small pexcentage would change the characteristics wholly
to that of ligquid-phasc sintering ox whether fthe reactive liguid
would behave as con impurity causing lattice defects and, therefore,
a greater ion mobility in the soiid, Sodiwr silicate was

)
chosen as this had a low melting point (1038 C) and its liguid
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characteristics were known from previous corrosion work in

this labor a!;ory( 31),

The density of sodiurr silicate was calculated frow

the work of English and Turner(ss), who give factors for

SiO2 and NaZO to calculate the density from the composition

as follows:

[y

D o

CLN| K

where D is the density of the glass, xt and % are the
percentages by weight of Na,O and S5iO, respectively, and d!L

and d2~ are the factors for the calculation for NaZO and SiOz

respectively (3,47 and 2,20),

100 = 50,8 4 49,2

b 3,47 2,20

D = 2,70 gm/cc for NaZO . SJ'.O2
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SECTION 1V

A; Scaurcee »f Errow

The tochanigus cn ployed for following the sintering
process involved many different paraw etors, cach having its

These souvc.s are listed

0

own particular scurce of error,

below under the different pavar oters (as hcadings), and an

estimated error for son ¢ itypical reesulis are given in the

Temrperature Measaremn o

1e errors could be traced to thre. possibic sources:

-]

(1) The inherent crror of the ncasuring device, which is
. . - O &
large for the optical pyrowu eter, being about t 10°C in the

o
range of temperature (1600°C - 1900 C) over which it was

With a thermrocouple, using a sensitive potention cter,
. X . T ,0 . .
the error in measurement was only - 2 C, ituis being at its
. ] aas . - »

worst at 1500 - 1609°C duc to voiatilisation of the rhodiurr
#omr. the couple, This was mninixrised in the present work by
frequenily com paring the therir orouple used with a standand
thery ocouple.

(2) The variation of twn perature during ine course of the

experin ent due to a possible Jlociuation of mains voltage,
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For the r.olybdenum and vacuun furnaces this was reduced by
using a ''Regavoli’ autorratic voltage stabiliser, limiting the
. . .1
m:ains voltage fluctuation to within - 1 volt,
The n:olybdenurr and platinurr furnaces were always
brought up to a set ter peraturc and left to stak ilize for at

least twelve hours, before the experimr cats wexe carried out,

This coulid not be done with the vacuurmr furnace.
(3) The variation of position in the hot-zone wonld give a

dilferznt temperasture each run, This was at#o minimised by
r arking the push~-rod and standardizing the boat-placing with the

length of the rod to this mark. The boats used were always

smaller than the actual hot-zone aand placed in the mriddle of it

Tirr ¢ Measurement

The chief source of error in timing was always at the
beginning and at the e¢nd of cach run, when th specimen was
being heated or cooling.

As the specimens were being pushed into th. furnace
and heated up, especially at the higher temperatures, then
sintering in the transition stage between the hot zone and the
coider regions of the furnace can tske place, giving an

zdditional shrinkage, difficult to evaluate.

A standard time of specimen heating was used at each
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temrperature to rrinin"ise tho end offcce, tha time taken for
sintering being taken fron the instant the specimen was in the
hot zone to the instant when it was removed from it, The
iecast tin ¢ used for any run was thirty = inuies so as to
rinirrise the ond effect which is greatest for the lowest time
used,

Error due to term peratury and timre

As the error at different tirrmes and tew peratures are
ovite diffewrent, somre arbitrary points have been taken and the
e rror in change of specific volure due to an error in

ten:perature and tim : estimated fro~ the eguation

as put forward by Kingery and Berg(17)

-
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TABLE ITT
i\\r,erage Furnaceo Terp Tirre Tir e Calculated
—\7—-(%) Tenr p.(C) Exaox(®°C) [(wrine) E’I:‘for Experiv ental
o (mrins) Limits ( &Y % )
1,0 1235 s 30 s tog04
3,62 1285 ts 500 T3 to,0l
11,49 1500 ts 30 T3 1.4
19,68 . 1500 ts 1040 t3 fo.0s
36,6 1770 5o 30 ts Y
42,7 1770 5o 720 t 3+ 0,15

Mercury Balance

Th.: sensitivity of the balance is given in Table II ,
page 62 , which shows that the sensitivity incrceascs with
increasing specimen volunr e, and that the rraximrur error is
- 2% of the voluire weasured,

The mrain source of error was found to be in the
cleanliness of -the rercuryand in the constancy of its
terr perature,

(1) The mercury was cleaned freguenily, to ensure that

no surface filr was preseat which interfered with the upthrust
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and with the density of the mercury, As the specirren was
pushed underncath the mercury, any surface filmr would adhere
to the spcecimren and give a false reading of the volun e, Care
was. also taken to ensure that no air bubbles were trapped on
the surface of the specinmen, which would also interfere with
the upthrust on the specimen.
(2) The temperature of the mercury affccted its density,
which was used in the calculation of specific volumres, and so,
care was taken by using the rr ercury balance in a constant
ter. perature room, and n-easuring its terrperature at frequent
intervals,
(3) The specimen holder was cleaned sach time to remove
surface films of powder adhering to it, and it was found
necessary, especially with unfired specimrens to measure the
upthrust on it with each specin:en, As the sar e volur: e of
rr ercury was used each tirr ¢, and the balance always brought
to zero, the effect of the cross scctional area of the wire used
was calculated but found to be negligible, but was kept snall
to give better sensitivity,

The specin en was balanced and the weight taken to
three decimral places by use of a rider, The third place was

used as a guide to establish the second place accurately,
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Use of Specific Volur e

Ag the sintering of the spocimen was [ollowed by a
change in volur e it was thought advisable to calculate the
specific volurr e of the specimen so as to elimrinate weight
differences between cach specimren, and to ensure that each
specir en was approxin:ately the same density for a fair
com:prrison,

The shrinkage was then taken as the ratio of the change
in volume (AV) to the initial specific volume (VO) as this
din- inished slight differences due to different initial spec-ific
volur es and it gave a dinr ensionless nun ber.

Error due to Losses ir Weight

As the pellets made were initially of a friable nature,
it vras noticed that the weight of the specimen was less after
firing than before firing, so that an error could be introduced
due to the difference in weight of a peilet weighed in air and
the actual weight as used in the calculation for the change in
specific volun-e. On an average the weight loss was 1% for
the pure alurrina and 2% f{Or the alumina with additions. A
table of possible errors due to a loss in weight for the same

arbitrary points as beifore is given below:
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TABLE_ IV

A;{/\?rage Sinterxring Sintexing I.oso in Meximurmr  Possibie
V (%) Ter p(°C) Tin:.:e Weight Error (—\-]- )

o {rr.ins) (%) o

1,0 12385 30 0.1 - 0,11

3.62 1285 900 0.1 ~ 0.13

11,49 1500 30 0.7 + 0,14

16,68 1500 1140 0.9 + 0,59

36.6 1770 30 0,25 + 0,2

42e 7 1770 720 0,27 + 0.15

Minimising of Scatter

For a large part of the work, specimens were
duplicated for each run to winimise scatter and possible errors
due to a unigue sp.cimen, so that points on the curves are
the mean of two values evaluated from the duplicated
specimens. One experin ent (Fige 12 , page 80 ) was
carried out using only one specirren at each teir perature io
verify that the curves obtained for differcnt specimens were
typical,

Specimens were fired for one tin.e and one temperature
only, and wexe not refiTed in subseguwent runs. More points

vcere evaluated for shoxt times, i.e. between 30 mrinutes and



73.

5 hours, as this was the range where the ratce of shrinkage
changed mrost, A representative curve was then drawn through

the points,
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B, RESULTS AND DISCUSSION

Sintering processes can be followed by observations
from outside the materials, e.g, neck growth, shrinkage, strength
and hardness, but sintering depends on internal factors such as
the presence of vacancies and other point defects, the energy
to crecte these, the jump frequency and the possible sinks to
which vacancies can diffuse,

As the sintering process depends on several different
variables, in assessing the overall process it is necessary to
consider ezch factor in turn,

in the past, various authors have worked with one or
two variables, to formulate the controiling mechanisms and the
kinetics of sintering. Most work has been done on the
mechanisn. of sintering, which is formulated from the effect of
time on the process, Thus, K.uczynaki(z), Clark and White(4),

(36), Cohle(zs) among others have formulated

Kingery and Berg
theories of the mechanism by observing different phenomena
associated with sintering, The kinetics of the systemr have also
been worked out by these authors, by deriving diffusion

coefficients from experin ental observations.

The physical properiies such as size and shape of
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particles and presence of impurities are also factors which affect

I{
the sintering process, as has been shown by Coble(27), Oelso),

Gray(lb) and others, so that the present work endeavours to
follow each pararmr eter and to compare the results with previous
work, An overall picture of the process can then be seern,
as the technigues and materiale used are the same throughout,
With liguid additions, previous workers such as Kingery
and Narashin=n'28), Lene1®®), Guriand and Norton!*?) nave
used reactive liquids, such as metals and binary entecties in
a fairly large proportion, The present work is based on the
addition of sodium silicate as the liquid-former, whose reactivity
. y
with alumina is krown from work done on slag attack(59}
The :work, therefore, is basically in two parts, First

of all dealing with solid state sintering, and the effect of

different parameters, and secondly, liquid-phase sintering,
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1. Solid-State Sintering_

The Effect of Time

(17)

Kingery and Berg forrmr ulated an equation giving the

rate of approach of centres of particles as

- 2/5
S T }’zozé%ﬁ (215
i ! ‘{E a kT j

A L = change of distance between centres of particle
I, = original distance between particles

¥ = surface tension

ig = lon ic spacing

Dv = volume diffusion coufficicent
a = radius of particles

k = Boltzmann constant

T = absolute temperature

t = time

The two fifth relationship was confirn ed by the work
i23) . . . . '
of Coble* n-ecsuring the change in diam cter of a powder
corr. pact, His work was carried out between 1150°C and 1350°C
on alurrina compacts, but at higher tumrperatures a decrease
in the slope at longer tirr es was observed, and concluded it

was due to the ageing of the furnace. glements. Thig has

also been observed by Burke(:‘i’é>
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The present work, measuring volur ¢ shrinkage, as
opposcd to lincar shrinkage, follows closely on Coble’s work u>
to 14300(:, as s'h:own in Fig, 11, page 79 , as the relationship
between linear 'shrinkage and volume shrinkage is merely
one of dimension, It is interesting to note that the same
decrease in slope is observed at longer times, at 1385°C and
1430°C also follows Coble’s obscrvations closely, but as
ageing of the furnace did not occur; and frequent temper ature
checks were made, the same conclusions could not be drawn,

As the observations were carried out on a nur ber of
specimens, it was decided to usc one specimen to diminish
uncontrolled variables and to fire for various times at the san:e
temperature, to confirm the results obtained with different
specimens,  This is shown in Fig, 12, page 80 . The
values obtained for the two temperatures were consistent with
those obtained using different spacimens, and verified the slopes.
From: these observations it is concluded that as the sintering
progresscs a change in the driving force of the systemr occurs,
leading to a limiting density for each particular temrp.rature,
Ag the driving force for sintering is the concentration gradient
of vacancies fromr the surface to the particle junction, then
as sintering procceds, this corncentration gradient decrceasss as

the temr perature is low and the total concentration of vacancics
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(41)

is small and a relatively small change in wvacBncy
concentration due to sintering reduces the driving force.

At ten peraturcs of 1500°C and above, the slope of the
line is approximately one {fifth, which does.not fit any of the
current models of the sintering v echanism, At these
terr peratures, however, the exponential increase of vacancies
in equilibriun reaches a point at which they interfere with
one another and coalesce to forrr micropores; or perhaps,
this formation reduces the concentration gradicnt from neck to
surface, thus decreasing the driving force for sintering,

At temperatures of 1700°C and above, grain growth takes
place (Fig. 13,pages 82,89, as has been observed by other
workers, notably Cahoon and Christensenmz) and Burke(é"g)c
They showed that the grain boundary mmovement sweeps the
pores in its path, but ray leave isolated pores in the
particles. The diffusion path of vacarcies to the grain
boundaries then becomes too long to be significant and the pores
inside the particles then act as vacancy sinks. This is again
shown in Fig. 13, with the nuch larger size of porcs
encountered, which may be as largc as the original particle
gize, This cffect becorr es even more pronounced at

tenr peratures approaching the melting point, and mway even
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Fig.-13d. Thin section of Alumina sintered at
1600°C. for 10hrs. in air  (x400)

£
[ape

FiG13b. Thin scction of Alumina sintered
1770°C for 12 hrs.in air (X 400}
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give a 'de-sintering'" effect, as shown in Fig. 10, page 78 .

Effect of Temperature

The effect of temperature is derived fror the egquation:

D = D e—"'/RT
o
where D = Diffusion coefficient
Do = constant
E = Activation Energy
R = Gas constant

T = Absolute temperature

It can be seen that to evaluate accurate determinations
of activation energies, E, that the Diffusion cocfficient for
the process must be known, and in order to do this the
diffusing species must also be known, For self-diffusion this
can quite easily be assessed, but for a complicated process
like sintering it is extrewely difficult to know the exact
diffusing species, especially for the complicated systems,
es.ge Al

Zose

: . 2,4 23

In the past various mvesngators( »4,17,23) have
formulated expressions relating the diffusion coefficient for
sintering with experimental observations, e.g. shrinking or

aeck growth, The variatiorn in results obtained for activation

1

-
~
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energies were from 87 k.cals/mole in Clark and White's work

to 165 k.cals/mole for Kuczynski's detern ination, As both
these investigatorn were working in different temperature ranges,
ive, Clark and White from 1200°C to 1600°C, Kuezyuski from
1700°C to 19’00°C, the difference in valucs obtained could
indicate a differ:nce in the nechanism of the proc.es at low

tem peratures and at high tem peratures,

The present work doeI«hot clalm to give absolute
values of activation energy, and sw9ly a qualitative picture is
given to confirn: the previous section of the work,

In Fig. 14, page 86 the change in slope at approximately
14509C is in agreement with the view that a change in overall
mechanismr takes place, with the e:{poﬁential rise in the
equilibrium concentration of vacancics decreasing the overall
rate of shrinkage. This is analogous to the observations of
Austerman(44) conducting work on the diffusion of beryllium
through beryllium oxide, who concluded that the effect was duc
to the presence of inpurities affecting the numrber of defects
mesent in the lattice at locw temperatures,

As can be seen at a later stage in the effect of 1%
additives, page %8, this is not at the samc ten'perature, but
at 1265°C, which indicates that, additives, or impurity additions

decreases th2 temperature at which the "anchoring" of defects
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is diminished , and ionic mobility is increased,

At temrperaturszs above 1700°C the interference of grain-
growth, as described in the previous section, prevents any
further sintering from taking place, The change in slope of
this type was observed by Clark and White(4) and attributed to
the change in the yield stress with rise in terr perature, in
accordance with their plastic flow mechanism ,

Effect of Prefirxing on Sintering

Although the effect of prefiring has been known
err pirically for a nur ber of years, no theory or hypothesis seems
to have been formulated, although it has been observed(és).U
The present work was carried out to clarify the situation as
far as possible. Three prefiring temrperatures were chosen,
900°C, 10¢0°C and 1100°GC. Specimens were prefired at
these temperatures for 1 hour and then sintered at 1600°C for
various timres. Longer periods of prefiring had little or no
effect on the shrinkage after the treatrn ent,

Shrinitage due to prefiring was also carried out, and for
900°C and 1000°C this was negligible, For 1100°C, however
there was a slight increase in density, but in order to v ake

a fair comrpawizon, only the shrinkage after sintering was

taken into accouni. The plot of the curves is shown in.
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Fig. 15, pzge 89 .

The increase in shrinkage with prefiring up to 1000°C
indicates that the driving force for the process is increased.
It was observed that the pellets were more handlable after
prefiring showing that some adhesion of the particles had taken
place. This is attributed to surface diffusion taking place,
even at temperatures below that at which lattice mobility occurs.

37)

This is in accordance with the work of Huttig » which
states that surface diffusion occurs at a nuch lower temperature.
This would uot cause shrinkage of the material, but would help
in the formation of the necks, The "surface" through which
diffusion takes place would be a layer of material, the thickness
of this layer increasing with termrperature, so that at higher
temperatures there would be larger necks formed. The
establishment of the necks during prefiring would facilitate the
subsequent volume diffusion and shrinkage,.

The drop in shrinkage from the optimum temperature-
of prefiring (1020 °C) to that at 1100°C is caused by the onset
of léttice mobility which starts at approximately 1100°%c, If
shrinkage were calculated from th. volume of specimens before
prefiring, then the shrinkage values for pellets prefired at
1000°C and 1100°C would be approximately the samc at the

samre sintering temperature,
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It seemr:s clear that at temperatures below the Tarmann
terr:perature, surface diffusion alone is present, and that
above this temperature volume diffusion is also operative, The
effect of surface diffusion is important in that it establishes
the formation of the necks for the subseguent volurre diffusion,
and it is feasible that this effect will occur whilst the peliet
or corr pact is being heated up to the sintering teoperature.
Although it cannot be proved, it also seems evident that the
surface diffusion does still continue at high sintering
temrperatures, but is masked completely by the faster volur e
diffusion mechanisrr, due to lattice m obility,

Effect of Vacuurr: on Sintering

A conparison of the sintering process in air and in

vacuurr could only be followed between 1600°C and 1200°C
due to ‘the": temrperature ceiling of the molybdenum furnace and
the lower limit of the optical pyrometer used on the vacuum
furnace, A  comparison of the curves is shown in Fig, 16,
page 91 , which gives lower values of shrinkage for vacuum
sintering than for air sintering at comparable temperatures,
The effect of temperature is shown in Fig., 14, page 86,

‘ The difference in the degree of sintering achieved in

the furnaces is due to the difference of the surrounding media,

Thus in the vacuumr furnace the very low pressures encountercd
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(10"5 mnr Hg) und the high temperatures used cause evaporation-
of the surface layers, as occurs in the technique of thermal
etching; where the grain boundaries, or in this case, the
particle-purticle junction is in a high state of disorder, and
therefore, the bonding is weaker. Material is then vapourized
from the particle junctions, thus lessening the defect nature

of the surface, and lowering its surface energy, A loss in
weight of the specimen was also observed depending on the

temperature of sintering,

TABLE VY
Sintering Temp, Sintering Time Original Loss in
- 9¢ hrs, Wte (grs) Wt. (gms)
1950 4 ¢ 9492 . 0604
1950 + ~ 9548 . 0218
1700 4 . 9671 . 0115
1700 i . 9494 . 0079
1600 b .§03% . 0100
1600 i . 5562 ., 0105

The loss in weight was also due in part to the friable
nature of the unfired specimen, at the most being 0,006 gn,

A comparative test was carried out at 1200°C between
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a piece of single crystal sapphire and a specimen previously
o
fired to 1900 C with 10% porosity, The results in the loss

in weight are given below!

TABLE VI

Both specimens heated at 1890°C for 6 hours in vacuo.

Specimen Original Weight Loss in Weight
Sapphire » 59465 gm . 00085 gr
Sintered

Alumina

(L0% porosity) .91355 gm . 0033 grr

Both specimens were of comparable surface area,
so that the loss %o -weight verifies the results shown in Table
V , and the hypothesis put forward,
(38) . .
Cabrera considered the ratio of the excess

concentration of vacancies at the concave surface of a neck to

the conceatration at a point in a plane surface to be as follows:

aN oy §Z
N kTr

where £ N = excess concentration of vacancies

N

i

concentration of vacancies at a plane surface
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A = surface energy

Boltzrr ann constant

~
i

r = particle radius
= jonic spacing

T = absolute temperature,
Then, as the excess concentration of vacancies is decreased
by evapovration from the disordered layer in vacuo, the surface
energy of the particle is decreased, giving a diminished
driving force for sintering.

Effect of Particle Size

When a purer form of alurrina was introduced (Plessey
alumina) to check results found with analytical recagent QU&tity
mraterial, there was inevitably a change of particle shape and
size distribution, An eoffort was made to approximat€ the
size distribution of the Plessey alumina to that of the analytic
reagent v aterial, but).’ this was found to be practically
impossible because of the nature of the shape of the initial
powder, The L=2st approximation is shown in Fig. 7,
page 56 , with the particle size distribution in Fig. 6 ,
_Page 55 .

The compacted density of the Plessey alun ina was
approximately 1 gm/cc, whilst that of the "Analar" alumrina

was approximately 1.8 gr/ce,  The difference in the
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sintering characteristics was inevitably tied up with this
difference in size distribution, and a representative curve is
shown in Fig., 1%, page 96 to mark this difference,

This is due to the higher surface area of the Plessey
alurrina powder, which would give a higher surface energy,
which increases the driving force for sintering. This is
in agreement with Coble(zv) who showed that the neck growth
was related to the particle radius by the equation

fx % 2 1_ (gt

= -y
* R R

where x = neck radius

il

2 particle radius

G = constant

t = tire for sintering.

This indicates that small particles will sinter more
than larger particles for a given time, and at particle radii

of approximately 1 micron. the etfect of a small variation

in particle radius magnifies the difference in neck growth

and shrinkage,
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2, Liguid-Phase Sintexing

Previous worlcers(28‘36’40) have dealt extensively with
liquid additions of 10¢; and greatex and have chown that
diffusion through the liguid-phase plays a very important part
in the sintering process, In the present work three additions
of 1%, 5% and 10% of liguid by volumre were used to compare
and contracet this behaviocur with those observed for greater
liquid additions,

Lene1(36) has stated that there are three stages in
liquid-phase sintering:

(2) rearrangement of the solid particles in the liquid to
give densifications

(b) solution of the sclid in the liguid from the particle
junctib-nﬂ and reprecipitation on the surface of the
particles;l

(c) solid state sintering due to the formatioi of a solid
skeleton,

He also states thad an appreciable amount of liquid
must be present to allow these three steps to osccur and the
ligoid must wet the solid and be reactive.

The present work shows. that the effect of smaller

additions of liquid on the sintering process is quite considerabie,
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but that 1% addition does not give ligquid-phase sintering.
. : crps . (49)

Price, Smithells and Williams have shown also
that there is an overall grain growth of the solid particles,
also indicative of liguid-phase sintering. This is caused
by the faster dissolution of smaller particles with
consequent precipitation on the larger particles so that a

structure of equal particle size and high density is formed.

Addition of 1% by Volume of Sodium Silicate

From the results shown in Fig., 18, page 99 , and
Fig. 19, page 100 , it is evident that 1% addition of
sodium silicate © alumina does not give liquid-phase
s intering of the kind described by Lenel. The slopes of the
lines in Fig. 19 give a one fifth power relationship between
shrinkage and time, as has becen described in the work carried
out on pure alumina, It can be observed, however, that
the one fifth relationship extends below a temperature of
1430°C and indicates that unlike pure alumina this behaviour
is consistent with the view that defects are formred in the
structure at these lower temperatures giving two opposing
mechanism.s of shrinkage and vacancy interference or
micropore form ation. There seemed to be no limiting

density observed, presumably because of the constant
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interaction of the sodium silicate as an impurity, The
enhanced sintering which is observed on comparison of
Fig. 18, with Fig.10 , page 78, also confifom\s the
formation of defects and increased ion mobility, This is
tentatively put forward as the reaction of sodium oxide and
alumina to give /’5 -alumina Na, O . 11A1,0,.

The effect of additions of impurity atoms has been
shown in amalogous systems such as creep and plastic
deforn»ation(46) to increase the mobility of vacancies by
interaction with the dislocations present, Other investigators(47'4&)
have observed the effect of additions on the defect structures
and subsequent diffusion processes.

Additions are also made which react chemically with
the solid to give a difference in sintering properties, e.g.
sn all additions of magnesia are made to alurrina to give a
translucent body of almost theoretical dens’ty, because of
the small amrounts of ecutectic formed between the magnesia
and alumrina which inhibits grain growth and allows the
densification to proceed to the theoretical value,

The enhanced sintering as seen in the inverse

temperature plot, Fig, 24, pagel08, indicates an activation

energy approximately the same as for the sintering of pure
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alumina, The temperature at which the change of
mechanism occurs is lower than that for pure alun ina, as
has been indicated before, This confirms the idea that the
addition of 1% sodium silicate depresses the temperature

at which ion mobility is enhanced by the freeing of
vacancies from this anchored position,

Addition of 5% by Volume of Sodiun Silicate

The results given in Fig. 20, page 103, and in Fig.
24, page 104 show that the addition of 5% sodium silicate
gives evidence of liquid-phase sintering. The slope of one
third for the log-log plots are in agreement with Lenel's
second criterion of ligquid-phase sintering and of Kingery

(28

and Narasimhan's ) quantitative formulation of the process
of solution at the junctions of particles with reprecipitation
on the surface away from the line of contact,

This evidence of liquid-phase sintering with 5% by
volume addition indicates that the'arnount of liguid governing
the diffusion to form necks is relatively small and that it
is the amount of liquid necessary to formr lenses between
the particles, that is the controlling factor in the second

stage. Greater amounts of liquid will only affect the initial

rearranging of the particles and not the second stage,
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where any excess becomes superfluous,

At higher temperatures ( > ISOOOC) the first two
processes are completed before shrinkage measurements are
taken (30 minutes)s This is due to the higher mobility
of the ligquid and the higher solution rate of the solid in the
liquida  The slopes observed, being one {iifth, are then for

the third stage of sintering, that of sintering of a solid
skeleton of alumina. The liquid, saturated with alumina,
takes no further part in thes sintering process, and, in fact,
retards the shrinkage by exerting a force on the surrounding
skeleton due to the liguid tending to be compressed.

Addition of 10% by Volume of Sedium Silicate

As in the c\ase of the 5% addition the results in
Fig. 22, page 106 and Fig. 23, page 107show that ligquid-
phase sintering is taking place and a comparison of the two
curves in Fig. 24 shows that there is only a relatively small
difference between the sintering rates of alumina plus the two
additions, which supports the idea that only a critical
amount of liquid is necessary to,( form the lenses through
which diffusion takes place.

On comrparing Figs. 2 2 and 20 it can be seen that the

termperature’ at which sintering begins to take place rises
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with Increasod gilicate content. This was thought to be due
to the p:;'esence of water (Table VII , pagel10 ) in tﬁe
sodium silicate, being driven off as the temperatures is
raised causing bloating of the specimens, Specimens fired
below these temperatures showed an expansion after firing

of 2-3% which gradually decreased with time and increased
temperature, A secpndary experiment was carried out using
two pelletn, ene of the 10%agdditiat used in the experiments
undertaken, and a similar pellet with an additional (1 0%)
amount of water. The first pellet expanded after firing to
1400°C for 30 minutes by 0.6%, whilst the second pellet
expanded by 3% after five minutes at the same firing

tem perature, This confipms the idea that as water is driven
off as steam it generates a pressure within the capillary pores
which bioats the specimen, At 1440°C for the 10% addition,
on heating for 7 hours the shrinkage overecomes the expansion
and sintering occurs. For fhe 5% addition with a lower
water content, the terrperature and time required to start
sintering is lower, As sodium silicate absorbs water so
readily, it wss found even after storing in a dessicator with

silica gel that a large amount of water was absorbed (1B8%) .
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TABLE VIT

% 510, as received =  36.80%
Loss on ignition = 18.6%
(1. hour at 700°C)

% 810, corrected = 45,20%
% $i0, corrected for

5% excess Naj0 added =  46.8%
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Figs, 25~ 27, pages 112,11% show the grain growth
of the alurrina with 5%.. and 10% additions compared with
pure alumina, confirming the work of Price, Smithells and

Willian:s(49).
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