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ABSTRACT 

The present work was carried out to determine the effect 

of different factors on the sintering of alumina using volume 

shrinkage as the sintering criteria, and to examine the mechanism 

of sintering over the temperature range 1200°C to 1950°C. 

lip to £450°C this work agrees with the accepted theory of 

sintering by volume diffusion (shrinkage proportional to time to 

the power of two fifths), whereas•, above 1450°C this work was 

found to differ from. the present-day theories of other workers, 

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

explanation has been formulated using the concept of an exponential 

rise in the equilibrium concentration of vacancies present in 

the crystal lattice affecting the concentration gradient of defects 

from 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 atoms along the surface of the ,particles to 

give the formation of necks prior to shrinkage. 

Sintering fron- 1 770°C to 1950°C was performed in 

vac U0 and the temperature range was extended below 17700C 

to 1600°C to compare the results with those obtained in air. 



The disparity observed has been explained on the basis of 

evaporation of high-energy areas giving a lower driving force 

for sintering and subsequent lowering of the shrinkage values 

compared with sintering in air„ 

A comparative exan-:ina,tion of the effect of particle size 

and shape indicates the in-portance of the initial particle size 

as a control of the degree of sintering, 

The effect of additions of 1%, 5%, 10% liquid using 

sod-lurr. silicate as a liquid former, shows that an appreciable 

arrount of liquid i., not necessary for lictuid-phase sintering, 

and that for the solution-precipitation stage only enough liquid 

need be present to form a lens at the particle junctions, 	With  

1% liquid addition no liquid-phase sintering occurs, but 

enhanced solid state sintering is observed due to formation of 

- alumina Na2O 11 A1203. 
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1. 

SECTION 1: INTRODUCTION 

The process of sintering is a subject of considerable 

importance to all industries nuking components of rr aterials 

having very high melting points, obviating, for economic 

reasons, some forming process near these melting points. 

Sintering is typical of such processes. This part of the 

industry has gained irr petus since the Second World War, 

although the idea was known for many years before, and 

q ualitative work had been carried out as early as 1922 in 

Gera any(1). 

As the quantitative theories appertaining to sintering 

have only been formulated since 1949, notably by Kuczynski(2)  , 

(4 
Mackenzie and Shuttleworth(3) and Clark and White , our 

understanding of the kinetics of the processes involved is 

incon- plete. 

The object of this research was to study the 

sintering behaviour of alumina, and of alumina with various 

ounts of sodium silicate as liquid form er.- 	This was 

deemed necessary as additions made by previous workers 
(5) 

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

in the very low range, at an impurity level. 
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W ork was begun on the sintering of pure alurr ina 

covering the corrplete range of sintering from 1200°C - 2000°C, 

as it was noticed that previous work had been in various 

limited ranges. 	Certain unexpected features appeared, 

which caused the sin- ple plan of reGearch V) be slightly 

edified. 
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SECTION 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 on sintering. 

Types of Bond in Solids  

There are four principal types of bond which occur 

between atoms in chemical combination, namely, the ionic 

I.Vn6, the covalent bond, the rr etallic bond, and the Van 

der Wags' bond. 

An ionic bond is one where considerable differences 

exist in electronegativity between the constituent atoms. 	It 

is the resuit of coulorrbic attraction of the axe, ess electric 

charges of oppositely char. gad ions. 	NaC1 is one 

example of the ionic bond, which is regarded as a strong 

bond. 

A covalent bond consists essentially of two electrons 

shared equally between two atoms, one electron being 

contributed by each atom. 	This type of bond generally occurs 

in organic con-pounds and is present to some extent in 
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4- 
S104  , 003:  and similarly in oxides, Mg0, A1

2
0

3
, SiO2. 

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 VI aals t  bond is an additional weak 

electrostatic force between atom s or molecules arising from 

an interaction of fluctuating dipole moments for the atoms or 

molec ules. 

Structures of Ideal Crystals  

The bonds between atom:s in solids are similar to 

those already discussed, with the added factor that, in crystals, 

complex units fit together so as to preserve as far as possible 

local neutrality and minimise electrostatic forces, allowing 

solids to have bonds which match at energetically favourable 

angles and spacings. 

As there are four main 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 tat positive 

and negative ions are arranged in a periodic lattice, so that 
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each positive ion is surrounded by negative ions and vice 

versa. 

	

	NaC1 is an example of an ionic crystal, the rr etal 

oxides being largely ionic in bonding, e.g., MgO, A1203. 

The bonds in covalent crystals are similar to 

those of the covalent bonds, a pair of electrons being shared 

by two atoms. 	These crystals fora when a structure can 

be built in a repetitive way, consistent with the strong 

directional properties of the bond. 	Most crystals ha re a 

significant contribution of covalency, an example of a 

completely covalent crystal being diamond. 

l',etals are characterised by their particular bond, 

which has already been described. 

When other bonds are absent, then crystals may 

be fora ed by Van der Waals1  forces, but they form only 

weak crystals. 

With relation to sintering it seems that crystals 

with ionic or rr etallic bonds sinter easily, e.g. MgO, Cu, 

while crystals with a preponderance of covalent bonding are 

difficult to sinter, e.g. SIC. 

Defects in the Structure of Cr1stals  

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

be envisaged that the properties would be very different from 
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those of real crystals, due to the absence of defects. 

Growth of such ideal crystals from melts would be almost 

impossible, as the growth is attributed to steps or defects 

in their faces, enabling the atoms from the melt to fit into 

the normal lattice positions, by virtue of the energy of such 

a surface. 	Diffusion through an ideal lattice would also 

be improbable as movement of atoms in such a lattice would 

necessitate the formation of a defect, the energy of formation 

of vt,tiich is enormous. 	In veil crystals, with defects 

already present, the energy required to move an atom,  is 

:73,r less. 	Higher energies would be required for plastic 

flow of materials, giving n- uch higher strengths to the ideal 

crystals compared with real crystals. 	Defects, therefore, 

will save a great significance in sintering, particularly those 

applying to surface regions. 

araqt.222.2LIm2erfections 

Considering a perfect crystal as one having a 

completely ordered structure, then a real crystal can be 

visualised as one having a certain degree of disorder, which 

can be caused in many ways. The simplest 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 sine. pie defect is caused by exciting electrons into 

higher energy bands, leaving electron "holes" or vacant 

positions in the normally filled electron band. 	More complex 

causes of defects are due to impurities, vacant atomic sites, 

interstitial atoms, by dislocations or line defects, and the 

boundaries between crystals in an agglomeration. 

Irr purity Defects  

Foreign atoms 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 

inte::stic es between the lattice atorr s, 	If the energy of the 

system is increased appreciably by the inclusion of a 

foreign atom, then the crystal system will be unstable, 

resuming in the rejection of the atom.. 	If the inclusion of 

the atoms la an ordered way results in a large decrease in 

the energy of the system then a new stable crystal phase will 

be forty ed. 	Between these extr-am es atoms m ay be 

accommodated in the structure in a random way. 	For oxides 

the factors affecting the extent of impurity addition are 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 rr aintained. 	This usually results in tick 

formation of either a cation or an anion vacancy. 

Lattice Defects  : Even without the inclusion of foreign atoms, 

several different defects can occur in crystal lattices, the 

two main defects being the Frenkel defect
(6) 
 and the Schottky 

defect 

When an atom leaves a lattice site to take up an 

interstitial position, then the defect formed, having both a 

vactnt lattice site, and an interstitial atom, is called a Frenkel 

defect. 	The occurrence of this particular defect increases 

with temperature, as the entropy or randomness of the crystal 

is increased, which favours therrrodynam is stability. 

When an equivalent number 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 increase 

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 atoms, whereas the Schottky defect 

consists of vacant lattice sites only. 

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

where only the interstitial positions are filled, without any 
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vacant lattic:i sites. 	Finally, another disorder occurs with 

an interchange of positions of two types of atorr 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 them- odynarrics and although their 

fort-ration is not altogether clear they are believed to be 

introduced in a non-equilibrium way during solidification, 

,,:rydtal growth or cooling, 	Another possible source is 

therrral or mechanical stresses and the precipitation of 

vacancies during cooling. 

Movement of dislocations can best be visualied by 

the plastic deformation of a material. 	Dislocations in a 

crystal can move in one of two ways, the first being movement 

in the slip plane, which requires only a small stress. 	The 

actual slip of one part of a crystal over another occurs by 

wave-like notion of a dislocation in the slip plan.:„ so that the 

lattice disturbance is limited 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 



10. 

(9) 
would be far too high' . 	The boundary between the slipped 

and the unslipped portions of a crystal is called the 

dislocation line, 	When the dislocation line is perpendicular 

to the direction of slip, it is called an edge dislocation, 

and when it is parallel to the direction of slip, a screw 

dislocation. 	The structure of an edge dislocation is 

equivalent to the insertion of an extra plane of atorr s in 

the crystal. 	The rr ovem ent of dislocations in the slip plane 

is confined to the surface containing the dislocation, whereas 

the second general type of rr:overr ent involves the climbing 

ei a dislocation from plane to plane. 	This process rr ust 

involve the rt oven ent of vacancies and interstitial ions 

through the lattice and„ unlike the slip -movement proceeds 

slowly and at n-  ore elevated tem peratu. res. 	One of ths:: 

most irr portant aspects of dislocation, as far as chemical 

action is concerned, is the interaction 1).::tw,,;,,,n dislocations 

and in parity defects. 	Since impurity atorr s distort the 

crystal locally, then they rrust int_ract with th_; stress 

field present at a dislocation
(10) 

Surfaces and Interfaces : 	The surfaces and interfaces that 

exist in a ceramic body are very ii- portant in determining 

rr any properties of that body. 	There are two ways in 
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which scrfaces can be thought of. 	Firstly, they can be 

regarded as two dimensional in-perfections or, secondly, the 

surfaces of a crystal could be used to define a particular 

crystal structure in any environn ento 	In either case it is 

desirable to understand the properties of boundaries or 

surfaces of a solid or liquid, and the interfaces between 

phases, as they have such a large effect on the ov:rall 

processes involved in sintering. 	Probably the nost ire portant 

effect of a surface is shown in the tendency of either a 

liquid or solid to form a surface which has the n inimurr 

energy. 

Grain Boundaries  : One of the sin 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 tilted before being brought together, then they 

will not fit together, but will stilt be two distinct crystals 

separated by an interface or a boundary, which is termed 

the grain boundary. 	The tilting would produce an 

interference at the junction of the two crystals, which would 

be ecl uivalent to a row of edge dislocatiops• Similarly if 

the two crystals were rotated, and not tilted before being 
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brought together, then the interface would be equivalent 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 

would be areas of complete rr s fit(11) 	This summary of 

grain boundary properties applies to the ideal case of pure 

materials. 	Val ith addition of irr purity atom: s a segregation 

to the grain boundaries occurs, because the foreign atoms 

need not distort the boundaries as much as the lattice in 

order to fit into the crystal. 	Another reason is that some 

atoms may be more stable when fitted in a random boundary 

than in en ordered 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 terms is essential. 

Primary recrystallisation is the process by which 

nucleation and growth of a new gerwration of strain-free 

crystals occurs in a matrix which Ills been plastically 

deforrr ed. 

Grain growth is the process 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 expanse of a fine-grained but 

essentially strain-free n-  a.trix. 	Although all these processes 

occur in ceramics, grain-growth and secondary recrystallisation 

are most cortn only encountered, and will now be discussed 

in further detail. 

Grain Growth: It is usually found that an aggregate 

of fine grains increases in average grain size when it is 

heated at elevated temperatures. 	As the average grain size 

increases it is obvious that the sx) alter grains m gist 

disappear, so that the process of grain growth may be 

visualized as the disappearance of the smaller grains 

The driving force for this grain growth must be 

associated with the difference in interfacial energy between 

the snail grains and the larger material resulting frotrn the 

decrease in grain boundary area. 

There is a difference of free energy across a 

curved boundary given by 

4 F = 	V(j— + —L-) 
rl 	r2 
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where A F is the change in free energy on going across the 

curved interface , 	is the boundary energy, V the n olar 

volumes , and r
1 and r2 the principal radii of curvature

{ 9) 

This difference in free energy across the boi•ndary is the 

driving force which awakes 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 jw-rp across 

the boundary. 

Secondary Recrystallisation: This process occurs 

when a sirrall fraction of the grains grow to a large size, 

absorbing the srr aller grained rr atrix. 	It is most likely to 

occur when the norrr al, continuous grain growth is inhibited 

by the presence of impurities or pores. 	uly.:der these 

conditions, the boundaries that are able to move are those 

with a curvatere rr uch larger than the average, so that they 

can grow around the inhibiting agents. 	Secondary 

recrystallisation also depends on the particle size of th 

initial powder, a coarse starting rr aterial giving E., smaller 

relative growth than a fine r aterial. 	The driving force 

for secondary recrystallisation is the lower surface energy 
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of the large grains corr pared with the fir grains in the 

rr atrix, 

Factors affectinj grain growth The rr ain factor affecting 

grain growth is the presence of inhibiting age nts, such as 

inciwionc or in 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 

num ber of sides it posseses, as this affects the curvature of 

the sides. 	or a matrix of equal sized particles, their 

sides are usually straight and rr: ee.t at the corners at 1100, 

because the boundaries would have equal energies. 	For a 

two-dimensional picture, this can only occur if the grain has 

six sides. 	Grains with less than six sides will have 

concave sides, viewed from the centre. of the grain, while 

it will be convex for grains with rrcre than six sides. 	Thus 

grains with less than six sides will shrink as the boundaries 

move towards the centres of curvature of the grains. 

Atomic mobility: 	For, chemical reactions and rricrostructural 

changes to take place in condensed systerrs, atoms must 

be able to n ove about inside the crystal structure. 	The 
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sirrplest to visualize is the direct exchange of two atoms, or 

by movement of a closed ring of atoms, as the direct 

exchange of only two atoms is irr probable due to the high 

strain energy necessary. 	A second process which might 

take place is the n- overr ent 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 

diffusion of atorrs by this process depends on the ease of 

movement of the atoms into a vacant lattice site and on the 

concentration of these vacant sites. 	Atomic rroverrent by 

this process is probably the most common process in 

atomic mobility. 	If atoms 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 corrrronly 

called vacancy diffusion. 

Another mode of. movement of atoms through a lattice is by 

interstitial atoms. 	In the fornation of Frankel defects atoms 

rr ove easily from. normal lattice positions to interstitial 

positions, and the rroven-.ent of these inte-stitial atorrs through 

the lattice is another n- echanisrr of rr overrent. 	Another 

form of this same process is the movement of an interstitial 
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atorr. into a norrr al lattice position, in .mhich case the 

"resident" atom is rroved out into an interstitial position 

to rrake roorr for the incoming atom. 	This process can take 

place even though the movement from one interstitial position 

to another is unfavourable. 

For sintering, in the cases where diffusion is 

prevalent, then the speed of migration of the atoms will 

determine the rate of sintering. 	There are also two possible 

paths along which diffusing atorr s can move. 	The first is 

through the bulk of the crystal, corrrr only called "volurr e 

diffusion" and the second along grain boundaries or other 

such interfaces and surfaces, end 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 Processes  

A s 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(12)  form ulated a mathematical approach to 

the problem. 	Fick's first law states that the qu antity of 

diffusing material which passes per unit time through a unit 

area norrral to the direction of diffusion is proportional to 

its concentration gradient 

J 	_D  
dx 

where J is tha actual flow per unit tin e per unit area, c the 

concentration per unit volume and x the direction of diffusion. 

The constant of proportionality in the equation, D, is term•ed 

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 	d c 
dt 	

D
dx 

This equation refers to the unsteady state of flow. 	The main 

criterion of Fick's Laws being that the material will only flow 

if there is a concentration gradient of the diffusing species 
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between the two particular points, 	If the material is 

perfectly homogeneous, with no concentration 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 ttat all concentration, gradients tend to be evened out. 

Some investigator (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 Process  

On closer examination of the diffusion coefficient, 

D, there is no reason why it should be assumed to be constants  

since there is a distribution of energy through the lattice, 

dependent on its defect state, which varies with temperature.-

There is also an energy barrier which must be surmounted 

for a migration of ions from normal sites to ither 

interstitial positions or to vacant lattice sites. 	Furthermore, 

any local variation in composition 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 must be supplied to the atoms to surmount 

the energy barrier between the lattice position is called Cie 

activation energy  for the process. 	As the temperature of 
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the system. is increased the fraction of atoms which has 

sufficient energy to surmount the energy barrier also 

increases; also, the number of defects increases
(14) 

, the 

overall increase being exponential, so that the temperature 

dependence of the diffusion coefficient is given by an 

Arrhenius type of equation 

-E /RT 
D = Do  e 

where D = diffusion coefficient: Do  = a constant or a pre- 

exponential factor; E = Activation energy; R = gas constant; 

T = absolute temperature. 

The Arrhenius plot gives the relationship between the 

diffusion rate, the temperature of the diffusion, and the 

activation energy for the process at that temperature. 	The 

values of D
o and E are of great importance in establishing the 

mechanism controlling the process. 
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The Sinteriz___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 must be transfer 

of n-  aterial across this region by one or more of several 

possibl.e rr. echanisrrs. It is probable that all the mechanisms 

rr ake son-  e contribution to this transfer, possibly several of 

them simultaneously„ under certain conditions, and that the 

present theories on rintering are qualitative approxirr ations. 

It seems feasible that by changing the conditions of the 

environrr ent the rate controlling mechanism can be changed, 

so that every possible ii- echanism is potentially the 

governing process. 

The sintering process is fundamentally dependent on 

the requirement that an equilibrium system shall achieve the 

maximum state of order and 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 Tr aterial the aspects which /may 

be considered to be of r- a;Jor importance in affecting the 

sintering behaviour of this material are: 
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Interaction of bon.dr, between adjacent particles; 

Evaporation and condensation of material; 

(3) Surface diffusion of atorr s into the region of the 

contact area; 

(4) Transfer of rr aterial to the contact area by volurr e 

diffusion; 

(5) Macroscopic flow of material, especially in the 

presence of high mechanical stresses applied to 

the rr aterial; 

(6) Grain growth. 

These points are of fundarr ental importance in the 

sintering process, but there are other factors which play an 

in portant part in the sintering behaviour of any particular 

material, such as: 

(1) 
	

The effect of particle size, shape and distribution; 

(Z) 
	

The disappearance of both open and closed pores; 

(3) 
	

The effect of the gas stn-  °sphere surrounding the 

rr attrial. 

In order to rrinin-  ise the variables encountered in 

the sintering process most of the fundarr ental work done 

in the field has been carried out on simple systen:s and 

comparing experimental results with these system s (2,4) • 
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As the driving force for the system is the sane in all cases 

(the minimising of surface free energy) then differences in 

behaviour in the various types of systems will be dependent 

on the overall n echanism of material transfer, which is in 

operation in each case, so that a theoretical knowledge of the 

several possible rr echanisms will be of use in the later 

discusrion. 

Interaction of surfaces: Even though little is known of the 

cherrical or physical bonds between adjacent solid surfaces, it 

has been well established that these bonds are modified 

significantly 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 surface to surface 

bonds to interact, due to the high surface energy of a 

disordered solid
(15)

. 	The bond interaction will also be greatly 

affected by the presence of another phase between the two 

surfaces. 

Eva oration-Condensation: This mechanism is the easiest to 

treat quantitatively, but is dismissed by rr ost authors as being 

too United in its application. 	When it is considered, however, 

that the vapour pressures surrounding the grain are 
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considerably higher(16) than those deduced from high temperature 

equilibrium measurements, then this mechanism becomes 

feasible, e.g. NaC1. 

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 

known that the vapour pressure above curved surfaces is 

dependent on the radius of curvature of the surface. 	Thus the 

yap-Air pressure 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 from inside the 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 material 

from the free surface to the junction, 	This results in a 

build up of material around the junction or "neck", (in future 

referred to as a neck-growth), and it is evident that the 

phenomenon is a transfer of materials from surfaces and not 

from the body of the particle, which means that there will be 

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

densification or removal of pores (17) 

Surface Diffusion: Tarnmann(18) has shown that at temperatures 

greater than approximately half of the melting temperature (°K) 

- commonly referred to as the Tarnman temperature - lattice 

mobility becomes appreciable, whereas below this temperature 

it is negligible, • However, riuttkg 115)  has shown that surface 

mobility is appreciable down to a fifth of the netting temperature, 

or even lower, and that this rr obility increases rapidly with 

terrperature 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 Tarnmann 

ten perature, although it may be masked by the lattice mobility, 

and that it probably plays a very important part in the 

formation of necks in the early stages of sintering. 

Another fact which should be borne in mind is that 

grain-boundary diffusion is but a modification of surface diffusion, 

and the importance of it cannot be overlooked. 

The mechanism of surface diffusion is very similar 

to that of evaporation-condensation in that n-aterial is 

transferred fron the free surfaces of the grains to the surface 

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 particles, as there is a concentration gradient of surface 

defects, which tend to be evened out. 	In the free surface of 

the particle, there is a disordered structure du-, to the 

peculiar nature of the surface, au has been described before. 

This provides the mobility in the surface which must be present 

before any diffusion or transfer of m aterial can take place. 

The difference in free energy or cher,  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 phenomenon, there can be no densification of 

material, m erely a change of pore shape, 

Volume  Diffusion: Above the Tan-rr ann temperature,  

spontaneous production of vacancies and lattice mobility occurs;  

thus facilitating the phenomenon of volurr e diffusion. 	From 

another viewpoint, it is the stage at which the depth of the 

surface active a.egion has reached the centre of the grain and 

the "surface" becom es the whole lattice. 	It is, however, 

unlikely that material is transferred from the middle of the 

grain to the surface, as this process would be far too stow to 

() explain the experimental rates observed • 	The path for 
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the transfer of material must be small to give a satisfactory 

explanations  and the view is that material is transferred from 

the junction of the particles to the neck-area, or in other words, 

from a grain boundary to the neck via the inte.rior of the 

grain, 	This is synonymous with the diffusion of vacancies 

from the neck area into the particle junction. 	The driving 

force F then the difference in chemical potential between the 

disordered grain boundary and the "completely disordered vapour 

phase". 	Material will diffuse outwards from. the junction to 

the necks, or, in other words, 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 nerge one into the other, as the necks grow, 

giving a densification and a decrease in pore size. 

Theoretically this process could proceed to theoretical density, 

with no porosity at all, but practically this does not occur as 

the pores tend to become isolated and with the occurrence of 

grain growth, the path Iron-. pores (vacancy source) to the 

grain boundaries (vacancysink) tend to become larger, thus 

slowing down the whole process until it eventually stops. 

Macroscopic Flow Frenkel(19)  was the first investigator to 

n- ake a serious attempt to develop a theory of sintering. 

a.ssurrption was that the process consisted of a slow 
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deformatitn of the grain under the action of surface tension, 

which reduces to a Newtonian flow of xr aterial from,  the 

grain to the neck areas. 	According to Frenkel this flow is 

due to the diffusion of the holes or vacancies in the lattice. 

This rr echanisrr of macroscopic flow was later developed
(3°4) 

to bring in both types of bulk flow, nan ely viscous 	and 

plastic., flow. 

For glasses, which are envisaged as super-cooled 

lituids, a viscous flow mechanism is generally accepted as 

being in operation during sintering, in which the surface 

tension of the particles at high temperatures produce the 

shearing of planes of atoms, 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 Bingham flow. 	The 

characteristic of this type of flow is that the shear stress is 

proportional tc. the shear strain only above this yield point. 

Although there is considerable information on the 

deformation of metals :, and the related flow mechanisms 

operating, less inforn- ation is available concerning ionic 

crystals, but it is accepted that the flow of material is similar 
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to that of zr etals, so that the plastic flow would take place, in 

low temperature regions by slip or glide along preferred 

crystallographic directions and that this slip is associated 

with dislocations and their "wave-like" rr ovary ent through the 

crystal. 

Besides plastic deform ation, another possible mechanism,  

of plasic flow would be tha';-  of creep, in which stress above 

a certain 	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 Sinterin 

The first attempt to formulate a theoretical concept 

was made by Sauerwald(1) who postulated that during sintering 

there existed two distinct stages. 	Firstly, adhesion  

occurred due to the mutual attraction of surUce atoms, and 

surface tension° 	On reaching a certain characteristic 

temperature (which he put down as three quarters of the absolute 

zY elting point) rapid shrinking is caused by spontaneous 

interchange of atoms between adjacent particles, called 

stallisation , and is the second stage of sintering. Blittig 
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et al(20) from 1941 to 1948 carried out extensive research on 

sintering and gave individual temperature zones a particular 

characteristic: 

(1) First terrperature range 0-0.23 of absolute melting point 

Period of adherence of particles; 

(2) Second temperature range 0.23-0.36 of absolute rn elting point 

PerLed of surface diffusion; 

Third temperature vange 0.33-0,45 of absolute melting point 

Period of grain boundary displacements by growth; 

Fourth temperature range 0.37-0. 53 of absolute melting point 

Period of lattice diffusion; 

Fifth ten- perature range 0.43-0,8 of absolute melting point 

Period of formation of new crystallisation centres; 

Sixth temperature range 0.3-1 of absolute melting point 

Period of excessive grain growth* 

This gives good agreement with present day theories,. 

Frenkel(19) advanced a theory based on work carried 

out by Balite(21  fr, and postulated that the sintering of metallic 

particles is caused by surfPme tension forces, in which metals 

can display a viscous flow similar to amorphous solids, 	This 

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

magnitude, in contrast to the ordina1ry plastic flow of the 



31. 

particular metal, His work was closely followed by Shaler 

and Wulff(22), but in neither case was the theory validated by 

conclusive experin ental 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 

corrpos:te rr aterial containing a uniform distribution of holes. 

The later stage of sintering was considered when all open pores 

have disappeared and the remaining pores surrounded by a 

solid n.atrix. 	The n,aterial was visualised as flowing into the 

pores, which are under a positive pressure 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( 4 considered the initial stages of 

sintering when the pores are open, giving a continuous n. 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 areas of tht particles in contact. 

However, to fit their experimental results to the theoretical 

curves several empirical correction factors had to be incorporated 

in the form ulae, based mainly on the difference in georr etry 
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between the model and the real compact. 

Kuczynskits
(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, Kuczynskits 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 diarreter. 	He showed mathematically that different 

mechanisms would give different time dependencies, e.g. 

	

t 	Volume diffusion 

	

t 	Surface diffusion 

	

oc t 	Viscous or plastic flow 

ac t 	Evaporation and condensation 

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

t = time of sintering. 

x5  

a2 

x7 

a3 

x2  
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By plotting the increase in neck diameter against 

tin- a on a logarithm is scale he showed that the slope of the 

straight lines produced agreed with a volun e diffusion 

mechanism., 

Although Kuczynski t5 rr athen- atical treatrc ent has been 

criticised, the general conclu3ion reached by ofany authors'5,17,23) 

is that the rate controlling n- echanis 	for solid state 

sintering is that of volun: 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. 

Tar 2222.tire deaessience of sintering  

As diffusion is an activated process, obeying the 

Arrhenius equation 

= 	Do 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 atoms or on brain boundary diffusion, then sint_ring could 

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

energy of activation, i. ea: 

Rate of sintering
s e

-E/RT 
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where As 	a constant, E r  activation energy for 

sintering, R = gas constant and T the absolute temperature. 

A. plot of the logarithm of the change of volume 

against reciprocal temperature of sintering (°K) should then 

indicate the dependence of sintering on voluty e diffusion, 

e. an activation energy comparable to that of volum e 

diffusion should be calculable. 

Defect Structures in sintering_ 

Although most investigators have worked on 

establishing one of the n auy possible n echanisrt s as the rate 

controlling process in sintering, little work has been done to 

establish what ions or group of ions are in fact determining 

this rate process. 	Before any enact evaluation of the 

mechanisms involved can be r, ade, the mode of transport and 

the nature of the ions moving must be firmly established, as 

it seems very likely that a difference in the defect nature of 

the solid will change the diffusion condition and, therefore, 

the possible tr achanisn for sintering. 

Effect of iere 

In considering the effect of defect structure on the 

sintering process, the effect of the gas atrr 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 lc gas atmosphere could affect thc.. transport 'T echanisn 

by affecting the vapour pressure of the solid, and possibly 

promoting the evaporation-condensation rr echanis n . 	Schottky 

and Wagner(25) have described the equilibriur s et up between 

the gat phase and the lattice defects in a solid, while Gray(26) 

discusses the adsorption and desorption of gases on the surface 

of solids affecting the defect structure. 

Effect of particle size: 

As the size of particles increases, the nur bar of 

particle contacts decreases, and the distance travelled by the 

	

ions from the lattice sites to the neck areas also increases. 	It 

has been experimentally shown by Coble' 	that the rate of 

neck-growth between particles decreases logarithmically with the 

particle size, over a very wide range of particle dian-.eters. 

•It is also known that grading of powders to different 

distribution of coarse, rpe.clium and fine fractions can change 

the final densities achieved in a sintered body. 	It is therefore 

evident that for a fair comparison of sintering characteristics 

the sarre particle size distribution yrust be maintained throughout 

the experimental work. 
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Effect of pre-firing  

Assure ing that surface diffusion is the initial rrechanisn 

in sintering, then pre-firing specimens before the actual 

sintering process should give different areas of contact between 

particles which should show in the total amount of shrinkage 

tOling place during the actual firing of the specimens. 

As surface diffusion gives no volur e shrinkage of the- 

. peli.lets, pre-firing at tern peratures 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 forn. necks at various 

tempk...ratures, and thu.:. establish the role played by surface 

diffusion in sintering, 

Effect of a reactive-liquid  

1V`ost of the work carried out on sintering in the presence 

of a liquid phase has been on the addition of relatively large 

( 	10%) fractions of Liquid form 	With such an appreciable 

arr ount of lirp!d present the process of sintering can be 

considered in three stages (ZS) 

(a) The rearrangerr ent of the solid particles in the liq uid 

n atria to give a rrore dense body; 

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

reprecipitation at the neck. 	There is increased 
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rAolubility .at the points oft!contar:t due • to the surface 

te:t.r.im forces. I,etween the particles; 

(c) 	Sintering slowing down due to the formation of a 

solid skeleton. 

With small liquid additions the effect of the 

rearrangement process will be very small con- pared with the 

solutio- precipitation process and the rate controlling factor 

should be the diffusion of the solute ions to the neck. 

Interaction of the liquid with the surface of the particles Tr ay 

also affect the defect structure of the surface giving enhanced 

surface mobility. 	If the solid particles are sufficiently srr all 

then this effect could well be e':ident in the bulk of the 

particle as well as the surface. 

The liquid may also affect the growth properties of 

the solid, by forming a layer between th particles, thus 

inhibiting the movement of the boundary from one surface to 

another, this would ensure the rem oval of the pores from around 

the particles to give a dense compact. 
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SECTION  III:  PLAN AND TECHNIQUE OF EXPERIMENTS 

The sintering of a powder compact changes many of 

its physical properties, so that a variety of techniques have 

been used in the past to determine the sintering behaviour of 

the different powders. 	Model experiments have also been 

devise to n inirrise the variables encountered in the sintering 

process, and these have been extremely useful in formulating 

the theories of the sintering rr echanisr 

Kuczynski(21)  in his model experi ants sintered 

s pheres of copper to a copper plate and measured the growth of 

the necks with a n- icroscope. 	He extended his experiments(? 9) 

to considering the sintering of spheres together, the materials 

used being sapphire, glass and copper. 	Another variant on 

this model experiment was the sintering of wires, wound 

around a bobbin in several layers. 

Kingery and Berg(17) also followed the sintering 

phenomenon by observing the sintering of spheres togeth-r in a 

furnace through a transparent window. 

For metals, the sintering behaviour has been 

followed by measurements of electrical resistivity, magnetic 

measurements and tensile strengths. For ceramic materials, 
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excepting ferrites, these measurements offer some difficulty, so 

that experimental techniques have been rather limited „ 

Kingery(28) has favourA the direct m easurement of 

linear shrinkage by observing compacts in a furnace, using a 

travelling n- icroscope, while Oe1 (30)  has made dilator etric 

measurements to follow the sintering behaviour of loose powders. 

Clark and White(4) measured the volume shrinkage of 

powder compacts using a mercury balance, based on Archimedes' 

principle, 	This is an accurate method of measuring volume 

shrinkages and which is quite simple to use. 

This last method of measuring volume shrinkage was 

thought to be best suited for this research and was adopted for 

the experimental work carried out. It is also the most obvious 

difference which is seen in sintering, andt! which needs the 

closest control possible in industry. 

a: - Alumina was chosen aP 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 former as its 

behaviour in contact with alumina is well known after the work 

carried out by various investigators in this laboratory(31) 

The CaO - A1203 - SiO2  system would have b,;en best suited for 
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this research, being much in evidence in industry, but as most 

of the components have high melting points ( 	1300°C) the 

lower melting (1088°C) sodiur,  silicate was chosen as the best 

substitute. 

Volume shrinkages of alun ina compacts and of alumina 

with sodium silicate additions, were then carried out to 

determine the effects of temperature from 1200°C - 2000°C, 

of liquid-forming additions, from 1 - 10%, of gas atmosphere 

(va,..uu-a and 	and of time on the sintering behaviour of 

alumina. 
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Experirr ental Work  

A. Materials  

1, 	Alumina 

For the n ain part of the research "Anala:e" reagent 

alumina was used. 	For a comparative experiment high purity 

alumina obtained from. the Plessey Company was used, 

2. 	Sodium Silicate  

This was prepared by fusing "Analar" reagent sodium 

carbonate and silica. in the forn. of Loch Aline sand in a 

platinum pot at 1100°C. 	The powders were thoroughly n laced, 

with 5% more sodium carbonate than theoretically needed, to 

make up for loss by evaporation. 	The liquid silicate was 

poured out onto an iron plate and powdered wh_:n cold. 	This  

was then remelted and the process repeated to ensure 

homogeneity. 	The powder was kept in a dessicator to avoid 

moisture pick-up, and used as required. 

J. 	 Preparation of Alumina P owders  

The powders which were not recalcined were ground 

in an electrically driven agate mortar for four hours until the 

particle size was approximately 1-2 microns, a rough check 

being done with a microscope,. 	The comparative purities of 

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



Impurity 

SiO2 

Cl 

SO4 

Fe 

others 

Analar 	Plessey 
Alumina 	Alumina 

0.04% 	0.02% 

0.005% 	0.005% 

0.01% 	0 

0.01% 	200 ppm 

trace 	trace 

42. 

TABLE I 
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A more accurate analysis of the particle size distribution was 

made using the Andreasen pipette method, 

For liquid-phase sintering, the .A.nalar powder was 

wed, the silicate powder being added to the ground alumina and 

thoroughly rr ix e d for half an hour in a tun bling 

No other treaty-  en`. was given to the pc-,wders before 

being pressed into pellets. 

4,, 	1:; ould Used 

'The rr. ou'id used for presoing the pellets used in thin 

research project was made from.. a solid block of Perspex. 

A half inch hole was drilled, and two fitting 1",er spex punches 

made. 	Perspex was chosen for the mould material as it 

would minimise the pick-.up of inorganic im purities during the 

pressing operation. 	The pressures involved were then limited, 

to increase the life of tl rr ould and a pressure of 0.75 tons 

per sLi, in. was used throughout. 

5. 	Prepa..ration of Pellets - - 

A pproxim ately 1 gran-  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 107c  gull-

tragacanth solution was added to each sample before pressing 

to give good green strength to the pellets. 	7che pellets were 
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then kept in a dessicator for a few hours before use. 

B. Sintering Procedures  

Furnaces 

A platinum-wound horizontal electric resistance 

furnace was used for temperatures up to 14001DC and open to 

the atrrrosphere, 	This furnace had a 11" internal dianreter 

alumina tube. 	The furnace and controller.: is shown in Fig. 1, 

page  45 

A temperature distribution of 2°C over 11 ins. at 

1400°C wad observed for this furnace, and all sintering work was 

carried out in this zone. 

A horizontal furnace with molybdenum- tape wound on 

an imperrr eable alumina tube was used for temperatures up 

to 1770°C and open to the atrr osphere. 	An inert gas 

atm. osphere was m. aintained around the rr oIybdenurn winding by 

using cracked ammonia. 	The apparatus is shown in Fig. 2, 

page 46 . 

A temperature distribution of 	2°C ov•Qr 3 ins. at 

1700°C was obtained with this furnace which was used for the 

sintering work. 

A vertical tungsten elerr ent (later changed to molybdenum) 
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FIG. 1 	Platinum wound furnace. 



Ltb 

FIG. 2 Molybdenum wound furnace.  
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0 
vacuum furnace was used for temperatures up to 2000 C, and 

for comparing sintering experim ents in vacuo at lower 

temperatures (1600 - 1750°C) with those conducted in air in 

the n olybdenurr, wound furnace. The apparatus is shown in 

Fig. 3, page 48 , and a cross section of the furnace chain ber 

in Fig. 4, page 49 

The hot zone was not determined for this furnace, but 

direct temperature readings of the top surface of one of the 

spcirr ens was taken with an optical pyrometer, 

Fluctuation in the mains A.C. supply was reduced to 

about one-tenth by a "Regavolt" autorr• atic voltage controller 

perrra-ently connected in the line for the molybdenum wound 

furnace and the vacuum furnace. 

Ter perature Measurement and Control  

For temperatures up to 1550°C a platinum-platinum 

13% Rhodium thermocouple was used, which was standardised 

against a standard thermocouple. 	Above 1300°C, spot 

readings only were taken, to lengthen the life of this 

thermocouple, 	The them' ()couple was attached to a potentiometer 

for accurate temperature readings + — 1°C. 

0 
Above 1550 C, when preferential volatilisation of 

rhodium becon es appreciable, an optical pyrom eter was used, 
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FIG. 3 	Vacuum furnace. 
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+ which was accurate to - IO0  C. 

The platinum and molybdenwr wound furnaces were 

kept at ten- perature throughout the experiments, the specimens 

being pushed into position on perm cable alwn: ina boats, 

2-3 ins. long. 

The boats were pushed slowly into the furnace until 

they re :shed a pre-determined position in the hot-zone. 

The ttime•ttak(::n to::QrA.c.::t1 this position V&A (4tandardis edc, 

at each temperature to avoid any discrepancy due to unequal 

heating of specim ens. 	The time for each run was taken from 

the n on- ent that the specimens reached the hot-zone until the 

rr: °Trent they were rem owed 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 molybdenum crucible which fitted 

over .a m olybdenurr pedestal in the furnace chamber. 	The 

furnace was then evacuated by a rotary pump to 1 ern-, Hg 

pressure, and then to 0.0l microns Hg pressure by an oil diffusion 

pump. 	The current was then switched on and the chaertber 

brought up to temperature in about 10 minutes, continual 

readings of the temperature of the specimens being taken, 	When 

the specie en reached the r equired temperature, the tin ing of 
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the run was started, 	At the end of the run, the current was 

switched off and the charrbc.rs.r allowed to cool before removing 

the specimens. 

The ten-  perature was n  easured -wi,th an optical 

pyron eter to 	10°C, through an adjustable mirror and the 

silica-glass viewing window on top of the furnaces 	The optical 

readings were taken on the specimen in the holder, the 

p-y-rorneter being calibrated beforehand for absorption loss through 

the window and mirror. 

Control: The platinum-wound furnace was controlled by a 

"Sunvic" ou-off control which regulates the energy input to the 

furnace by timing the period for which the current is switched 

on and switched off. 	This gives a very steady temperature 

of ± 2°C. 

The n-.olybdenurn-wound furnace was controlled through 

a step-down transformer, operated by hand. 	This again gave 

a very steady temperature. 

The vacuum furnace was controlled through a low-

voltage transformer and even with manual control the 

temperature of the specie ens could be reproduced to within 

the accuracy of the optical pyrometer . 
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Cnn Measuxerr.ant  of Volum. e of PelletF 

The volume of the specirr ens were measured by 

using the simple Archirr.edesi Principle. 	The method used 

by Clark and White(4) was modified for greater accuracy. 

The apparatus, shown in Fig, 5y page 53 	consists 

of an ordinary two-pan balance, one pan being n odified for 

lowersng the specimen into the mercury wit: a grab made of 

lacquered iron wire. 

D. Polished and Thin Sections 

In preliminary investigations on polishing, many 

alternatives were tried, including the use of diamond dust on 

photographic paper, and a whole range of abrasive and polishing 

powders. 	The best results, using a series of diarrond 

dusts on a polishing wheel took about six hours for one 

specimen, so that this tech-.:7,...u.e was not used. 

Thin sections were more readily prepared with the 

facilities at hLrid, and they were used in microscopical work, 
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EI,P.perirmental  Procedure 

Sintering of A lun ina 

Preliminary Work! 	In order to standardize 

experimental technic:oes and to calibrate the mercury balance, 

some preliminary experiments were undertaken on the alumina 

powder used. 

The powder was first of all ground in a power-driven 

agate mortar for times ranging from 1 hour to 4 hours, 	It 

was found that the closest distribution of particle size was 

obtained by grinding for 4 hours, and this time was then taken 

as the standard for all subsequent grinding of the "Analar" 

The Andreasen distribution curve is given in Fig, 6, 

page 55 . 	For the Plessey alumina a time of 12 hours was 

found to be best, as the distribution curve shown in the same 

figure was the closest approxim ation to the other powders 

obtained. 	The difference in the two curves was due to the 

different starting conditions of powder shape and size, shown in 

the electron microscope photograph, Fig. 7, page 56 	Any 

subsequent operations on the Plessey alumina did not give a 

better distribution, so that, it was decided to use the powder 

only as a comparison with the "Analar" alum in. a, which was in 

greater supply. 
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FIG. 7a Electron micrograph of 'Analart  Alumina 
ground for 4 hrs. 	(X 2,000) 

FIG. 7b Electronmicrograph of Plessy Alumina 
ground for 1i hrs. 	(X 2,000) 
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As has been explained beforehand the heating operations 

were standardized for each temperature, as the temperature 

gradient iron the rr outh of the furnace to the hot-zone changed 

with each temperature used. 	In the vacuurr furnace a heating time 

of 10 minutes was used for all runs as previously stated, as 

the furnace was always started cold, and so subsequent heating 

could la controlled far n-, ore easily and quickly, thermal shock 

being aln- ost 	- due to the use of metal-  parts throughout 

the furnace as oppoced to the thermal shock susceptible 

in-pern:eable furnace tubing, rails and boats used in the 

molybdenum furnace, 

In preliminary work a molybdenum push-rod was used 

as the material was easily available and was still usable at 

the temperatures achieved in the furnace. 	it was thought at 

first that the oxidation of the rod while inserting or removing 

the specim en would have no effect on the sintering characteriatics 

of the alumina,. 	The results obtained were, however, to the 

contrary, as shown in Fig. 3, page 50 	This gives a 

typical curve obtained for alun ina at 1500°C, and similar curves 

were obtained at other temperatures. 	To explain this 

phenomenon, hardness tests were conducted on the specimens, 

x-ray analysis proving fruitless. 	The hardness :aralues shown 
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in Fig. 9, page 59 follow the same general pattern as the 

volume change with time, which suggests a change in particle- 

particle bonding. 	The sharp increase in strength (indicated 

by the indentation hardness values) followed by a decrease in 

strength, and then a further increase to a constant value seems 

to indicate that material is transferred to the neck area and 

is the:'.. rer. oved0:' -'17.1y, in a matter of half an hour. 	This 

"de-sintering effect is tentatively attributed to the interaction 

of molybdenum oxide and alumina at the surface of the 

particles, producing non-stoichiorr etry in the surface and thus 

giving an enhanced defect structure, which increases ion 

mobility, and gives a sharp rise in the neck area, closing 

n-  ost of the open pores. 	On further heating the molybdenum 

oxide evaporates, due to a time dependent do grease in the 

concentration of the oxide in the surrounding atmosphere, and 

as the pores are now closed, it has to diffuse through the 

alumina as a gas, in so doing, forrr.ing 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. 

comparison with alun ina sintered at the same temperature, 

but using a non-oxidising push-rod (silica glass) given in the 
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carn e figure seen: 3 to confirm this idea, 	A9 the ply b de nun-

push-rod m asks the true sinterin47 characteristics of alumina (and 

probably other oxides) it was decided to use silica glass rods for 

subsequent exporin ents as it had excellent thermal shock 

Properties and did not vapourize,, 

Sensitivity of the Balance  

The rr ercury balance was constructed after an idea by 

aton(32) as it was 	ore sensitive and accurate than the 

model previously used in the laboratory(33) 

The sensitivity of the apparatus was determined by 

measuring experim entally the density of a substance of known 

density, given in the following table: 
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TABLE II 

	

Reported Volume 	Calculated Percentage 
Density Measured Density Error 
(g/cc) 	(cc) 	(g/cc) 

Glass A 2.4926 0.0811 2.2158 11.1% 

-Glass B 2.4904 0.177 2.4393 2.1% 

Glass C 2.4876 0.101 2.2387 10% 
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Great care was taken at all tin es to ensure that the 

mercury and the iron grab were clean with no powder adher'iitg 

to cause discrepancies in weighing. 	The balance was kept in 

a constant ten- perature room to prevent undue temperature 

fluctuations during weighing which would affect the density of 

the rr ercury. 

The specimen holder was first ly weighed in the mercury 

to find the upthrust on the holder alone. 	The specimen was then 

weighed in the n-  ercury, after weighing in air on a balance 

weighing to 0.1 	 With care, the weight in n: ercury 

could be determined to 1 n illigrarr, the third decinril place being 

used as a guide. 	The temperature of the mercury was recorded, 

and its density determined from tables. The volume of the 

specimen was detern-inad as follows: 

V= (Vc.A 4- LO.  

Hg X VIA 

V = volume of the specirx-:en, VV A  = weight of the specimen in 

air, V: 
Hg 

= weight in rr ercury (or the upthrust), 	Hg = density 

of mercury. 

Procedure for the Sintering of Alun- ina 

In the literature it was observed that no single 

ilAvestigator had covered the whole range of sintering temperature 
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envisaged, i.e. from 1200°C - 2000°C , although different 

experirrents had been conducted to cover different temperature 

ranges. 	It was thought desirable that this research should 

cover complete ranges of temperatures, as variations between 

investigators -rere unavoidable, especially in technique, mode of 

measurement of the sintering characteristics and most important 

of all, in the variation in the purity and in the particle 

characteristics which are evident when powders from different 

sources are used, as will be shown° The experimental 

procedure, as explained beforehand in the preliminary work, was 

adopted, and an investigation of the complete range of temperature 

undertaken;  

Procedure for the Sintering of Alumina with Small Additions of 
Reactive his .'aid 

As the main work of other investigators(28) has been 

concerned with liquid additions greater than 10%, it was thought 

advisable to investigate the effect of small additives of liquid, 

from 1% - 10% by volume, 	This was done to establish whether 

such a sn all percentage would change the characteristics wholly 

to that of liquid-phas,; sintering or whether the reactive liquid 

would behave as e.n impurity causing lattice defects and, therefore, 

a greater ion mobility in the solid, 	Sodium silicate was 

0 
chosen as this had a low melting point (1038 C) and its liquid 
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characteristics were known from previous corrosion work in 

this laboratory(31). 

The density of sodium Silicate was calculated frorr 

the work of English and Turner(35), who give factors for 

S302  and Na2O to calculate the density from the composition 

as follows« 

100 	4 x2 
 

d2  

where D is the density of the glass, x1 and x1  are the 

percentages by weight of Na2O and SiO2  respectively„ and d1 

and d2• are the factors for the calculation for Na2O and SiO2 

respectively (3.47 and 2.20). 

100 	50,9 + 49.2  

3.47 	2.20 

13 = 2.70 gm/cc for Na2O . SiO2 
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SECTTO.N.  IV 

S cu rces 

The tec}:inique 	pioyed for following tic sintering 

process involved rEarry different parw-r—ters, each having its 

own particular source of e.rrnro 	These SOUrC,:.,S are listed 

below under the different pa.ran-  titers (as headings), and an 

estimated error for son e typical results are given in the 

tables, 

Temperature Measurement: 

The errors could be traced to thre:. possible sources: 

(1) The inherent error of the treasuring device, which is 

large for the optical pyrol; eter, being about ± 10°C in the 

range of temperature (1600°C - 19006C) over which it was 

erc ployed, 

Vii-11 a thermocouple., using a sensitive pote.ntion eter s  

the error in measuren-. ent was only - 2 C this being at its 

worst at 3.500 - 1600°C due to volatilisation of the rhodiurr 

fron.  the couple, 	This -,was n inin iced in the present work by 

frequently con-  paring the therrr or:ouple used with a standard 

the.rn- ocouple. 

(2) The variation. of t-,n perature during i.he course of the 

experin ent due to 	prissible i'vt.v.ctuation of n- ains voltage, 
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For the rr.olybdenurn 	v-a.cwav-p funs this was :reduced b7 

using a "Regavolt" auton-atic voltage stabiliser„ limiting the 

n ains voltage fluctuation to within ± 1 volt, 

The rnolybdenun and platinurr furnaces were always 

brought up to a set ten perature and left to stab ilize for at 

least twelve hours, before the emperin: eats were carried out, 

This could not be done with the vacuum furnace. 

(3) 
	

The variation of position in the hot-zone woqld give a 

diff.erent temperature each run, This was al'eo minimised by 

nn arking the push-rod and standardizing the boat-placing with the 

length of 	rod to this mark, 	The boats used were always 

sn:aller than the actual hot-zone and placed in the rriddle al it 

Tirr e 	easurerr ant  

The chief source of error in timing was always at the 

beginning and at the end of each run, when th specie en was 

being heated or cooling, 

As the specimens were being pushed into the furnace 

and heated up, especially at the higher temperatures, then 

sintering in the transition stage between the hot zone and the 

colder regions of the furnace can take place, giving an 

additional shrinkage, difficult to evalu.ate, 

A standard tine of specimen heating was used at each 
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temperature. to rrinin- ise tho erbd oti,ct, the tin-le taken for 

sinterinat being taken from the instant the specimen was in the 

hot zone to the instant when it was removed front-. it. 	The 

least tin e used for any run was thirty inutes so as to 

n•inimise the end effect which, is greatest for the lowest tin-,  e 

used, 

Lrro:-: due to ten perature  and  

As the error at different times and ten- peratures are 

ouite different, some arbitrary points have been taken and the 

error in change of specific volun- e due to an error in 

temperature and tin estimated frog- the equation 

4V 
Vo  

tZ /5 ,  

.T 2/5  

(17) 
as put forward by Kingery and Berg' . 
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TABLE III 

Ten- p 
F.x-1-07.-(°(;) 

+ 5 

± 5 

± 5 

-I- -10 

+ -10 

±  5 

Tim e 
(rrlhe) 

30 

900 

30 

11140 

30 

720 

Tier e 
Error. 
(n- ins) 

+ 3  

t 3 

±  3 

± 3 

± 3 

± 3 

Calculated 
Experin ent al 
Liz-nits ( AY_ 7, 

Average 
etiV (up 

Furnace 
Terr p.rt".) 

1235 

1285 

1500 

1500 

1770 

1770 

Vo  	' 

1. n 

3.67 

11,49 

19,68 

36.6 

42.7 

Vo + 0.04 

± 0.01 

± 0.46  

± 0.05 

±  1.5 

± 	0.15 

Mercury Balance 

The sensitivity of the balance is given in Table II , 

page 62 , which shows that the sensitivity increases with 

increasing specimen volun e, and that th,,_1 rr-axin- un- error is 

- 2% of the volun- e easwred, 

The rr ain source of error was found to be in the 

cleanliness of tie rr•ercury and in the constancy of its 

ten- perature. 

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

no surface fan- was present which interfered with the upthrust 
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and with the density of the n ercury. 	As the specimen was 

pushed underneath the mercury, any surface film• would adhere 

to the specimen and give. a false reading of the volur e. 	Care 

was, also taken to ensure that no air bubbles were trapped on 

the surface of the specin en, wIlich would also interfere with 

the upthrust on the specimen. 

(2) The temperature of the mercury affected its density, 

which was used in the calculation of specific volun es, and so, 

care was taken by using the n- ercury balance in a constant 

temperature roon- , and n.easuring its temperature at frequent 

intervals. 

(3) The specimen holder was cleaned each time to remove 

surface films of powder adhering to it, and it was found 

necessary, especially with unfired specimens to measure the 

upthrust on it with each specie: en. 	A s the sari e volur e of 

rr.ercury was used each tin e, and the balance always brought 

to zero, the effect of the cross s,,ctional area of the wire used 

was calculated but found to be negligible, but was kept sir all 

to give better sensitivity. 

The specirr en was balanced and the weight taken to 

three decim al 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 Volun  

A2 the sintering. of thc. spoeirren was followed by a 

change in voluy, e it was thought advisable to calculate the 

specific volun e of the specimen so as to elin inate weight 

differences between each specie-  en, and to ensure that each 

specirr en was approxin: ately the sari: e density for a fair 

compnrison, 

The shrinkage was then taken as the ratio of the change 

in volume ("NV) to the initial specific volun-  e (V o) as this 

din- inished slight differences due to different initial specific 

volun es and it gave a din ensionless nun ber. 

Error due to Losses in W eight  

As the pellets made were initially of a friable nature, 

it was 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 pellet weighed in air and 

the actual weight as used in the calculation for the change in 

specific volun e0 	On an average the weight loss was 1% for 

the pure alun- ina and 2% for the alumina with additions. 

table of possible errors due to a loss in weight for the sane 

arbitrary points as before is given below: 
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TABLE IV 

.A.r.vrage Sintering sintering 3,0e a iq M. nxirr utrZossible 
•...._ Ten prC) Time W eight Error 	% • ( — ) we\  
Vo 	k -/ / V 0 (miss) (%) 

1.0 1285 30 0 .1 - 0,11 

3.62 1285 900 0.1 - 0.13 

11.49 1500 30 0.7 + 	0.14 

19.68 1500 1140 0. 9 + 0. 59 

36.6 177 0 30 0,25 + 0.2 

a. "I 1770 720 0, 27 + 0.15 

Minimi sin of Scatter 

For a large part of the work, specim ens were 

duplicated for each run to minimise scatter and possible errors 

due to a unique sp,:cirr,  en, so that points on the curves are 

the mean of two values evaluated from the duplicated 

specimens. 	One experin ent (Fig. 12 	page 80 ) was 

carried out using only one spec:in- en at each ten- perature to 

verify that the curves obtained for different specimens ware 

typical. 

Specim ens were fired for one time and one temperature 

only, and were not refired in subset ient runs. More points 

v•e7:'e evaluated for short tines, 	between 30 minutes and 
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5 hours,, as this was the range where the rate of shrinkage 

changed IT ost. 	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, shrinicage, strength 

and hardness, but sintering depends on internal factors such as 

the presence of vacancies and other point defects, the energy 

to creLte 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 each factor in turn. 

In the past, various authors have worked with one or 

two variables, to formulate the controlling mechanisms and the 

kinetics of sintering. 	Most work has been done on the 

rrechanisn-  of sintering, which is formulated from the effect of 

time on the process. 	Thus, Kuczynbki(2), Clark and White(4), 

Kingery and Berg
(36)

, Coble 	among among others have formulated 

theories of the mechanism by observing different phenomena 

associated with sintering. The kinetics of the system have also 

been worked out by these authors, by deriving diffusion 

coefficients from experixr ental observations. 

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

.( the sintering process, as has been shown by Coble(27) , 	t.
30)  

Gray(16) and others, so that the present work endeavours to 

follow each parameter and to compare the results with previous 

w ork. 	An overall picture of the process can then be seer.,  

as the technicues and rraterialc used are the same throughout. 

With liquid additions, previous workers such as Kingery 

and Narashiraan(28') Lenel(36), Garland and Norton 40) have 

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 
e  

with alumina is known from work done on slag attack07i 

The .-way.k, 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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. Solid-State SinterinL 

The Effect of Time  

Kingery and Berg(17) forn ulated an equation giving the 

rate of approach of centres of particles as 

3  ,-2/5 
20  4 D i1-4 	 0/5 

a3kT 
4 

a L 	= change of distance between centres of particle 

L = original distance between particles 

= surface tension 

ion is spacing 

D
v 	volume diffusion coefficient 

radius of particles 

Boltzmann constant 

absolute temperature 

tim e 

The two fifth relationship was confirn ed by the work 

of Coblet23)  n e,suring the change in diam -ter  of a powder 

con-  pact. 	His work was carried out between 1150°C and 1350°C 

on alun ina compacts, but at higher temperatures a decrease 

in the slope at longer tin-  es was observed„ and concluded it 

was due to the ageing of the furnace. elements. 	This has 

also been observed by Burke(4P 

a = 

k = 

T = 

t = 
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The present work, measuring volun e shrinkage, as 

opposed to linear shrinkage, follows closely on Coble T s work u3 

to 1430°C, as shown 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 2s observations 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 number of 

specimens, it was decided to use one specie en to diminish 

uncontrolled variables and to fire for various times at the same 

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 specimens, and verified the slopes, 

From these observations it is concluded that as the sintering 

progresses a• ch -tnge in the driving force of the system occurs, 

leading to a limiting density for each particular terrp_rature. 

As the driving force for sintering is the concentration gradient 

of vacancies from the surface to the particle junction, then 

as sintering proceeds, this concentration gradient decreases as 

the temperature is low and the total concentration of vacancies 
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is sn-all(41) and a relatively small change in mcrncy 

concentration due to sintering reduces the driving force. 

At ten-  peratures of 1500°C and above, the slope of the 

line is approximately one fifth, which does .not fit arty of the 

current models of the sintering rr echanism. At these 

ten peratures, however, the e::ponential increase of vacancies 

in equilibriun-  reaches a point at which they interfe with 

one another and coalesce to fore rricropores; or perhaps, 

this form, atiun reduces the concentration gradient 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 82,8), as has been observed by other 

workers, notably Cahoon and Christensen'(42)  and Burke(43). 

They showed that the grain boundary unovement sweeps the 

pores in its path, but rr ay leave isolated pores in the 

particles. 	The diffusion path of vacancies 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 rruch larger size of pores 

encountered, which may be as large as the original particle 

size. 	This effect becon-  es even more pronounced at 

temperatures approaching the melting point, and may even 
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Fig~ 130. Thin section of Alumina sinter-eo at 

1600"C. for 10 hrs. in air (x4 00) 

FIG.13b. TI'lin section of Alumino sillt(:'r~ed ot 
( >< ) 
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Fig.13c, Thin section of Alumina sintered at 

1950°C. for 30 mins. in vacuo (x400) 

Fig.13d. Polished section of Alumina sintered at 

1950°C. for 1hr In vacuo (x400) 
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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 from the equation: 

D = D 	/RT 

where 	D 	= Diffusion coefficient 

Do 	constant 

= Activation Energy 

R = Gas constant 

T 	= Absolute temperature 

It can be seen that to evaluate accurate determinations 

of activation energies, E, that the Diffusion coefficient 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 ex.trem ely difficult to know the exact 

diffusing species, especially for the complicated systems, 

e.g. A1203. 

In the past various investigators(2,4,17,23) have 

formulated expressions relating the diffusion coefficient for 

sintering with experimental. observations:  e. g. shrinking or 

aeck growth. 	The variation in results obtained for activation 
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energies were frorr 87 locals/mole in Clark and White's work 

to 165 k.cals/rr ole for Kuczynski's detern ination, 	As both 

these investigato,rn were working in different temperature ranges, 

i.e. Clark and White from 1200°C to 1600°C, Kuczynski from 

1700°C to 1900°C, the difference in valu...s obtained could 

indicate a difference in the mechanism of the process at low 

temperatures and at high temperatures. 

The present work 'ID e:S<?:tot' c,tlafin to give absolute 

values of activation energy, and only a qualitative picture is 

given to confirm the previous section of the work. 

In Fig. 14, page 86 the change in slope at approximately 

1450°C is in agreement with the view that a change in overall 

mechanism takes place, with the exponential rise in the 

equilibrium, concentration of vacancies decreasing the overall 

rate of shrinkage. 	This is analogous to the observations of 

Austerur an(44)  conducting work on the diffusion of beryllium 

through beryllium oxide, who concluded that the effect was duti 

to the presence f in purities affecting the number of defects 

Exesent in the lattice at low temperatures. 

As can be seen at a later stage in the effect of 1% 

additives, page 4108, this is not at the same temperature, but 

at 1265°C, which indicates that, additives, or impurity additions 

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

At temperatures above 1700°C the interference of grain- 

growth, as described in the previous section, prevents any 

f urther 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 tern perature, in 

accordance with their plastic flow mechanism . 

Effect of Prefixing  

Although the effect of prefiring has been known 

empirically for a nun ber of years, no theory or hypothesis seems 

to have been formulated, although it has been observed(45) 

The present work was carried out to clarify the situation as 

far as possible. Three prefiring terrperatures were chosen, 

900°C, 1000°C and 1100°C. 	Specim ens were prefired at 

these temperatures for 1 hour and then sintered at 1600°C for 

various tirr es* 	Longer periods of prefixing had little or no 

effect on the shrinkage after the treaty, ent. 

Shrinkage due to prefiring was also carried out, and for 

900(1C and 1000°C this was negligible. 	For 1100°C, however 

there was a slight increase in density, but in order to ry ake 

a fair compa:: i2on, only the shrinkage after sintering was 

taken into account. The plot of the curves is shown in. 
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Fig. 154  page 89 • 

The increase in shrinkage with prefixing 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. 

This IP in accordance with the work of Huttig(37), which 

states that surface diffusion occurs at a much lower temperature. 

This would t:ipt 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 temperature, 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 (1000 °C) to that at 1100°C is caused by the onset 

of lattice mobility which starts at approximately 1100°C. 	If 

shrinkage were calculated from th... volume of specimens before 

prefixing, then the shrinkage values for pellets prefixed at 

1000°C and 11.00°C would be approximately the same at the 

same sintering ten perature, 
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It seems clear that at temperatures below the Tarnrrann 

temperature, 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 subsequent volurr e diffusion, 

and it is feasible that this effect will occur whilst the pellet 

or con- pact is being heated up to the sintering temperature. 

Although it cannot be proved, it also seems evident that the 

surface diffusion does still continue at high sintering 

temperatures, but is masked completely by the faster volur e 

diffusion mechanism, due to lattice rn obility 

Effect of Vacuum on Sintering  

A comparison of the sintering process in air and in 

vacuum could only be followed between 1600°C and 1800°C 

due to the temperature 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 vacuum furnace the very low pressures encountered 
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(10-5  mrrend   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-particle Junction is in a high state of disorder, and 

therefore, the bonding is weaker. 	Material is then vapourized 

from the particle &unctions, thas 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  

Sintering Tempo 
oc 

1950 

1950 

1700 

1700 

1600 

1600 

Sintering Time 
hrs. 

4 

t E 

6 

i a 

1 2 

Original 
Wt, 	(grf s) 

. 9492 

,9548 

.9671 

.9494 

. 9032T; 

. 9A)67. 

Loss in 
IA7 t. 	(gm s) 

. 0604 

.0218 

, 0115 

. 007 9 

. 0100 

, 0105 

The loss in weight was also due in part to the friable 

nature of the unfired specimen, at the most being 0.006 grr. 

A comparative test was carried out at 1800°C between 
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a piece of single crystal sapphire and a specimen previously 

fired to 1900 C with 10% porosity. 	The results in the loss 

in weight are given below: 

TABLE VI 

Both specimens heated at 1190°C for 6 hours in vacuo. 

Specimen 	Original Weight 	Loss in. Weight 

Sapphire 	.99465 gm 	00085 gr 

Sintered 
Alumina 
(1(70 porosity) 	.91355 gm 	.0033 gn 

Both specimens were of comparable surface area, 

so that the loss 	-weight verifies the results shown in Table 

V 	, and the hypothesis put forward. 

Cabrera(38) considered the ratio of the excess 

concentration of vacancies at the concave s urface of a neck to 

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

N 	k Tr 

where z1 N = excess concentration of vacancies 

N = concentration of vacancies at a plane surface 
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= surface energy 

k 	= Boltzrr ann constant 

r = particle radius 

= ionic spacing 

T = absolute temperature. 

Then, as the excess concentration of vacancies is decreased 

by evaporation from the disordered layer in vacuo, the surface 

energy of the particle i s decreased;  giving a diminished 

driving force for sintering. 

Effect of Particle Size  

When a purer form of alumina was introduced (Plessey 

alumina) to check results found with analytical reagent g:tiality 

material, there was inevitably a change of particle shape and 

size distribution. 	An effort was made to approximatq the 

size distribution of the Plessey alumina to that of the analytic 

reagent n aterial, but/ this was found to be practically 

impossible because of the nature of the shape of the initial 

powder. 	The b st approximation is shown in Fig. l 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" alumina 

was approximately 1.8 gn /cc. 	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. 17, page 96 to mark this difference. 

This is due to the higher surface area of the Plessey 

alumina powder, which would give a higher surface energy, 

which increases the driving force for sintering. 	This is 

in agreement with Coble(2?) who showed that the neck growth 

was related to the particle radius by the equation 

5 
(a2i - 	(0 t 

R 

where x = neck radius 

R = particle radius 

G constant 

t = dire for sintering. 

This indicates that small particles will sinter more 

than larger particles for a given time, and at particle radii 

of approximately I microns  the effect of a small variation 

in particle radius magnifies the difference in neck growth 

and shrinkage, 
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2. Liquid-Phase Sintering 

Previous workers(28 36 40) have dealt extensively with 

liquid additions of 10% and greater and have shown that 

diffusion through the liquid-phase plays a very important part 

in the sintering process. 	In the present work three additions 

of 1%, 5% and 10% of liquid by volume were used to compare 

and contrast this behaviour with those observed for greater 

liquid additions, 

Len.el(36) has stated that there are three stages in 

liquid-phase sintering: 

(a) rearrangement of the solid particles in the liquid to 

give densification; 

(b) solution of the solid in the liquid from the particle 

function and reprecipitation on the surface of the 

particles; 

(c) solid state sintering due to the forrnatiotl of a solid 

skeleton. 

He also states that) an appreciable amount of liq uid 

must be present to allow these three steps to occur z„nd the 

liqvid 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 considerable, 
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but that 1% addition does not give liquid-phase sintering, 

Price, Smithells and Williams
(49) have shown also 

that there is an overall grain growth of the solid particles, 

also indicative of liquid-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% b 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 to alumina does not give liquid-phase 

sintering 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 been 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 formed in the 

structure at these lower temperatures giving two opposing 

mechanisms of shrinkage and vacancy interference or 

micropore formation, 	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 confirms the 

formation of defects and increased ion mobility. 	This is 

tentatively put forward as the reaction of sodium oxide and 

alumina to give 	-alumina Na2,0 . 11A1203. 

The effect of additions of impurity atoms has been 

shown in analogous systems such as creep and plastic 

deformation(46)  to increase the mobility of vacancies by 

interaction with the dislocations present. 	Other investigators  

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 alumina to give a 

translucent body of almost theoretical dens:ty, because of 

the small amounts of eutectic formed between the magnesia 

and alumina 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-, page108 , 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 alurr ins.;  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 Volu me of Sodium Silicate 

The results given in Fig. 20, page 103, and in Fig. 

21, 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 Lenelts 

second criterion of liquid-phase sintering and of Kingery 

and Narasimhan ts ( •281  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 amount of liquid governing 

the diffusion to form necks is relatively small and that it 

is the amount of liquid necessary to form 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 ( > 1500°C) the first two 

processes are completed before shrinkage measurements are 

taken (30 minutes). 	This is due to the higher mobility 

of the liquid and the higher solution rate of the solid in the 

liquid. 	The slopes observed, being one fifth, 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 liquid tending to be compressed. 

Addition of 10% by Volume of Sodium Silicate  

As in the case of the 5% addition the results in 

Fig. Z-2, page 106 and Fig. 23, page 107show that liquid-

phase sintering is taking place and a comparison of the two 

curves in Fig. 24 shows that there is only a relatively small 

difference betweela 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 comparing Figs, 2 2 and zo it can be seen that the 

temperature. at which sintering begins to take place rises 
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with Inc.-ETA©d 	a.t.  conterAt. 	Thip was Nought to be due 

to the presence of water (Table VII , page 110 ) in the 

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 secondary experiment was carried out using 

two pellets, one of the 10%acidttlai used in the experiments 

undertaken, and a similar pellet with an additional (1014 

amount of water. The first p'ellet 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 

temperature. 	This confirms the idea that as water is driven 

off as steam it generates a pressure within the capillary pores 

which bloats the specimen, 	At I440°C for the 10% addition, 

on heating for 7 hours the shrinkage overcomes the expansion 

and sintering occurs. For the 5% addition with a lower 

water content, the temperature and time required to start 

sintering is lower. 	As sodium silicate absorbs water so 

readily, it was found even after storing in a dessicator with 

silica gel that a large amount of water was absorbed (LB%) 
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TABLE VII 

Silica Analxsis of Sodium Silicate 

% SiO2 as received 

Loss on ignition 

(1 hour at 700°C) 

% SiO2 corrected 

% Si02  corrected for 

5% excess Na20 added  

36.80% 

• 18.6% 

• 45.20% 

• 46.8% 



Figs, 2 5 - 29, pages 112,113 show the grain growth 

of the alurr•ina with 5%.. and 10% additions compared with 

pure alumina, confirming the work of Price, Smithells and 

Williams(49), 
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