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Preface

The vigorous swing, charactrerizing the science of
sintering, refers, first of all, to the excepticnal acti-
vities of scientists in their studies of problems rela-
ting to actuval materials, or geometrically defined models.
From tnat point of view the science of sintering is, on
one hand, directly connected with solid state physics and
chemistry and, on the other hand, with practice which is
mnost often ispired with actual production. Therefore, it
is not illogical that the empirical method is mostly re-
ferred to even nowadays, when one wants to describe some

phenomena quantitatively.

A few boocks published by M. Yu. Baljshin, V. A.
Ivensen, V. V. Skorohod and others are characterized by
the wish to give a complete approach to the problems of
sintering theory. Bearing just this in mind while writing
the book "An Essay on the Generalization of Sintering
Thecry" {(G. V. Samsonov, M. M. Risti¢ with the cocllabo-
rators) an idea struck me: to ask the most eminent sci-
entists in this field to present their own opinions on
the theme THE SCIENCE OF SINTERING AND MCDERN VIEWS ON
ITS FUTURE. Then I formed 18 questions, given in the ap-
pendix, to be answered. I have presented the answers,
which I received from a number of my colleagues, in 10
chapters of the second part of this book:

1. The Science of Sintering and its Place in Natu-
ral and Technical Sciences,

2. Sintering of Models,
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3. Sintering Mechanisms and Roles of Defects in
the Sintering Process,

4. Sintering of Real Systems,

5. Phenomenology Theories and their Place in the
Science of Sintering,

6. Sintering Kinetics,

7. Sintering Thermodynamics,

8. Achievements in the Science of Sintering Impor-
tant for its Development,

9. The Uniform Model of Sintering,

10. The Future of the Science of Sintering.

The initial idea, that the book should have a mo-
nograph character and in which the answers would serve
as some data on the latest notions of the science of sin-
tering, was somewhat ciianged since the original opinions
of individual scientists are given in the book and these,
are sometimes very contradictory. This, in fact, we-beti-
eve, gives the book a speclial charm because the unsolved

problems in the science of sintexing are most evidently
stressed in this way.

Unfortunately, a few eminent scientists from this
field have not sent their answers, giving explanations
that they are just writing books in which their concep-
tions will be presented. We are impatiently expecting
these books toc appear, because then our own work will
certainly gain in completeness.

Datailed attention was given to the dialectics

of the development of the science of sintering, presented
in the fourth part of the book.

The fourth part of the book consists cf papers of
eminent scientists engaged in the field of sintering sci-
ence (some of which were published here for the first ti-
me). This material is published in the book with the
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consent of the authors and these original contributions
provide a more profound knowledoe of sintering.

1f this book, together with all other similar pu-
blications, could contribute to a more uniform view on
many unsolved problems, and 1f it could be, in any way,
a kind of inspiration for even more intensive research
into this field, then it would justify our expectations.

The author would like to thank his colleagues for
their generous help in the publication of this book.

On behalf of the author and the publisher: the
author wishes to acknowledge his debt to The Republic
Fund for Scientific Work, SR Serbia, to The Internatio~
nal Institute for the Science of Sintering and to The
Faculty of Electronic Engineering (Nish) for the gene-
rous help which has made possible the publication of
this bock.

The author also wishes to thank Mrs. Lj. Popovid
and Mrs. S. Radi¢ for their translations of a number of
texts from Russian into English, and from Serbo-~Croat
into English respectively.

M. M_ Ristié
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*... in order to be able to under-
stand certain facts it is neces-
sary to have definite ideas in one s
mind, so that the intellect can see

what the eyes cannot see."

JUSTUS LIBIG (1865)
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INTRODUCTION



1. INTRODUCTION

Work on models has preoccupied scientists enga-
ged in problems of sintering for quite a long time. Ho-
wever, recently in the science of sintering an ever
growing wish has been felt that the sintering process
should be considered, as much as possible, as a uniform
complex process in which a number of elementary proces-
ses are acting, or, at least, that stages in which omne
elementary process has a dominant cnaracter should be
determined.

Thus D. L. Johnson(l) has theoretically studied
the matter concerning the role of particular elementary
mechanisms in the initial and intermediate stages of
sintering. The theoretically obtained results showed
a very good agreement with the experimental ones, when
sintering of spherical particles of the same sizes was
concerned.

A number of investigators has tried to apply the
theories of G. Kuczynski and B, Pines to sintering of
real systems. However, in these attempts all that has
been obtained are formal determinations of the time ex-
ponent in the already classic empirical equation of sin-
tering'(%¥==ktn). In spite of everything, this equation
is even today used in the literature, though sometimes
even the very purposes of its application are not quite
clear.

We consider, however, three publications, which
have recently appeared, to to of exceptional signifi-
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cance, as each of them in its own way contributes to the
qualitative rise which has became inevitable in theé sin-
tering theory. Twe of them are contributions of a furt-
ner approach of models to real matetials(2'3), but in
the third one(4) the author has tried to generalize all
kxnowledge about the science of sintering acquired up to
now as well as to approach the fundamental knowledge of
tne processes at the microlevel to what 15 occurring at
the macrolevel.

1.1. Sintering Diagrams

Starting from the fact that six distingquishable
mechanisms (Table I) contribute to neck growth and den-
sification, M, F. Ashby(z) has considered the sintering
of an aggregate of particles - even in the absence of
applied stresses.

Table I
; - Source of Sink of Litera-
Mechanism Transport patn matter matter ture

(1) Surface diffusion surface Neck 5,6
(11) Lattice diffusion Surface Neck 5.6
(I1I) Vapor transport Surface Neck 7

(1Iv) Boundary diffusion g:i;n boun~Neck 8

(v) Lattice diffusion " " . 6

(V1) ® " Dislocation * 6

Up to now it has conventionally been sppposed
tnat there ‘are three stages of sintering. M. F. Ashby,
however, has introduced a so called zero stage in which
instantaneous neck-formation takes place when powder
particles come into contact, sc that now it can be said
that there are the following sinterihg stages:
stage 0 - the instantaneous neck-formation,
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stage 1 - the early stage of neck growth,

stage 2 - the intermediate stage (the necks are now
guite large, and the poreS are roughly
cylindrical),

stage 3 - the final stage (the pores are isolated and
spherical).

In the absence of pressu:e (or stress), sinte-
ring is driven by surface curvature - or rather, by
the difference in surface curvature between sources and
sinks. This driving force differs for different diffu-
sion paths; and, for a given diffusion path, it can de-
pend on the configuration and geometry of the sintering
particles.

If two spheres for mechanisms (I) - (III) are
being sintered, the driving force is defined as the cur-
vature differences between them which drive different
fluxes:

- (1 _1 2 X
K, = (-5- x* 3 (1 :) (1.1}

where K; >0,
p - radius of curvature of the neck,
x - radius of disc of contact of two particles,
a - particle radius. .
For mechanisms {(IV) - (VI) the driving force is:

1 1 .
K2=T)--i (1.2)

In the case of sintering of a sphere aggregate,
equation (1) is modified into:

1 1 2 X
‘K, =2 (—=—-=+510 - ) {(1.3)
1l p X a £.1/3
1l xf- (-3') a
while

o x?

1 2{a-x
A~ 4
£ =9 - i
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where xg - the final value of x when
sity has been reached,
Ay theoretical density,
ay - initial density of powder
f - volume fraction of pores.
When mechanisms (III) and (V)

100 per cent den-

contact,

are ceonhcerned, the

driving force is also given by expressions:

=4 1
K, N ~ (stage 1) (1.4)
2
Ky = = (stage 13} (1.5)
P2

where Pg = Xg =~ X,

The sintering driving-force, defined in this

way, made an approach to the general

kinetic equations

possible through the approximate rate of neck growth;

these equations describe the process
different mechanisms.
Mechanism (I):

by = 3 3
x1 -DSGSF Kl

Mecnanism (II):
< >
X, ZDVF Kl
Mechanism (III):
. 1/2

= Q
X3 PVF(ZnAOET) K1

Mechanism (IV):

2
. ADg8.F K3

X4 X
Mechanism (V):

< 2
Xg 4DVF K5

Mechanism (VI):
= 4 2 23 ux
X = g KNx°D F(K, ~ ¥ ;;3

as it proceeds by

(1.6)

(1.7)

(1.8)

(1.9)

(1.10)

(1.11)
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In equations (6)~-(1l)

g

F =

kT

Dg - surface diffusion ~oefficient,

o, - lattice diffusion coefficlent,

Dy - grain boundary diffusion coefficient,
Dg - diffusion coefficient in the gas phase,
§_ ~ effective surface thickness,

- effective grain boundary thickness,

- vapor pressure,

- gurface free energy,

grain boundary free energy,

- atom or molecular volume,

- Boltzmann “s constant,

H oA D W ag W0
1

- absclute temperature (K},
shear modulus,

Burgers vector of dislocations, or the
atomic or molekular diameter,

N - dislocation density.

[ 2
[

Since they are all independent, the net sintering
rate during stage 1 sintering is simply tbe sum of the
six contributions listed in this section:

6
(x), = L x (1.12)
L S|

For the second and the third sintering stages to
proceed only mechanisms (IV) and (V) are important. For
the case of spherical pores, the equations which charac-
terize‘the sintering kinetics are:
mechanism (IV):

LA § - .1
x., = ITDBGBF‘ K3 {———gx—;'—-—-—} {1.13)
In(—==) -7




M.M.Riatid

mechanism (V):

U (3t 1.14)
Xg = g xDvF x3{ "f"a 3) {
In{ ) -
2 q

The net sintering rate during stages 2 and 3 is
given by

(X)Z,E = xq + Xg (1.15)

On the basis of tnese kinetic egquations it is
possible to construct sintering diagrams namely diagrams
which show for a given temperature and neck size, the
dominant mechanism of sintering, and the net rate of
neck-growth or densification (Fig.l). The boundaries of
tne fields in which a given mechanism is dominant are
obtained by equating pairs of rate eguations and solving
for neck-size as a function of temperature, Superimposed

on the fields are contours of constant neck-growth~-rate
(Fig. la), or of constant time (Fig. 1lb).
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Fig. 1
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Az an example of tne sintering of a compact,
Fig. 2 shows the data of B. R, Seidel and D. L. Johns-
on(g) for silver (a=38y). Inlagreement witn the conclu-
sions, of these autnors the diagram suggets that volume
diffusion i dominant, and that boundary diffusion is
the next most important contributor.
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5 WL e e 808V
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> 0-36: 0
g M.
-l'
[ L L o ] o

REAROQUE TERPEMTURE T/ Ty
Filg. 2

it is evident that the sintering diagrams repre-
sent a further development of the theory of sintering on
models, with regard to tne uniform approacn to the deter-
mination of the roles of particular masstransfer mecha-
nisms, although the limited application of this method
to real systems is obvious.

1.2. Effects of Particle~Size Distribution in the
Initial-Stage Sintering '

R, L. Coble(B) has compared the earlier derived
results for sintering of single-size particles, and on
tne basis of this comparison he has established a model
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In the case when sintering is proceeding by gra-
in-boundary diffusion, tnen

Y, * vy = IBt(R + R /R Ry (1.17)
wnere B-D =12 wayﬂ/kT

Db - the defect diffusion coefficient in the
boundary,

W = the grain-boundary width.

For the linear random arrays of particles of va-
riable size the relative shrinkage (AL/LD) can be eva-
luated only by separate summations in tne numerator and
denominator; the result for randomly located particles
is:

L Nliil jil(yi+yj)pipj

av— IR

A
LO

(1.18)
In¢
i

W8

2R

1

P
Tne size classes are for example Ry and Rj, wnereas pj
and pj are the number fractions of the total number of
particles (N) of tne respective sizes. To account for
the number fraction of i - j contacts, given by the Pipj
products, use of a number distribution is required. Sub-
stitution of the values from the right side of Eg.(1.16)
into Eq.(1.18) gives

[ ] L) 1/2
: _:-labt(ai+nj)/ninji PyP;
AL - 1=1 371 (1.19)
I“o L] *
£ 2R, p
PP

for lattice-diffusidn-controlled shrinkage, and substi-
tution of Eq.(1.17) in Eg.(1.18) gives:

- 1/3
I I [Bbt(R1+Ri)/RiRj§_ PiPy

AL _ i=1 j=1
LO =

(1.20)

I 2 Ryp;
=1 11

i
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for sintering of particles of different sizes. The geo-
metry of contacts between particles of different sizes
is shown schematically in Fig. '3; spherical particles of

radii Rl and R2 are shown 3paced so that they overlap
by the distance Y tYo-

Pig. 3

8y following geometrical changes on this model
for diffusion mechanism it is obtained that

1/2 (1.16)

Y; + ¥3 = |Bt(R; +Ry) /Ry Ry
where B= BDLyﬂ/kT
DL=DVC°n - the lattice diffusion coefficient,
y - the surface energy,
-~ the volume transported defect,

- Boltzmann s constant,

¥ oA D

- the temperature, )
D, - the vacancy diffusion coefficient,
C_ - the equilibrium vacancy concentration.

Q
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for grain-boundary~diffusion~controlled shrinkage,.

A more detailed analysis, carried out by R. L.
Coble, shows that by applying this model significunt er-
rors may be introduced in calculated diffusivites 1f par-
ticle size distribution effects are not taken into acco-
unt. The calculated diffusivities would be higher than
tnose actually required to cause the observed initial
sintering rate. However, the range of shrinkage over
wiich tne models for distributed sizes are valid is smal-
ler than that for the models which pertained to partic-
les of single size.

In any case, even disregarding the fact that che
sintering of spherical particles has been analysed, the
guestion of the complex acting of mechanisms (1) and (6)
{Tab. 1) is imposed here. From that point of view, the
problem whether it is more adeguate to use tne mean par-
icle diameter taking all mechanisms into account, or the
reverse, to bear in mind sphere distribution and the li-
mited number of sintering mechanisms is still unsolved.
Perhaps, further improvement of models to approach real

materials should provide an attempt to combine the two
approaches.

1.3. The'Possibility of the Generalization of
Sintering Theory

Contemporary sintering theories are often an ex-
ample of the theory of mathematical formalization which
sometimes presses out the physical sense; the theories
have begun to be digtinguished not by internal contents
and ideas, byt by the names of authors and their colla-
borators. However, bearing in mind everything that has
been done in this field, it is certailn that the most
general notions of tne sintering theory might be deve-
loped on the electronic level, as mass transfer, in



Science of sintering 11

in essence, depends on tne solid~body electronic struc-
ture, Nevertheiess, the Ilnsuffjcient working out of par-
ticular problems of sinteriné at the electronic level in
detail is caused, first of all, by the lack of unequivo-
cal notions of the electronic structure of materials in
the condensed state.

Here it is of speclal importzice to underline
that by the consideration of the pressing process on the
electronic level it can be shown that the processes of
pressing and sintering are in essence inseparable and
that they are stages of one and the same process of ob-
ject formation from powder.

Formation of defect configurations (on the boun-
dary of crystallites) and the organization of bonds bet-
ween the contacting atoms on surfaces make possible ele-
ctronic exchange between such atoms; while the contact
area should be considered as an energetic barrier which
prevents the tunnel penetration of atoms into the neig-
hboring crystallite. The transparency of the barrier
(D), according to the quantum theory, is defined by equ-

ation:
b
D = exp(-45L2% ;(u-5)/2ax (1.21)
. a
where m - mass of electrons,
- h - Planck ‘s constant,
U - height of barrier,
E - energy of a particle,
a and b ~ coordinates of the beginning and the

end of the barrier.
From this it follows that the intensification of
the electronic eichange may be realized in three ways:
~ by reducing the width of barrier b - a,
- by ilncreasing the energy of tunneling electrons,
- by reducing the height of barrier U.
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The first way is adequate for the approach of
crystallites by increase in pressure during pressing.
The second way is realized by deformations of electronic
orbitals (by exciting atom configurations which are lo-
cated on the surface). The barrier height depends on the
degree of stability the configurations which are forming
the crystallite and it increases parallel with the cou-
figuration stability. It is the high stability of sxpy-
- configurations that accounts for the low pressability
of boron and graphite powders. On the contrary, passing
to Ae, Bi and Su, when a decrease in the stability of

taeir configqgurations is cohcerned, the pressability is
increasing intens&ly.

One can suppose that the statistical weight of the
stable configurations in atoms located on particle sur-
faces is always considerably lower than that in atoms
in material volumes, and at that position the weight is
lower if the material is more deformed and its surface
more defected. Wnile two particles some into contact due
to thermal excitement, the process of electronic exchan-
ge takes place. This is directed to the recovery of de-
fect configurations as well as to the formation of new
stable ones on the border between the particles.

An increase in temperature is needed for the re-
al progress in the sintering process, which helps to de-
range stable atom configurations as well as volume mass
transfer.

Such an approach certainly contributes to the
uniform view of the sintering process, although, due to
tne reasons given, it still does not offer sufficient
possibilities for an absolute gquantitative description
of the process.

Perhaps the transition from the actomic theories
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to the electronic theory of sintering should be examined
for a uniform guantitative description of the fundamen-
tal phenorena in diffusion and creep. One of the possi-
bilities is the use of activation volumes, especially
because it allows, in a definite way, simultaneous con-
siderations of the problem concerning both the stress
and the transfer.

In any case, the science of sintering, obviously,
can expect further development not only in accumulation
of experimental data but, above all, in a stonger con-
nection with solid-state physics and cnemistry, which
at tne same time may be an inspirer for these two bran-
cnes cof science,
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CONTEMPORARY CONCEPTIONS
OF THE SCIENCE OF SINTERING
AND ITS FUTURE



2.1. THE SCIENCE OF SINTERING AND ITS PLACE IN
NATURAL AND TECHNICAL SCIENCES

H, E. Evans:

The whole of moderm technology is necessarily ba-
sed on physical principles and the basic underlying sci-
ence is of course, pnysics. This means that chemistry
also is considered as a branch of physics. The proper de-
scription on the sintering process also requires mathe-
matical tools. Sintering theory nas progressed from ear-—
ly phenomenological descriptions to the present state
where attempts are being made to understand the funda-
mental physical concepts.

I don "t consider there is a =science of sintering
but tnis difference between us is largely a matter of
semantics since tnere is most certainly a technology of
sintering. This technology is in its infancy and the sin-
tering phenoﬁEnon will, in future, prove to have a pro-
found influence - on materials fabrication, e.g. disper-
sion strengthened alloys, ceramic products (e.g. nucle-
ar fuel) and refractory alloys. There are also many fi-
elds in which the concepts developed during studies of
sintering are applicable - one of the most important of
these is mechanical property effects.

G. H. Gessinger:

In my mind research in sintering is very fascina-
ting not only to the persons involved but also to the
outsider. This is due to the fact that so many problems
from quite different areas'are touched. As a science it
has taken its own place, but it has lost touch with re-
ality in many instances. Sintering as a science I can
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only see as part of the more general gsubjects of diffu-
sion and surface science. On the other hand, sintering
theory is only a very limited, because idealized, tool
in the hands of a powder metallurgist. Powder metallurgy
is the background technology for sintering, but few pow-
der metallurgists rely heavily cn sintering theory.

., 8. Hauaner:

Sintering is known as a process for densificati-
on of a masa of metal powders by heat.

Although the mechanism of material transport whi-
ch causes densification is still the subject of labora-~
tory tests, the fact that material transport takes pla-
ce during sintering is well established. Althouvgh this
material transport does not take place during the ear-
iier stages of sintering, it is an integral factor for
the work of powder metallurgists involved in the sinte-
ring process. Most of thne fundamental investigations in-
to the sintering process do not concern the "bonding”
phase of the process, but rather the material transport
phase. It is somewhat strange that not a single "offi-
cial® sintering definition takse care of thiz important
phase in the sintering, with the exception of the wal-
ker definition: "Sintering is the extension of the con-
tact area between powder particles in the solid state
by the transport of materials acreoss or around pores
under appropriate conditions of time, temperature, pre~
ssure, and atmosphere". (R.F.Walker, J.Am.Cer.Soc., 38,
187 (1955)).

A well sintered material usually no longer has
the structure of the compacted material, but recrysta-
llizes during the sintering process. Grain structure de-
termines the physical properties of-the sintered product.
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J. 5. Hirschhorn;

The sintering of green compacts or loose powder
is a very ccomplex process. Mubﬂ of the difficulty in de-
fining and analyzing sintering is based on the many cha-
nges within the material that may take place either si-
multanecusly or consecutively. Some of these changes
may be unigue to the heating of a porous material, whi-
le others are typical of the effects of elevated tempe-
ratures on any polycrystalline material. Economic use
of the powder metallurgy process is critically depende-
nt on the structural and dimensional changes produced
during sintering. The subject of sintering is best ap-
proached from the viewpoint that any green compact or
press of loose powder is at the very least » +wo phase
material-porosity and sclid material. Each has its own
morphology; that is, size, shape, distribution and amo-
unt.

It is appropriate at this time tc attempt to gi-
ve a simple and straightforward definition of sintering
as it pertains to powder metallurgy. Sintering may be
considared tie process by which an assembly of partic-
les, compacted under presaure or simply confined in a
container, chemically bond themselves into a ccherent
body under the influence of an elevated temperature.
The sintered material is analogous to conventional fo-
rms of s0lid materials, such as castings, forgings and
wrought shapes. In addition to the bonding of the par-
ticles sintering may be used to accomplish other func-
tions; these include: alloying, heat treatment, join-
ing and densification.

A. J. Raichenko:
In my opinion the investigation of sintering is
based upor physics, chemistry and mechanies, In depen-
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dence on which type of sintering one has in his mind
namely - sintering of the solid phase or sintering in
the presence of a liquid phase, and in what atmosphere
it is carried out, either physical or chemical proces-
ses play the major part.

The science of sintering is on the border bet-
ween natural and applied (technical) sciences.

F. N. Rhines:

It would be difficult to cite a basic natural
science which does not have something to contribute to
the knowledge of sintering. The fields from which I be-
lieve the bulk of the understanding will eventually co-
me, however, are mathematics, physics, chemistry and
the applied sclences of metallurgy, ceramics and poly-
merg. I have listed mathematics first because it is my
convinction that the central problem that must be sol-
ved is cne of obtaining a mathematically exact descrio-
tion of the sequence of geometric events that transpi-
res in going from the particulate to the fully massive
state. The introduction of descriptive topology has se-
emed, of course, to go a long way toward dealing with
this problem. In fact, it is now possible to provide a
very good description of gintering from that moment at
which the void surface appraoximates a minimal area for
the connectivity and density of the system until sepa-
ration into isolated pores begins. During both the ear-
ly and late stages of sintering, however, the processes
are responsive, not to average conditions, but to loca-
lized events which have not yet been sorted out. I can-
not suggest what kind of mathematical approach may be
necessary to deal with these early and late situations.

Perhaps the statisticians will be able to help us this
time.
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When and if it does become possible to formulate
tne geometric changes that constitute all of sintering,
I believe that the field of pﬁysics'will provide all
tnat we shall need in dealing with the kinetics of the
process, At the present time I can visualize no major
deficiencies in this area. There is no doubt in my mind
that all possible kinds of transport can be and frequ-
ently are simultaneously involved in sintering. Some
simple cases may involve only one or two kinds of tran-
sport and we shall probably be able first to put such
cases on a firm foundation. For the most part, however.
I expect that real cases of sintering will involve very
complex combinations of transport processes.

The main contribution from chemistry [ expect to
appear in the areas of surface chemistry, surface ener-
getics and in the areas of phase equilibria, particular-
ly as they apply to reactions in ceramic systems. Ulti-
mately, the surface energetics must become a very cri-
tical part of the whole subject. It seems that the major
driving forcé must almost always be tnat inherent in
surface energetics. There is much practical evidence
that sintering processes can be greatly influenced by
surface effects, I lcok to this area for much future
practical as well as scientific advance. Inscfar as the
other aspects of chemistry are concerned, I feel that
it is really too early to beéin speculation. There is
such an infinity of possibilities of systems starting
from different states and proceeding by different paths
toward equilibrium during the sintering operation that
the combinations of events that could be expected are
simply incalculatable. I have myself pointed out in a
paper more than thirty years ago the fact that any sin-
tering process which involwves chemical diffusion can
lead through a whole segquence of variations in physical
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properties, wherein the most desirable properties may be
achlieved at some stage in sintering which would not from
tne standpoint of density alone be selected as a desira-
ble end state. Witn the additional complications that
occur wnere complex oxides can form, we can get only a
glimpse of the possibilities througn some of the rather
remarkable properties of ceramics that have been coming
to licht in recent years.

The so~called sciences cf metallurgy and ceramics
must be relied upon, of course, for the practical con-
tributions. Indeed, the only people who are likely to
study the process will be the scientists in the areas of
metallurgy and ceramics., It will be tney who will have
to master the chemistry, physics and mathematics that
will be necessary to bring the field into some sort of
order.

So far as other sciences are coacerned, it is
quite evident that there is much to be learned in the
area of continuity of structure from the biological sci-
ences. There is probably some to be learned about growth
processes as well from tne biological people. Geology
will have much to tell us in retrospect about long time
sintering, and so on.

Sintering is, in my opinion, one of the major
processes of nature. It has the same strength of impact
upen tne development of events in nature that is provi-
ded by such processes as the flow of liquids and solids,
by phase changes and so on. I feel that when we know
enough about sintering we will greatly enhance our under-
standing of all of nature.

I can do no better at this time in attempting to
define sintering than to say that it is that group of
processes by which particulate matter merges into massi-
ve form, This is, I realize, an extremely broad defini-
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tion which would include melting and perhaps other pro-
cesses that are nct generally tliought of as belonging in
the sintering area, but I do not believe that one can
make tne definition mucn narrower without curtailing the
basic generallty of the process.

G. V. Samsonov:

The sintering theory is based upon such intercon-
nected sciences, as physics and chemistry of the solid
state, physical-chemistry, inorganic chemistry, thermo-
dynamics, mechanics, materials science, etc. The develo-~
pment of this theory has caused a re-distribution oI the
roles of -he quoted sciences. If mechanics and thermo-
dynamics were of great importance in the first stages
when the process was mainly examined in the macro-range,
lately, when the process has already been investigated
at tne atomic and subatomic levels, physics and chemistry
of the solid state as well as the thermodynamics of irre-
versible processes should, most likely, take the promi-
nent places.

The theory of sintering is based upon natural and
technical sciences. It is the theoretical basis of one

£ the stages of technological methods namely of powder
metallurgy.

Sintering is the process of change in the state
of a powder systhem due to the thermal activation of the
diffusion processess, which leads to a decrease in its
free energy and consequently to changes in the mechani-
cal, physico-chemical, physical. chemical and other pro-
pérties as well, The process may be accompanied by che-
mical reactions and phase transformations.

3
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.2. SINTERING QF MODELS
1. E. Euvans:

I think it most desirable that model studies are
used to establish the fundamentals of a process. It is
possible in this way to establish the rate controlling
process ~ e.g, surface diffusion, grain boundary or la-
ttice diffusion, creep flow, etc.. Extrapclation to real
situations should not affect the basic controlling me-
chanism, but the extrapolation will require only a more
relistic treatment of the aggregate. Tnis will involve
geometric consideration - particularly a variation in
pore and particle size within the bulk. The influence of
tne sintering atmasphere and its effect on pore sinte-

ring by gas estabilisation and surface oxidation should
be examined.

G. H. Gessinger:

The main value of sintering models is, in my mind,
to predict certain trends rather than to give an exact
description of sintering of real powders. 1 do not beli-
eve that.a general sintering model is of too much practi-
cal use, {f it could ever be found. If one wants to make
a part of Fe or steel powder, then the most important
thing is high density without shrinkage during sintering
in arder to maintain dimensional control. Most sintering
theories concern tnemselves with the shrinkage kinetics,
nowevar, which is so undesirable.

J. §. Hirgehhorn:

There is too much work on models that are comple-
tely unrelated to real cases.
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A. 4. Ratchenko:

The investigation of sintering on models is the
analysis of the process, i. e. the division of the pro-
cess into its simpler components. However, the whole
complex process cannot be reduced to the arithmetical
sum of the components, as there is a close interaction
between the components.

S, 5. Fhines:

The legitimate use of models is, of course, the
expression of physical relationships in a graphical form.
Models nave the advantage that they can pe made to deal
with the essence of a process shorn of unnecessary side
issues. Where such a model can be constructed, it prowvi-
des an excellent means for perceiving the mathematical
relationsnips that are involved. What is essential in
the process of modeling, however, and a factor that se-
ems too often to be overlocked, is that any model to be
useful must contain all of the essential parts of the
process. The modeling that has been done, thus far, in

the field of sintering, has ir no case conformed with

tne latter requirement. For the most part it has not
dealt with anytning approaching a whole sintering pro—-
cess, but has dealt with peripheral matters alone. For
example, the two-particle model is in fact a model of
spheriodization. To be sure, some of tne elements of sin-
tering are included in spheriodization, but the essenti-
al part of the process-that which involves the assembly
of a large number of particles into a single body-is not
touched by this model. Tnis is, as I have pointed out on
several occasions, is because the two-particle model de-
als witn a simply connected configuration, whereas sin-
tering involves a'multiply connected confiquration. Thus,
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tnese are fundamentally different entities and their
physical behavior is not expected to be similar, i. e.
the shape changes involved in spheroidization are dif-
ferent in kind from those occurring in sintering. Akt
the present time I can readily present a model which
follows portions of the sintering process all the way
tnrough. Such a model will, as I showed in my Plansee
paper of many years ago describe the topological chan-
ges that occur. This model does not, however, take care
of all of the Euclidean geometric changes that must al-
so occur. The larter are such as changes in surface
area and changes in curvature during the early and late
stages cf the process. No other model known to me is of
assistance in this manner, Thus, I have faith that a
proper model, when it is developed, can be very useful,
but I feel that we still have some way to go to devise
a meaningful model of sintering as a whole.

G. V. Samsonov:

Modelling is the first and one of the most impor-
tant stages in the experimental investigations of any
complex process, and therefore of sintering, too. Model-
ling, allowing a number of simplifications, makes it po-
ssible for us to determine the process by a basic mecha-
nism and, in quite a number of cases, to express it by
a simple mathematical formula. Such an example is the
examination of the mass-transfer mechanism during sinte-
ring, e.g. of a model, i, e., a body of regular symme~
try. Modelling ‘must undergo several stages and at each
new stage it should approach the real system more and
more, For example, the transmition should be from expe-
riments of sintering on models to investigations of the
isolated pore behaviour in a homogenéus isotropic medium,
and the in a non-isotropic medium and finally to investi-~
gations of pore assembly in real crysial.



Seience of gintering

[AL]
~

2.,3. SINTERING MECHANISMS AND THE ROLE OF CRYSTAL
LATTICE DEFFECTS IN THE SINTERING PROCESS

K. Easterling:

I should like to comment on two aspects of sinte-
ring theory which you may care to consider. The first
concerns the theory of cold compaction of metal powders.
My comments in this respect are based essentially on
work carried out by Anders Thdlén and myself and publi-
shed in Acta Met., 20, 1001 (1972). An important result
from tnis work is that when two clean metal surfaces
come together very nigh stresses are set up at the con-
tact zone, these stresses being much larger than the
yilela stress of the metal ~ in fact approaching the the-
oretical strength of tne metal (see e.g. eq. 2 of the
Acta Met, paper). This means that once good contact is
made in cold pressing (i.e. oxide films are broken down,
etc) the additional stress needed to nucleate active di-
slocation sources is relatively small and powder defor-
mation and compaction is considerably aided. It also im-
plies that the driving force for diffusion is substan-
tially increased /as we showed in the Phys. Sint. spe-
cial issue no. 1 (1971)/.

My other comment concerns the sintering mechanisms
i.e. at temperatures where diffusion occurs. Up till now
tnere hase been no general theory of sintering, which,
for a given metal or alloy, recognizes all five mechani-~
sms of sintering (grain boundary, volume, surface, eva-
pouration and condensation, dislocation movement) as a
functiocn of stress (i.e. powder/meck size) and tempera-
ture., However, I was recently talking tc Professor Mike
Ashby (Harvard University) whko has attempted (success-
fully I think) to plot all five sintering mechanisms in
the form of a.map. Thus if the powder size and tempera-
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ture of sintering is known, the sintering rate and me-
chanism can be deduced directly from the map., A unified
approach to sintering has been awaited for some time
and in my opinion Prof. Ashby s work is the first step
towards obtaining it.

. E, Evans:

Final stage sintering of isolated pores can be
divided into two distinct regimes depending on whether
or not grain boundary migration has occurred thus iso-
lating pores within grain boundaries.

{1) In this case pores exist at the grain bounda-
ry and close by the emission of vacancies eitner along
the boundary or through the grains., The dominant path can
be easily calculated by determining the flux of vacan-
cies into the grain and that into the boundary. Thus,
consider a spherical pore of radius r situated on a gra-
in boundary of effective thickness W whose plane coin-
cides with the pore diameter.

The flux jL entering the grain is

iy = Dy 4nr? (D, lattice diffusion
coefficient)
and the corresponding quantity jB into the boundary is

jB = DBZII.W (Dg, grain boundary diffusion coefficient)

Assuming a constant vacancy potential gradient,
this means that the ratio

For most sizes of pores, grain boundary diffusion will
predominate at intermediate temperatures; lattice dif-
fusion will take over at high temperatures but this is
a regime in whicn grain growth has often occurred anyway.
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while diffusing aleng the grain boundary, vacanci-
es have to be annihilated and the position and nature of
the vacancy sinks is a matter for debate. The earlier
mathematical descriptions of this process assumed that
the only sink was a cylindrical surface being concentric
witn the pore and lying midway between pores. Such a
simplified picture leads to an easy solution and a mana-
geable final equation. This 1s given as equation (7) of
Wwalker and BEvans, Metal Sci. J., 1970, 4, 155, viz:

D W2nw

av _ s 28y _ |

- o (e ED - (2.2)
In{" /2r)

where Dg is the grain boundary self diffusion coeffici-
ent, y the surface energy of the pore, a the interpore
spacing, V the pore volume, t is time, 9 the atomic vo-
lume and kT, have their usual meanings. Making the small
value expansion of the exponential further simplifies
this to

av 47D _WyQ
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o

(2.3)

The disadyantage of this approach is that the idea
of a cylindrical sink surface is, at best, an oyer sim
plification. A much more realistic model would be to
consider point sinks uniformly distributed in the boun-
dary so that vacancies are progressively annihilated as
they diffuse along. This was the approach used in the
second of the enclosed papers. The final equation here
is scomewhat more complicated and given by eguaticn (10)
of that paper.

The nature of these sinks requires clarification
but the most obvious possibilities are grain boundary
ledges or grain boundary dislocations.
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An extra feature of the models used in the two
enclosed papers is the inclusion of the effect of an en-
trapped insoluble gas in the voids. This imposes a limit
on the amount of sintering than can oecur so that the
void (now a bubble) is in equilibrium when the internal
gas pressure P balances the surface tension forces,

= 2
P = (2.4)

.
L.

where P is the surface energy.

(1i) In this case, the rores exist within the
grain naving been isclated from the grain boundaries by
their migration. Under these conditions vacancies lea-
ving the pores must diffuse through the lattice and the
artivation energy of the process is tnat for lattice self
diffusion.

The initial approaches at a theoretical treatment
again consider the only vacancy sink tcbe spherical and
concentric with the pore. The solution is simple and gi-
ves the time t, required to close the pore as

kT v0

t-'-'é-;;D—LE . {(2.5)

where Vo is the initial pore volume and DL is the lattice
self diffusion coefficient. This treatment presupposes

an empty pore, The geometry of this model has some basis
in fact since the concentric spherical sink can be iden-
tified with the grain boundary.

A more complete treatment, howeyer, also requires
some provision for vacancy sinks within the grain in an
analogous way to tne grain boundary diffusion case. The-
se sinks could bg jogs on edge dislocations, precipita-

tes, etc.. I am currently working on the theoretical de-
velopment of such a model.
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J. §. Hipachhorn:

It seems to me that virtually every mechanism
postulated can be valid for certain cases.

All are important, but not necessarily for a spe-
cific case - -~ the only one may be of real importance.

P, S, Nicholeon and J. R. Chackelford:

It has been assumed for some time that lattice
defects play a fundamentally important role in the sin-
tering of materials by a volume diffusion mechanism., Ho-
wever, surprisingly little research has been done to de-
fine precisely this role. The increasing interest in
non~stoichiometry and its effects on the properties of
materials has produced a wealth of information on the
defect structure of a wide variety of inorganic materi-
als. This information now provides a good opportunity to
make a renewed effort to define this role.

The fact that point defects must play some role
in sintering by a volume diffusion mechanism seems cer-
tain. The role of point defects in volume diffusion has
been an accepted part of diffusion theory for many ye-
ars. Howéver, a precise definition of their role in sin-
tering is yet to be established. The current research
program is an attempt to provide this definition.

Point defects can be introduced in two main ways:
a) doping with ions of unlike charge, or b) producing
non-stoichiometric materjial by varying the materials va-
por pressure. Most work on sintering-point defect rela-
tionships has dealt with the first type of defects. This
work has shown strong evidence for an effect of point
defects on the sintering behavior. However, the presence
of the impurity ions makes the system difficult to treat
theoretically. Therefore, the current research program
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deals with defects of the second type. By varying the
vapor pressure of tne material, the point defect struc-
ture can be systematically varled irn a sample of unifor-
mly low impurity. Various sample materials are being
considered, but especially attractive are the transition
metal monoxides, e.g., MnQO. These materials have a wide
range of non-stoichiometry as a function of oxygen pres-
sure, and their defect structure is generally well known.
The dependence of sintering on non-stoichiometry is expe-
cted in these materials by analogy to the results found
for non-stoichiometric UOZ‘

Experimental results on the sintering of these
materials as a function of their point defect structure
(non-stoichiometry) can be analyzed in a number of ways.
First, they can be interpreted in terms of traditional
sintering theory relative to mechanism and rate control-
ling species. Second, they can be interpreted in terms
of the thermodynamics of the defect structure allowing
a re-evaluation of traditional theories, viz., the role
of point defects in the deviation of theses theories.

This analysis shculd provide new insight into the
role point defects and sintering atmosphere on the sinte-
ring process.

A. J. Ratchenko:

The diffusion processes as well as the creep pro-
cesses are at the basis of sintering,

Surface _and volume defects are of the greatest
importance for sintering,

F. N. Phines:

Perhaps it has to do with the discussions that
have flowed over the subject concerning opinion relative
to transport mechanisms. About the cnly thing that I feel
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sure of in this area is that no single transport mecha-
nism can account for sintering in the materials that 1
have studied (mainly copper). It is my impression that
nature makes use of just about every transport mechanism
tnat may be available and that differences in kinetics
and general behavior may, in at least some cases, be due
to changes in the relative contributions of the various
mechanisms of transport. As I have tried to make clear,
I feel that it is much too early in the development to
get involved transport discussions, since no one seems
to know from whence, how far, or to where they want what
transported, or, if they do make such an assertion, it
is upon the basis of a fictitious model which has no
cbvious bearing on sintering.

The roles of crystal lattice deffects must be
highly individual with the material, with the stage in
sintering, and with a host of undefined variables. Such
a question has, to me, no meaning except as it applies
to a highly specific situation.

If the point of the matter is related to the in-
cresing complexity which is involved in going from one
to two phase systems, then all I can say is that we are
at present in a very early stage of dealing with matters
of this sort. At present I have a student who has been
trying to straighten out the topology of the three-phase
situation, i.e. gas, liquid, solid. This is, as you might
suppose, an order to magnitude more complex than the to-
pology of the one metal, one vapor, sintering System. The
essence of the difference is that, whereas in the simple
case there is but one kind of surface involved and the
sintering process can be thought of as a sequence of
changes in the conficjuratic;n of this single surface;
wherever a segond condensed phase is introduced, the

number of kinds of surfaces jump suddenly to three and
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immediately one must be interested in the intersections
among such surfaces as well as the conflgurations of the
surfaces themselves. There are instances, I expect, in
wnich tnis situation is somewhat simplified by having,
for example, a completely wetting ligquid, wherein the
number of surfaces is reduced to two and, in some cases
at least, intersection ig prohibited by the fact of wet-
ting. We are at present engaged in trying to deal with
one such case. This happens to be the sintering of a he~
matite ore, wherein the 1liguid phase is a slag which
wets all of the surface of the hematite. Even though the
geometry of this case may be not greatly more complica-
ted than that of the single-solid one-gas phase system,
it is immediately apparent that the difference in ener-
getics between the two prevailing gurfaces cannot help
but complicate the situation. I look upon our venture
into this area as merely a probing of the more distant
unknown. I still feel tn.t we need to solve the one-so-
lid one-gas, or the onellquid one-gas, or possibly the
one-solid one~liquid case before we attack anyfhing more
complex. Item 7 mentions also sintering atmospheres. The
principal point here would seem to be that the nature of
" the sintering atmosphere medifies the energetics of the
gas to condensed pnase surface, whether this be gas-1i-
quid or gas-solid.

G. ¥. Samasornouv:

It is appropriate to describe the sintefing pro-
cess from the standpoint of the mechanisms which control
the process in every temperature range. It is perfectly
evident that the Jexistence of a controlling mechanism
doe not exclude the essential roles‘of'seccndary'mecha-

nisms for a given stage, even more so because they over-
lap in most cases.
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a. The mechanism of mechanical formation of inter-
particle contacts belongs to the first (initial) sinte-
ring stage. Thus during sintering of freely poured pow-
ders, the formation of contacts occurs due to gliding
and repacking of powder particles under the influence
of tneir weights and temperature. During sintering of
previously pressed powders this process already starts
during pressing.

b. In the second sintering stage appears tne me-
cnanism of physical formation of interparticle contacts.
This process starts proceeding by reduction of oxides
and causes the formation of contacting bridges due to
the appearance of active metal atoms on the surface.

The increase in temperature leads to increasing diffusi-
on mobility of active atoms, but the sistem trend to a
decrease in surface free energy in the system makes the
directed motion of these atoms along the surface possi-
ble. This results in the mechanical contact being tran-
sformed into a pnysical one. It is evident that surface
diffusion is the controlling process of this stage.

c. In the third stage contact surfaces increase
until the porosity closure cccurs. The controlling me-
chanism is the material diffusion-viscous flow going on
under the influence of capillary pressure forces. One
of the possible mechanisms in this stage is also plasic
flow pafticularlylwhen capillary'pre55urés reach or sur-
pass the dislocation motion tension.

~d. The fourth, final, stage of the sintering
pfocesq is the coalescence of isolated pores and grain
growth. The pore coalescence mechanism may be of diffe-
rent kinds in dependehce on the medium defectipn. while
dislocation density is rather high, so that the mean
disténce between vacancy sources and sinks is conside-
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rably less than the pore size, the diffusion-viscous-
~flow mechanism is dominant. With the increase in tem—
perature and with the end of the primary re~crystalli-
zartion process, dislocation density decreases so that
the ean distance between vacancy sources and sinks gets
longer than the mean pore size and the diffusion mecha-
nism of pore dissolution in the vacancy becomes domina-
ting. Hovever vacancy veolume diffusion becomes the con-
trolling mechanism.

A scheme 1s given which illustrates the roles of
the basic sintering mechanisms.

The joint role of_crystal lattice defects is re-
duced to the activation of the sintering process. The
activity may be determined in various temperature ran-
ges by defects of various types.

Excessive non-equilibrium vacancies, to which
the chemical potential gradient corresponds, are the ba-
sic driving-force of the sintering process. However,
tney are not able to activate the sintering process in
essence. During the increasing temperature defects of
types of vacancy disks, dislocation rings and micropo-
res are formed from ali excessive vacancies in the com-
pact volume, These defects, serving as vacancy sources
and sinks, affect the sintering kinetics. When defining
the role of dislocations in the sintering process . from
Nabarro-Herring “s theory, according to which crystal
body viscosity is the function of the least linear di~
mension of “he crystal element substructure, follows:

3
i1_Ds8° (2.6)
" kTL?
]
Grain bouddaries affect sintering in the same
way as dislocations, although they miy be also classi-

fied into lattice volume defects.



Basic Sintering Mechanisms (Scheme)

Stages of the sintering process

Mechanism of the process Changes in fine structure

1. Formation of physico-mechanical a/ mecnanical engagement Increasing number of point
contacts and linear defects during
a/ free pouring b/ electrostatic intenuxiafreSSing'
b/ pressing ¢/ brittle fracture and
plastic deformation
d/ diffusion processes
2. Formation of physical contacts a/ reduction of oxides Point defects annihilation.
b/ adsorption-desorption
and surface diffusion
c/ evaporation and conden-
sation
d/ volume diffusion
3. Increasing contact surfaces till a/ diffusion-viscous flow Creep and gliding of dislo-
formation of closed porosity cations and drcrease in dis-
b/ boundary diffusion location density due to the
c/ volume diffusion formation o! polyangle boun-
d/ plastic flow daries.
4. Isolated pore coalescence and a/ vacancy volume diffu~ Decrease in dislocation den-
grain growth sion sity due to motion of vacan-
b/ diffusion-viscous flow C128 and polyangle bounda-

ries,
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surface defects play an important part mainly in
the initial sintering stage, because with increase in
temperature these defects get coalesced. The roles of
sur:ace defects and grain boundaries are evident even
tnough the surface and boundary diffusion coefficients,
at temperatures up to meeting ranges, are much higher
than volume diffusion coefficients in monocrystals. The
role of pores, as macrodefects, depends on the ratio of
pore sizes and dislocation density in the crystal. Dec-
rease in the dislocation density and diminisbing of pore
sizes leads to the replacement of the diffusion-viscose
mechanism Dy a volume diffusion mechanism during sinte-
ring.

Every compact represents a heterogenous structure
consisting of two phases - particles of the pressed ma-
terials and pores containing gassous matter which is
either in a free or adsorbed state. The guantity and re-
lative amount of these materials are determined by tem—
perature, pressure and the atmosphere in which the pow-
ders are obtained and pressed. For this reason sintering
of one-component systems should be considered as sinte-~
ring of two—-phase structures namely a "material-pit”
with a considerable influence from the gaseous component
of the pores.

The mechanism of "clean" (free of the gas compo-
nent influence) densification of the two-phase system
"material — pit" has thoroughly been considered in the
literature. However, in real conditions such a mechanism
is practically impossible: the surface of the particle
sintered is always covered with a layer of chemosorbed

atoms, the quantity of which may be determined if we start
from the following equation:

n = k exp(Q/RT) (2.7)
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where n - quantity of chemosorbed particles,

k - coafficient, proportional to pressure,

Q - adsorption heat,

T - sintering temperature.

As 2. Benar nas remarked, tne cnemosorbed layer
should be consideresd as a particular cnemical substance
with a definite structure able to take part in reversi-
ble equilibria in the same way as any other chemical com-
pcund. here the fact that the adsorbed layer does not
consist only of atoms and radicals of adsorbed matter
but also of metal surface atoms which materialize the
bond with the adsorber, must be taken Into account.

For this reason in real conditions the initial sta-
ge is the interaction of chemisorbed layers, which a.z
formed on the surface even after the reduction of oxide
films and after removing other surface componds. These
iayers exist until the boiling temperature of the metal.
Therefore, in the first sintering stage the controlling
process is the decomposion of chemisorbed layers, regar-
dless of everything that has been published up to now
on the basis of the examination of models.

If sintering is performed in a protective atmosp-

1
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molecules in the adsorption layer will be described by
equation:
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i.e, even with a negligible cifference of the adsorption
heats, the metal becomes covered with a specific "film"
of the matter which has a greater adsorption heat.

G. 5. Tendolkar:

The cause and mode of material transport during
sintering has been a subject of great interest for research
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vorkers in this field. It is now universally accepted
that the driving force (or the cause) for the material
transport during sintering is the lowering in total sur-
face energy of the particulate system. The mechanism

{or the necde) of material transport is still a subject
of great contraversy.

W. A. Weyl:

One distinguishes different types of material
transport which can be active in sintering, namely:

1. Viscous flow for supercooled ligquids(glasses).

2. Vaporization and condensation.

3. Volume diffusion.

4. Ssurface diffusion.

G. C. Ruczinski studied the changes with time of
a simple geometrical model, the sintering of a sphere
to a plate. He calculated the isothermal change of di-
mensions of four mechanisms of material transport. A
glass sphere of the radius a makes a point contact with
a supporting plate. Sintering changes the point contact
into a circle of radium x that grows with the time t
through viscous flow of the glass, according to

x2/a = K (2.9)

In this formula K is a constant that depends on
the temperature and on the viscosity of the glass. For
a glass the reciprocal value of the viscosity is a me-
asure of the mobility of the material dQuring sintering.
Similar formulas describe other mechanisms of material

transport. For-evaporation-condensation the following

formula applies:
x3}/a =Kt (2.10)

in which K is a temperature dependent constant that

contains the vapor pressure of the material as a para-
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meter,

Metallic copper was found to sinter by diff.eion
of atoms through the bulk of the system into the cortact
zone, The growth of the resulting neck between sphere
and plate follows the expression

x5/ a® = x¢ (2.11)

For this type of transport the constant K includes the
self~-diffusion coefficient of Cu atoms that describes
the mobility of the system at a given temperature.

Some systems sinter wlthout viscous flow, evapo-
rction~condensation or bulk diffusion because the mobi-
lity of particles within a surface layer can strongly
exceed that within the bulk. Surface diffusion requires
another diffusion constant K than bulk diffusion and
follows a different expression:

x'/a’ = Kt (2.12)

These expressions for the sintering of a sphere
to a plate by four different mechanisms are useful ap-
proximations but rarely does one deal with one single
process, For systems consisting of A1203 or MgO crystals
under oxidizing conditions without the application of
strong mechanical Iforces we may exclude all processes
except diffusion. We prefer not to distinguish sharply
between surface diffusion and volume diffusion.

' Our concept of the "depth action of chemical
binding forces" pictures surfaces and interfaces as la-
yers which are hundreds or thousauds of atoms deep. The-
se layérs are characterized by an anharmonicity of ther-
mal vibrations which is a maximum at the geometrical sur-
face or interface. The anharmonicity of thermal vibrati-
ons tapers off toward the interior. _

Thermodynamically a surface layer has a vibrati-
onal entropy that tapers off from its maximum value at
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tne siurface toward a minimum value in the bulk of the
perfect crystal. This means that the surface contribu-
tes %0 the thermodynamic stability of a crvstal via its
entropy contribution.

With respact to the kinetics of sintering our
concept of the surface structure suggests that a consi-
derable fraction of the volume of an aggregate can par-
ticipate in the so-called surface diffusion.

Our concept of a entropy gradient in a surface
layer can be described also as a "free-folume" gradient.
The picture that the equilibrium soliubility of "apace”
increases gradually from a low value of the bulk of a
crystal towards a high value of the surface can explain
why gaseous inclusions have a tendency to migrate to-
wards a surface or a grain boundary,

For a bubble in the interior of a large crystal
there exists no driving force for escaping. The surface
of the bubble contains atoms which would not change the~
ir chemical potentials if the bubble would mowe within
the interior of a large crystal. However, a bubble lo-
cated in an entropy gradient layer can increase the sta-

bility of the system by diffusing into the ambient atmo-
sphere,

2.4. SINTERING OF REAL SYSTEMS
4. E. Evans:

The theoretical models discussed briefly in the
last section are applicable to rather idealized systems
in that a considerable degree of geometrical symmetry
is implied. Thus, on application to a real system it
must be taken that there is a very narrow distribution
of pore sizes and interpore spacings so thct the equa-
tions obtained for an isolated pore/sink system may be
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used. In practice of course this is unlikely to be found
8o that there is here a clsar limitation. Recently, at-
tempts have been made (Beerd and Greenwood, Metal Sci.Jd.,
1971, 5, 107) to account for the wartiation in pore size
(for isolated pores - i.e. the final stages of sintering)
but only using the simplified equations.

A, Fiachmeister:

Concerning the early stages of sintering, I still
tnink tnat Kuczynski “s model as modified by Wilsnon and
Shewmon, Rockland, and above all, Johnson, is the most
appropriate., 1 feel that grain boundary diffusion is li~-
kely to be the predominant transport mechanism in most
metals under technical sintering conditions. - The early
stage of sintering has technical importance only in the
sintered steel industry, where one wants to avoid shrin-
kage above 0.5 - 1%, However, for the case of pressed
iron powders, the theory must be modified to aliow for
the non-spherical shape of the particle contacs. A good
model would be a disk-shaped contact witnh one actuval me-
tallic contact point which then develops into a metallic
neck. The separxation between the particle surfaces does
not increase, in contrast to the sphere model, because
sintering is stopped before the shrinkage stage is rea-
ched. Espaciallay at low sintering temperatures, and in
the presence of sintering aids such as sulphur, "under-
cutting” of the neck will occur and will change the sha-
pe of the neck. The relative rates of undercutting and
neck growth could be calculated from tne ratio of sur-
face to grain boundary diffusivity. Such a model could
quite easily be formulated in quantitative terms along
tne lines sketched by Johnson, and Shewmon.
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2 m (neck radius)
constant with t

3. increases with t

Fig.4 1l)Contact after compaction, 2)after neck growth,
3) undercutting

Tne intermediate and final stage of sintering is
of importance in the sintering of ferrite magnets and
otner oxide ceramics which are sintered without a ligu-
id ohase. Here, we only have the model of Coble which
needs to be improved. I nave discussed this at length in
my chairman “s discussion at II RTS, which you have in
written form. The main problem is the forxrmulation of a
modified theory of Ostwald Ripening to take account of
the vacancy flux between the pores. The modification re-
guired is to subtract the vacancy flux from potes to gra-
in boundaries from that between pores. The fraction of
the flux that remains between tie pores must be calcula-
ted from a statistical analysis of the average distance
between pores an& grain boundaries. If that can be achi-
eved, one can descrike the two coupled processes of gra-
in growth, as governed by the distribution of pores at
each moment, and of pore redistribution, as governed by
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Ostwald Ripening plus the loss of vacancies to grain bo-
undaries.

Coble”s original theory was quite naive in assu-
ming conatant geometry, with the pores always situated
at the edges or corners of the gfalns. In 1964 (Paris
Sympoaium on Powder Metallurgy) I suggested a modifica-
tion where I assumed that grain growth was limited by
tne pores acting as Zener brakes; this gives the same
mathematical formalism if a cubic grain growth law is
assumad to result from a cubic growth law for the pores.
however, the situation is less simple, because the pores
do not ripen according to the normal Ostwald kinetics
R~ t. Probably because of (a) the loss of vacancies to
grain.boundaries, and (b) the fact that most of the in-
ter-pore vacancy transport proceeds by grain boundary
rather than volume diffusion (which by itself would give
R* ~ t}, the pore growth .s much slower. In carbonyl iron,
my own measurements from 1964 and new measurements by
Aigeltinger & Drolet show that pores grow according to
something 1ik&® Ré ~ t. (I have a copy of the Aigeltinger-
Drolet paper, but do not know where it was submitted.
You can probably find out from the Max Planck Institute
at Stuttgart, where the authors worked as guests when
they did that research). At the Notre Dame Conference
recently, Kuczynski tried to construct a model along the
lines suggssted by me, but failed to take into account
the coupling cf pore growth and grain growth.

J. 8. Hipaschhorn:

The investigation on models be applied in real
systemé extremely dlfficult because of idealistic nature
of models. The possible to describe the sintering of
real powder theoreticaly; take into account particle si-
ze and shape distributions, surface area, and internal
pagticle porosity.
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F. N. Rhinea:

Tne question of the application of models is so~
mething that I could hardly hope to deal with, not feal-
ing tnat ény cf the existing modsls are appropriate to
sintering. )

In all of the above discussion I have been attem-
pting to answer this gqguestion as far as I can, From a
topological point of view, locse powder consists of a
defined number of individual particles which can be de-
scribed by the number and form of their confining sur-
faces. The number of such confining surfaces is an index
of the topological number of the syastem. When the parti-
cles come into contact and the surfaces unite at points
of contact, the total nuqber of surfaces diminishes, usu-~
ally (if the particles are not porous individually) to
one surface of multiply connected form. I have used the
topologist “s terminology in calling the property of mul-
tiple connectivity the "genus” of such a surface. During
first stage sintering the genus remains congstant while
tne surface diminishes its area toward the smallest area
that will contain the existing amount of condensed phase
at tne prevailling density and connectivity of the system,
Once having arrived at the minimal area configuration,
the surface curvature must also be essentially constant
over the entire system., The "average curvature” of the
system goes from strongly convex at the beginn;ng; to
strongly concave by the time the minimal surface area
has been achieved. The initial convex state is, of cour-
se, merely an a%erage of highly concave curvature at the
contact necks and the highiy convex curvature that defi-
nes the initial Qhapes of the particles. The convexity
is gradually swallowed up by the spreading of concavity
until a uniformly concave saddle curvature is achieved.
From this point onward, second stage sintering (densifi-
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cation) must occur ﬂy a reduction in the connectivity

of the system, that is by the closure of channels con-
necting pores. As the connectivity diminishes, so also
does the curvature become more concave. During the cour-
se of channel closure, it may happen, from time to time,
that void spaces become isolated. Whether or not such
isplation takes place seems to be cne of the matters
which is sensitive to the mode of material transport,
Atom by atom transport seems to oppose the isolaticn of
pores, whereas dislocation transPdft tends to accentuate
tnis isolation process. In most cases, however, some iso-
lation occurs, so that presently one has a mixture of
cannective porosity and isclated porosity. The isolated
poroslty now behaves quite differently from the connec-
tive porosity. In the case of crystalline systems it se-
ems to do nothing but conglobate, that is, wlile the to-
tal volume of the iscolated porosity remains constant, the
individual pores grow at the expense of their total num
ber. In amorphous systems, however, the isolated pores
appear to be capable of further shrinkage provided that
they are not filled with 2 nondiffusing gas. In any ca-
se, the second stage of sintering comes to an end as the .
system, as a whole, approaches zero connectivity. Mean-
while an increased number of surfaces has developed, re-
presented by the surfaces of the isolated pores. The sy-
stem returns, in a sense, to the inverse of its original
state, wherein the isolated surfaces were, at tb: begin-
ning, the surfaces of isolated particles, but «t the end,
are the surfaces of isolated pores. At this point, and
during the third stdge sintering the average curvature
tends to evolve toward a less concave state. This comes
from the fact that the conglobation of the isolated po-
res greatly reduces their concavity and thus affec.s the
average for the system as a whole. Even in crystalline
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systems shrinkage continues to occur so long as there isa
any connective porosity and indeed the Qhrinkage force
maximizes just before the last of the shrinkage porosity
disappears. This is because the shrinkage porosity is be-
coming more and more sharply concave. The dimeasional
changes that are going on in the system are, however,
highly localized at this stage, just as they were at the
beginning of the growth of interparticle contacts. Beca-
use it affects so little of the metal, the overall volu-
me change that takes place in the late stage is not very
impressive, Once all of the connective poresity has dis-
appeared, the system bacomes essentially stable, altho-
ugh, with long conglobation where there is a gas content
in the pores, some longtime sintering growth is possible.
This has been noted particularly where the gas within

tne pores is of a noble character, such as argon or he-
lium. In saying all of this, I perhaps have not really
angwered your question, because I notice that you ask
for a "theoretical" description. What I have given you
is not theoretical; it is totally factual and "documen-—
ted® tnrough careful gquanitative metallography throu-
ghout tine course that I have described. Surface area,
curvatures, connectivities, numbers of surfaces have all
been measured throughout the sintering sequences. We now
have similar results for both metals and oxids

G. V. Samsonov:

In transition from models to real systems a gre-
at number of factors, affecting the sintering process,
should be taken into account. Such factors are surface
geometry, material cleanliness in general but especially
of surface layers, the role of the gas phase, guantity
and character ¢f structural defects, etc. In the final
stage of the transition to real system, the influence
of these factors, which are not taken into account in
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models, may become s0 strong that the difference between
theoretically calculated parameters and real ones is con-
siderable, One must be awa.e oi the fact that there is

no a distinguishing border between models and the real
system,

Several approaches to the theoretical description
of the sintering process of real powders are possible,
One of them is a thermodynamic approach by means of whi-
ch it is possible to describe the complex thermodynamic
process of sintering on the basis of the solution of sim-
ple equations. Another one is modelling., The third and
the most adeguate may be an explanation of the physical
and nztural process by consideration ‘of the notions of
the sintering theory at the subatomic, electronic level.

2.5. PHENOMENOLOGY SINTERING THEORIES AND THEIR PIACE
IN THE SCIENCE OF SINTERING

Yu. G. Dorofeev:

' Where the science of sinterinc is concerned, an
important role is assigned to empirical theories. Thus
they are considered as an indispensible stage in the
creation of'sinterihg theory. The non-existence of phy-
sical bases for sintéring-kinetics even more stresses
the importance of the mentioned theories. Development of
empirical theories must not, in any case, counteract aga-
inst the creation of a physical theory cof sintering kine-
tics. Some empirical equations comprise important hypo-
theses which were primarily formed for ideal models, but
their applications are limited, Neuerthe less some of
them agree with experiments well and ére used in techni-
cal studies,
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H. E. EBvons:

Phenomenoclogical approaches are useful in the ear-
ly stages of study of a new subject but should be gradu-
ally pnased out as more mechanistic approaches bacoma
available.

V. A. lvenaan:

It is probably known, judging from the character
and tendency of my papers on the field of sintering,
that I give 3 special siganificance to studies of sinte-
ring phenomenglogy. Once in (1957) I attempted to give
an explanation of the remarkable characteristics of the
sintering phenomenon using notions of physics. However,
I failed to do it. It was then that I began doubting
whether it is possible to explain the principal charac-
teristics of sintering by means of the contemporary con-
ceptions of crystal lattice defections. Later on my do-
ubts were greater and greater, and now I have no doubts
at all that progress in this field will be achieved only
when new notions of the crystal lattice defection state
as well as of the influence of such a state on the cry-
stal material flow have been created in physics.

Because of everything said, one should (at least
should do it) restrict oneself to phenomenology generali-
zations which allow the phenomenolcgy bases of numerous
laws to be established in a sufficient and complete way.

A. J. Ratchenko:

Today the empirical theory is the closest to a
guantitative description of the sintering process.

3ll sintexing stages may be described with one
equation.

A mathematical scheme of diffusion processes du-
ring sintering of two-component compacts was develcoped
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in my papers as well as the schemes for calculation of
some physical properties of samples obtained in this way.

In addition, the correlation between the shrinka-
ge trend and the surface state of ‘metal powder particles
has been examined, which can be observed by means of 1li-
ght flashed and reflected,

The experiments, carried out with the aim of inve-
stigating diffusion growth, changes in magnetic inducti-
on of saturation, electroconductivity, X~graph examina-
tion of the sintered two-comnonent oommocitinsna howe

onmeositicnz, showed
icient agreement with the proposed theoratical pic-
ture as well as with mathematical formalism for numerous
calculations.

G. V. Samsonov:

There are two trends in the empirical examinati-
on of sintering.

Ya. I, Frankel laid the fcoundation of the first
strictly phenomenology description of the sintering pro-
cess, and showed that sintering may be considered as a
manifestation of general-viscous flow of solid bodies.
From these positions Ya. I. Frankel has given the solu-
tion of the theory of sintering on models by two appro-
aches namely, sticking of two spherical particles and
swimmimg of spherical pores in an infinite viscous me-
dium, '

Further development of the empirical sintering
theory was concerened with a consideration of the densi-
fication process of a porous body as a whole. Y. Makkenzi
has solved the task concerning a body with uniformly di-
stributed spherical particles, but V. V. Skorehod has
solved tasks concerning more general models - statisti-
cal mixtures of material and pits.
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In other papers of B. Ya. Pines, Ya. E. Geguzin
and V. V. Skorchod this trend has further been developed
by taking into account the struc: °va) ractor.

Another trend of empirical investigations of sin-
tering, which was developed in the papers of Bal “8in,
Ivensen, Ristié and others, refers to the description of
the kinetics for changes in different propertiess during
the sintering process by meana of equations whicn are
analogous t¢ the chemical kinetics egquations. In this
cas™ the most simple equation is the Gegree function of

£ v

have also been suggested. Their deficiency is that the
constants, which they coﬁpiiae. cannot be connected with
physical parameters of the material sintered, and furt-
her it is difficult to fix the boundaries between the
influences of numerous factors on the sintering process.

. Othey eguations, which are more complex,

2,6. KINETICS OF THE SINTERING PROCESS

Yu. G. Dorofeev:

The sintering process is heterogeneous and large-
ly dependent on the kind of material which is sintered.
For that reason it is impossible not only practically
but in principle to describe sintering kinetics by a
single universal equation. Some equations, in fact Vv, A,
Ivensen s empirical equation ’

V=V (gmrt+ 1)~ Um {2.13)

wher2 V - pore.volumen at a moment of time
V - the initial pore volume

q - the rhte of the relative decrease in pore vo-
lume at the start of sintering,

m - characterized the intensivity of the retar-
ding rate of decrease in pore volumeé at the
start of sintering; it is also the constant
on the starting powder under definite sinte-
ring conditions,
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offers good agreement with the experimental data and re-

presents a real sintering law for powder bodies. However

this law has not been practically documented (by his equ-
ation).

J. 5. Hirschhorn:

The problem is that the physical change being
consilarad (e.g, neck growth) may be too difficultto me-
asure or of no practical importance.

P, ¥, Rhinazsz;

Ultimately it should be possible to describe a
sintering kinuiics mathematically. At the present time,
howevér, there is little chance of any real approach to
it, because there are still too many variables that ha-
ve not been nailed down. It is clear for example that
the sintering kinetics must of necessity change in kind
as we go from stage one to stage two and thence to sta-
ge three sintering. The existing kinetic curves always
show this effect although many of the data that exist in
the literature are too crude to make this clear. The
existing kinetic egquations are little more than curve
fitting. I have presented some of these myself, but I
have ne faith in them and would not want to repeat them
here.

5. V. Samsonov:

In principle, sintering kinetics may be described
by one equation, as any dependence in a general case may
be presented by decomposition into order, but the order,
in somé approach, should be approximated either to sim-
pler or more complex functiors. _

As a proof-of this may be taken the fact that so-
me of the empirical eguations, describing demsification
kinetics, agree well with a very great number of experi-
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mental data, For example, lvensen’s eguation (2.13),
or Makipirtij’s equation:

d _ n
T:; {kt) (2.14)
vV -v
where a = vgv— - densification parameter,
v,vo,v_ - volume of the body which is sintered

in the given, initial and final mo~
ments of time,
k « densification rats constant

nstant.

o1l
1
[¢]

H, Sasaki:

I contribute a theory for sintering. I would
like to tell it very shortly, as follows.

materials to be transportec to
agrowing particles

initial surface
growing surface
r = f(t)

ro - constant

Fig. 5 Sasaki “s model

Rate of material transport from the outside of
the reference particle may be considered to be constant
at a fixed “emperature befor reaching a final state.

If 4nr3/3-volume growing particles and p - density of




Sctiance of etintering

(=}
[

the particle materials, than:

3
LI TC15 ETT:

= hrzr:g% (2.15)

rzdr = K dt (k = eonet.)

After integration:

3
55— = Kt + ¢ t=0 r=r_ - initial state
ad

r3 - rg = ct (E:constant)
eorr*r, r=ct - initial stage (2.16)
ifrs>r, r=c¢ £1/3 _ final stage (2.17)

therefore, kinetics of sintering phenomenon must obey
the rule '

D= t1/3 (D:grain diameter)
Almost liiteratures concerning the sintering inducate
D= t0'3 experimentally. According to my theory the ex-

ponent of time will have a range from 1 for initial
sintering to 0,33 for final sintering.

Although it may be true, the real sintering
system must have a particle‘size distrubiton, so that
experimental difficulties will occure.

W. A. Weyl:

‘The rate of sintering depends cn the absolute
temperature and on energy and concentration fluctuati-
ons. One might think that the latter can be eliminated
as a factor for pure S5i0,, Mgo, Al,05 orx Tio'z.‘In an
atomistic scale, however, this is not always true.
Preparing Si0, fumes through the pyrohydrolysis of
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SiCl, or pure Mg0 from MgCO, or Mg (OH), by calcination
one obtains finely subdivided oxides which behave like

a ligquid. They are “fluidized” whan a stream of air is
passed through the material or even when shaken in a
test tube, There 1s no "stickiness™ as one might expect
from unsaturated valence forces or the plus-minue for-
ce fields in the surface of each particle., The fluid
character of the material is the result of the forma-
tion of Helmholtz double layers. In order to lower the
energy the surface will be distorted and the caticn
low polarizability are recessed and screened by a sur-

Such a surface structure of an oxide leads to mutual re-
pulsive forces acting between the particles, merely by
a slight shift of cations towards the interior of the
crystal,

Zinc oxide is very different. Even a high purity
2n0 may be chemically dissociated in order to achieve
what 510, or Mg0 achieves by the formation of an elec-
trical double layer. It forms Zn+ ions or zn® atoms and
anion vacancies in the interior of the crystal so that
it can use part of the electrons tn change heutral 0,
molecules in the surface layer 1nto.0; or 02- ions. The
disproportionation lowers the surface energy of the Zn0
particle without producing an electrical double layer.
Such an agglomeration of ZnO particle is "stickey" and
sinters at a much lower temperature than the MgQ or the
sio2 which cannot undergo a similar chemical dispropor-~
tionation in aix. One of the most importante features
that determines tue beginning of sintering is the adhe-
sion batween the,individual particles and conversely
the prevention of their contact by Helmholtz double la-
yers. In order to sinter and densify MgO or si0, the
use of polar organic lubricants is helpful.
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The factors which determine the extent to which
a compound forms an electrical double layer are the
anion to cation ratio, the polariépbility of the iomns
and their electron configuratior. Just as "wetting® of
a 30lid by a liquid is the prerequisite for adhesion,
contact on an atomic scale is the prerequisite for sin-
tering. The difference in the rate of sintering of pure
MgO and pure ZnO ls primarily the result of the ease by
wnicCh tne latter can establish coniact between Zn and
0 atoms, This difference is partly the result of the
18~ shell of the Zn2+ ions as compared with the neon
configuration of the M92+ ions which enables the ZnO to
form a defective structure of the formula 2n2+0

(e”

I-x Z)x

(An.V.)x that contains anion vacancies and electroms.
The mobility of these electrons is an important factor
in establishing atomic contact and adhesion.

The driving force for sintering includes the im~
provement of the screening of cations by anions in a mo-
re symmetrical surfounding. Describing the process of
sintering by the increase of the average coordination
number of all cations would be an oversimplification
because the small MgO crystals do not have the number
of cationes in five fold, fourfold and threefold coordi-
nation which one might expect from their surface area.
According to M, M. Niculson'ghe lattice parameter of a
small MgO crystal (500A) prepaied in vacuo is smaller
than that of the macroscopic crystal or even of a small
crystal prepared in oxygen.

This feature is not yet sufficiently considered
bécausq the necessary data are not yet available. In
order to estimate the chemical potential of the aggre-
gate and compare it with that of a single crYstal one
needs the specifié heats between 0°K and the sintering
temperature.
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W. E. Kingston and G, F. Hilttig calculated that
for a specific heat of gold powder oanly 5% higher than
that of a single cfystal the powder can be thermodyna-
mically more stable than the single crystal. This rever-
sal of stability would begin at 620°C., which is still
far below the melting point of gold (1064°C.). In such
a case the large surface area of the gold powder could
not cause sintering above 620°¢.

Incomplate conrvdinadion aceé atomd is not
the only way to raise the free energy of a system. The
screening of cations decreases also by lowering the sy-
mmetry of their environment by mechanical distortion.
Mechanical stresses can greatly increase the energy of
a system. In addition to the particle size, tne mathod
by which a certain particle size was prepared has a
strong influence upon the rate of sintering, Stresses
can be introduced by mechanical deformations or by che-
mical reactions. Mg0O prepared from Mg(OH)2 at relative-
ly low temperatures is highly stressed.

During the hot pressing of oxides local stresses
between adjacent particles contribute substantially to
their reactivity and their rate of sintering.

The rate of sintering of solid solutions is af-
fectad by two factors. The disproportionationing of bin-
ding forces in solid solutions or the vibrational entro-~
py accelerates material transport. A combination of 4if-
ferent cations may lower the surface energy of a crystal
and with it the driving force of sintering. The oxide
Cr,04 contains more polarizable cations than A1203 and
may therefore have a lower surface enexrgy than A1203.

In a mixture of zhe two solids the Cr,04 will "creep"
over the A1203 if the temperature permite surface dif-
fusion., G, F. Hiittig reports numerous observations of
the creep of one oxide over another one, P. W, Clark
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and J, white (1950) observed that Cr,0, delays the sin-
tering rate of Al,04. This effect may also result from
the formation of Cr042_ ions in the surface of the

A1203-Cr203 sclid solution,

The role of vacancies as enhancing material tran-
sport is well establisnted. Crystals with cations of the
noble gas type form unly low concentrations of vacancies
because of theilr rigid screening demands. The number of
their vacancles can be increased above the thermal
ilibrium concentration by introducing cations or anions
with a different charge. This most effective method of
increasing the rate of sintering has been utilized in
the manufacture of magnesite bricks. Pure MgO requires
very high temperatures for sintering but the addition
of some 1iron ore produces a defective structure of the
formula

24 34

-
Mgl—Bx Fer (Cat.v.)x (o)

that is stable at high temperatures.

On cooling this anomalous solid solution changes
toward a mixture of Mg0O and MgFe,0,. The defective stru-
cture sinters readily due to the vacant cation sites
and the resulting high anharmonicity of its vibrations.

Oxides with non~-noble gas like cations such as
ZnO develop a high concentration of defects far below
their melting points, hence they sinter more readily
than MgO. In zinc oxide the defect concentration can be
increased as well as decreased by the proper additionms.

Addition of Li,O to Zn0 increases the concentra-
tion of anion vacancies and enhances sintering. Additi-
on of Gazo3 to Zn0O has the opposite effect.

Systematic’experiments on this phenomenon were
carried out in our laboratory in order to prove that
additions to an oxide may decrease as well as increase
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its rate of sintering (Fig.XIV 2).

Many solid state reactions including sintering
of oxides can be accelerated by the ambient atmosphere,
especially by water vapor. The principle of this cataly-
tic effect is a partial, temporary lowering of the bin-
ding forces through a decrease of the charges of anions
and cations. In the presence of water an O° ion can be
changed temporarily 1nto an O ion. The penetration of
a proton 1nto an Al O "Al1”7 bond changes it into the
weaker Al (OH) A13+ bond. This process facilitates ma-
terial transport and sintering. The availability of
screening anions, i.e., of OH ions makes water a very
powerful catalyst for sintering.

Reducing gases can have a similar effect upon
cations. In reducing atmospheres A13+ ions can be tem-
porarily changed into !A13+(e‘2)|+ ions, thus increa-
sing mobility and volatility of the oxide. Some materi-
als become volatile by a temporary hydration or oxida-
tion. Platinum metals increase their volatility by the
intermediate formation of oxides. Chromium oxide is
fairly volatile because it can form a higher oxide in
which the cation is better screened. This process takes
place also at the surface of Al,0; or S10,.

2.7. SINTERING THERMODYNAMICS
BE. E. Evana:

The equations used in chapter 2.3 are obtained
from bc undary conditions governed by thermodynamic con-
siderations.

The driviﬁg force for pore closure is the surfa-
ce energy, vy, of the pore. In mechanistic terms the
curved internal surface of the pore will increase the
concentration of vacancies in the solid adjacent to
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the pore surface. The effect is that of reducing the
activation energy for vacancy formation by an amount

2“’n/r. The vacancy concentration xzt the pore, Cyr is
increased over the equilibrium value, C, by

c

= = exp (i g (2.18)

e

Tiie presence of a gas in the pores at pressure,
P, reduces this ratio giving

c 2 Y ‘
XL o= L A i
. exp| ( - P} kT, (2.19)

Clearly, when P==2Y/r, the facancy concentration
at the pore will be at the equilibrium value and there
is then no tendency for pore closure. This is the rea-
son for the stabijlization of pores by an internal pres-
sure,

The above equation can alsc be used to show the
effect of an applied hydrostatic pressure on the sinte-
ring body. Let P be a composite of two terms:

P, - the gas pressure in the pore

Pa - the applied hydrostatic pressure
and, for purposes of illustraticn, consider only an
equilibrium bubble, i.e. a pore for which

I (2.20)

If we increase Pa then the vacancy concentration
at the pore surface will increase resulting in pore clo-
sure, Such closure will increase Pi' since we assume
that the gas in the pore is irsoiuble in the solid, un~-
til onée again

P =27 (2.21)

and peore sintering will cease. However, if we now remo-

ve or reduce P the pore will again increase i~ size

al
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until an equilibrium bubble 1is.again formed. Exactly
this sort of behaviour has been found by Gittins (Acta
Met., 1968, 16, 517) and gives considerable support for
the thermodynamic arguments use-.

F. ¥. Rhinee:

As I have pointed out previously, the role of

.b_e.'\':.-cdy::-"" g2 in dezcoribing whe sintsring pIocess sho—

uid focus first upon the surface energetics and the
interplay of curvature and surface tension. The basic
driving force of sintering is a thermodynamic property
and must be dealt with as such,.

In the area of kinetics, those portions of the
process which deal with diffusion will obviously be
thermodynamically related. This means, of course, that
nearly all of the transport processes, including plas-
tic deformation, where it involves climb, will respond
to the Arrhenius relationship. It does not mean, how-
ever, that one can draw any meaningful deductions from
the socalled "activation enertr®, nor can <2 hope to
get very far with predicting sintering kinetics frc.
fundamental data, The reascn for this is that *ler arc
s0 many interrelated processes going on in the gecL«etric
change of sintering that no one process will appear to
dominate the kinetics.

G. V. Samsonov:

From the standpoint of thermcdynamics, sintering
is a transient irreversible process, manifested in spon-
taneous densification of porous defect bodies at suffi-
ciently high temperatures. A porous disperse hody is a
thermodynamic sjitem far from the equilibrium state be-
cause of the increased reserve of the surface free ener-

gy, 1l.e. due to the snergy of uncompensated atom bonds



Setence of sintering £37

along disperse particle surfaces. The non-equilibrium
of a disperse body 18 also conditioned by the fact that
real powders have deranged crystal structures with va-
rious crystallograph cefects, and contain certain amo—
unts of impurities, etc, This addition.l non-equilibri-
un essentially atfects the sintering kiretics. In this
way thermodynamic description of sintering kinetics in
reduced ta the solution of the ¢35k of the Klnetics for
minimization of surface free energy.

Irn the papers of Frenkel, Makkenzi and Shatlevor-~
ts the reduction in free energy is equated with the
work of deformation under the influence of forces condi-
tioned by the caplllary pressure of laplace. Such a mo-
del requires the introduction of a definite porous body
medel, but the techniqgue of the solution is completely
determined by the geometry specificities of sintering
and deformation mechanism. Iii the papers of Pines and
Geguzin the change in free enerqgy is evidently not ta-
ken into account fro~ the very beginning, but the actu-
al atomi --molecular process manifested in diffusion
transfer of vacancies frcm pores to the body external
surface ¢or the internal sinks is obwviously taken into
consideration.

Foxr a more thorough nnderstanding of the aature
of sintering as well as the importance of the develop-
mant of sintering theory taking into account actual mo-
dels and mechanisms, it is convenient to consider this
process from the mcore general thermodynamic position.
Svch an approach would enable separation from specific
characteristics of sintering geometry and supposed me-
chanisms, but taking into account factors which are ge-~
neral for the selection of approximately adequate mo-
dels.
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In order to solve the task in the most general
aspect, the kinetics of the surface free energy must
be linked not with the local processes ©f the system,
which are determined by the fluctuation of thermodyna-
mic parameters, but with the integral parameter - the
total non-equilibrium of the system. Most likely, one
may conclude that it is the equilibrium itself, inde-
pendently of the specificities of local processes, which
creats the thermodynamic force that determines the ge-
neral character of the kinetics for free energy minimi-
zation. This conception is asserted by the fact that
almost any transient process may be presented by equa-
tion:

E = kx" (2.22)

where K -~ konstant,

X ~ free enerqgy excess or some macroparameter
which determines the free energy reserve.

On the other hand, the application of general thermo-
dynamics methods in the analysis of the interdependent
occurrences during sintering, should make the descrip-
tion of the densification process considerably easier
when such cccurrences as the degre2e of crystal struc-
ture imperfection, the cccurrence of recrystallization,
interaction with impurities, diffusion in multi-compo-
nant disperse systems, etc. are taken into account.

W. A. Weyl:

Sintering of a fine powder takes place because
it lowers the free energy of the system. Cne can use
the fundamental eguation

AF = AE - TaS (2.23)

and point out that a system changes and that equilibri-
um is reached when the free energy has reached its mi-
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nimum. Tnis equation tells ﬁs also that tne endproduct

of sintering or tne system that is gradually approached
depends upon the temperature. The use of the Gibbs func-
tion teaches that it is unsound to expect that by waiting
long enough one ends up with a single perfect crystal of
a pure substance. In order to sinter a pure oxide, e.qg.,
A1203 temperatures are rejuired wnich come close to its
melting point. Above 2000°K the entropy contritution TS
to the value of F can no longer be ignored.

In our pictorial description we associate the va-
lue of E or of the enthalpy change witn the change of the
degree of screening of cations. Decreasing tne number of
cations which participate in surfaces and interfaces be-
comes a major contribution to E.

Trne conventional way to express this relationship
is to refer to tne surface free energy of the system and
to tne tnermodynamic potential of small particles as a
function of the surface curvature. This tnermodynamic ap-
proach has been discussed in detail by C. Herring in his
paper, "Surface Tension as a Motivation for Sintering”.
For a pure oxie sucn as 21,04 there is no difference
between the ‘hermodynamic description that causes a sys-
tem to lower E by lowering the surface area or decreasing
porosity and our atomistic picture according to which the
nunber of A13+ ions surrounded symmetrically by six 02_
ions increases. Botn approaches are based upon the ent-
halpy changes. Some scientists, in discussing the lowe-
ring of the surface free energy as the cause of sintering
emphasize the enthalpy and neglect the entropy. Surfaces,
interfaces, grain boundaries and vacant lattice sites lo-
wer the value of E, or as we picture it, are the seats
of cations which are less screened than those in the in-
terior of a perfect crystal. However, one should not for-

get that this lack of screening leads to an increase of
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the value of S. Incomplete screening can contribute to
the stability of a system, especially if the temperature
is high. Less symmetrical polyhedra are a source of anha-
rmonic vibrations which increase the thermal or vibrati~
onal entropy. Using the free energy change as the driving
force of sintering, one has to consider the requirement
for entropy and one cannot expect that a single crystal
of nigh perfection forms even if one extrapolates to in-
finite sintering time. A pure oxide having no other sour-
ce of entropy but the vibrational entropy that arises

from surfaces and interfaces cannot be completely densi-
fied.

2.8. ACHIEVEMENTS IN THE SCIENCE OF SINTERING IMPORTANT
FOR ITS DEVELOPMENT

Yu. G. Dorofeev:

My colleagues and I are engaged in questions con-
cerning dynamic hot pressing (DHP) in which the forma-
tion process lasts 1.5 x .0_4 + 4.5 - 10_3 sec in depen-
dence on the punch motion rate. The formation of materi-
als during DHP deflexes in the occcurrence of physical
contacts between particles during the densification pro-
cess as well as in the formation of bonds between their
surface atoms. These processes are, in fact, going on
simultaneously. .

The welding process under pressure and the forma-
tion of metaloceramic materials taking place owing to
the acting of 6he or more creep mechanisms. The "instan-
taneous creep" plays the basic part in DHP. Bonds on par-
ticle contacting)surfaces are formed since they become
activated during the approach of dislocations and vacan-
cies during the "instantaneous" plastic deformation. The
activation degree is determined by the quantity of energy
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consumed for plastic displacement of deformed volumes,
and should be sucn as to ensure the required density of
the object. The instantaneous particle bonding proves
the exclusive dependence of the obtained results on the
conditions of the thermodynamic effect on the material.

Tne possibility of bonding during DHP is determi-
ned by tane densification work (acting} value and the he-
atirng temperature of the samples.

Good quality samples of various materials are pos-
sible only when tneir porosity is low and when consump-
tion of work is high. It is impossible to obtain highly-
porous products of satisfactory quality by the DHP met-
hod. This limits tne range of its application only to
the preparation of non-porous materials or materials of
low porosity. ‘

Tne investigation of the coalescence process du-
ring DHP was carried out by modelling on steel straps
with a little carbon /08/ and copper.

Tne investigation of the coalescence of monomorph
metals offers a clearer model for understanding the me-~
cnanism of this phenomencon than when a polymorphic alloy
is concerned, in which the phase modificatieon changes
the structure formed during DEP. The gquality of the co-
alesced material is determined by the tnermodynamic con-
ditions in which the DHP process takes place, and whose
influence in definite limits is mutually involved.

The coalescence, taking place during contact for-
mation on the atomic lewvel, is evidently a diffusion-free
process which is possible due to the migration of grain
boundaries synchronized with deformation tnrough the phy-
sical border of the body. This can be seen in the mono-
morph metal when pnase modifications do not affect the
process under investigation,

From the above mentioned it can be seen that the

process of structure formation during DHP is a short-term
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one and therefore research into the sintering theory in
the generally accepted sense (the long-term process) has
nct been carried out.

J. S. Hirsdhhorn:

The topological work of Rhines and co-workers at
tne University of Florida have the exceptional importance
in tne hystory of sintering.

B.E. Evans:

My main interest lies in the application of sinte-
ring concepts to mechanical properties and most of the
attacned papers relate to this subject. During creep stra-
ining at elevated temperatures, fracture frequently ori-
ginates in the formation and growth of small cavities at
grain boundaries. Final failure will occur when these ha-
ve grown to such an extent that they link up to form a
fapidly propagating crack. Frequently in real service
conditions there are periods when the component is sub-
jected to negligibly small values of stress and strain
rate but still remains at temperature. The cavities are
now thermodynamically unstable and begin to sinter in a
manner exactly analogous to the final stage sintering of
compacts. The complete or partial removal of cavities
during these periods of low strain rate results in a co-
rresponding increase in the total strain experienced by
the component at subsequent failure. In the extreme ca-
se, of course, complete and regular removal of cavitati-
onal damage will postpone indefinitely, failure by this
*echanism and an apparent infinite duectility will result,
Clearly such a phenomenon has profound inplications.

The process has been described quantitatively in
the papers by use of a recovery parameter ¢ defined aga-
in as in the papers. Figure 2 of Evans and Walker (Metal
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Sci.Jd.,1970,4 210) shows theagreement obtained using the
general grain boundary sintering model (with gas stabili-
zation of the cavities) with the parameter ¢ which measu-
res the improvement in ductility’ obtained by giving inter-
mediate anneals to a stainless steel. The agreement is
encouraging and guite satisfactory at the two highest
annealing temperatures but less so at the lowest temnera-
ture. I believe tne explanation for this lies in the ki-
netics of the stabilization process.

When the cavities are first formed they are true
voids and cocntain no gas. There is gas in solution,however
and this must diffuse and gradually collect in the cavi-
ties reaching some sort of guantity which is in eguilibrium
witn the surrcunding solid solution. With decreasing temp-
erature, the guantity in solution tends to decrease so
that tne guantity in tne cavities increases resulting in
tne stabilization of cavities of larger diameteres-i.e.
lower values of ¢. At 7599 and 725°C, one can postulate
that the rate of approach to eguilibrium between gas in
solution and in the cavities is sufficiently fast to be
considered as existing from the onset of the tests; at
700°C the gas diffusion rate is less fast and equilibri-
um is reached gradually during the annealing period.

This effect will help explain the discrepancy between
thecry and experiment observed for anneals at 700°% and
also the good agreement at the highe:r temperatvres.

F. N. Rhines:

I do not feel that we are far enough along at
this time to speak of the existence of "the science of
sintering”". When we do arrive at this pdint, I think
that the first real achievement will be a complete des-
cription of the:geometric changes involved in the pro-
cess, from beginning to end, couched in sufficiently
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exact terms so it w’ll then be possible to deal with them
mathematically. Until this is accomplished, there can ha-
rdly be any significant contributions to the kinetics of
sintering.

Again I feel that the word "achievement" is pre-
mature. If I have been able to introduce anything into
the field, I think that it will be the matter of dra-
wing attention to the importance of recognizing that
the sintering process is a topologic=2l one.

G. V. Samsonov:

The bases of the physical sintering theory were
first lald by Ya. I. Frenkel in 1946. Hegave the basic
methods for the solution of the two main tasks: the ki-
netics for the interparticle contact growth and the ki-
netics for decrease in porosity during sintering in the
case of individual contact and individual pores. Frankel
gave the methods for solution of these problems basing
them on two different assumptions of the sintering me-
chanism: either as a result of the volume viscous flow
under the influence of surface tension forces or as a
result of the migration of more mobile surface atoms.
The laws which Frenkel derived on the basis, of the as-
sumption of the existence of the viscous—-flow mechanism.
Were experimentally confirmed later these were the con-
stancy of the rate of pore radius decrease, and the pro-~
portiona’ dependence between the two-particle surface
~ontacts and the time of sintering.

Ya. I. Frenkel’s ideas were further developed by
B. Ya. Pines who elaborated the sintering diffusion theory.
The application of this theory has given possibilities
for the solution of the sintering theory basic tasks
when crystal bodies are concerned. Pines “s theory starts
from the assumption that there is a self~diffusion me-
chanism oI solid crystal body atoms due to different
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vacancy concentrations in different points of the sinte-~
red body.

Then the ideas of Ya. I. Frenkel and B. Ya. Pines
have been examined in the paperé of Herring, Nabarro and
others. These papers dealt only with investigations of
the sintering process in real crystal bodies, taking in-
to account not only the existence of point defects (va-
cancies) but also dislocations, grain boundaries, etc.,
which together with free surfaces may be vacancy sinks.

Important experiments on mddels for the establi-
shment of the quantitive laws of sintering kinetics have
been carried out by Kuczynski. They are especially use~-
ful for descriptions of the initial sintering stage.

" The most general conceptions of the sintering the-
ory should evidently be developed on a uniform principle,
in fact at the subatomic (electronic) level. The bases
of such a theoretical approach have been given in a num—
ber of G. V. Samsonov’s papers, especially in the report
"The Electronic Sintering Mechanism" presented at II In-
_ternational Round Table Meeting on Sintering in Yugosla-
via, 1971. Now the development of theoretical concepti-
ons of sintering on the electronic level is in progress,
and the following series of questions will be evaluated
completely: the role of the interelectronic interaction
in formation of mechanical contacts during pressing, phy-
sico-mechanical and physical contacts in the first sin-
tering stages; adsorption occurrences, evaporation and
condensation processes, recrystallization processes as
well as the processes of surface, boundary and volume
diffusions, diffusion-viscous and plastic flows will al-
so be considered.

The monograph "An Essay on the Generalization of
the Sintering Theory", written by a number of scientists
from U.S.S.R and'Yugoslavia is the first result of this
work.
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Develcpment of the conception of the sintering
theory from t.we standpoint of electronics is based on a
great number of experimental results and theoretical
achievements in this field.

2.9. UNIFORM MODEL OF SINTERING

Ya. G. Dorofeev:

Today much research into the influence of dislo-
cations as well as of surface and volume diffusions on
the sintering process has been carried on. It has been
shown that diffusion is of primary importance for the
sintering'mechanism. New investigations are necessary,
connected with the advancement of the theory of crystal
material defects and with the influence of their physi-
cal nature. The questions of sintering should also be
studied from the standpoint of the electronic theory,
because the laws of all the processes taking place du-
ring sintering are defined, first of all, by the materi-
al electronic structure. Then also, as G. V. Samsonov
and M. M, Ristié and his collaborators have shown, the
processes of pressing and sintering during hot pressing
are considered as a uniform process of the formation of
material structure and properties.

A, E. Funang:

It is not vet possible to write a comprehensive
sintering thec¢ry mainly because the major rate control-
ling processes have to be unambiguously identified under
the various imposed conditions. It is particularly impor-
tant to understand the role of plastic flow in the early
stages of sintering, the nature of vacancy sinks and the
manner in which surfaces can act as vacancy sources. The-
se are fundamental physical questions.
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A. J, Raichenko:

It is evident that it is impossible to set a wai-
form model for all different cage;. No uniform way of
formulation of the general sintering theory is possibie,
either.

F. N. Rhinees:

Yes, it is possible to develop a model, but this
will involve somewhat deeper geometric understanding than
is yet available to us.

G. V. Samsernov:

A uniform sintering model is possible in princi-
ple. Wnile constructing it, one must start from the fact
that conceptions on which it is to be built, should cor-
respond to a number of indispensable requirements. They
should:

a. be built up on a2 uniform basis and by uniform princi-
ples;

b. follow from the need for solution of actual practical
tasks;

c. be sufficiently general;

d. offer possikilities for obtaining results which would
make solutions of actual production tasks possible;

e. be sufficiently simple and accessible;
f. ensure possibilities of prognostications.

Today there are few sintering theories, but the
principles on which these theories were built up are
not uniform. They give advantage to diffusion processes,
surface forces, etc. Evidently, developments of the
sintering theory in each of these and many other trends
are useful and necessary; however, soon will come the
time when the need for their unification on a uniform
principle will arise; the need is dialectic, connected

with the transition of quantity into a new quality. As
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generally in the material science here, too, it is pos-
sible to point out three stages of conceptions of natu-
ral phenomena:

1. Establishment of correlation bonds between di-
fferent measured material properties.

2. Establishment of bonds between material proper-
ties, on the one hand, and crystal structure and its de-
fects, on the other hand.

3. Establishment of bonds between material pro-
perties and its electronic structure.

It is evident that the same also refers to sinte-
ring theory, which has mainly passed through the first
stage of the comparison of parameters of the "original
accumulation” of information and is today being develo-
ped in the second stage of conceptions. This is much ea-
sier due to the well developed apparatuses of the theory
of dislocations and diffusiun processes. Possibilities
for the development in the third stage have not been used
yvet, though it is just this stage that should give the
most general and, at the same time, the most correct and
concrete possibilities for interpretations and, consequ-
ently, for prognnstications, development of materials of
required properties and processes with optimum paramete-
rs. In this way, the most general conceptions of sinte-
ring theory should be, most likely, developed at a sub-
atomic, electronic level, as any conceptions of mass and
energy transfer have electronic structure in ﬁheir funda-
mental base as a final result.

2.10. THE FUTURE OF THE SCIENCE OF SINTERING
H. E. Evans:

Sintering is one of the increasingly found areas
of study in which the understanding of the fundamental
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processes has an immediated outlet in technology and
obviously the sintering phenomencn has cobvious applica-
tions to fabrication methods. Peridaps of more importan-
ce, however, the understanding of the behaviour of sur-
faces and point and line defect interactions which will
emerge will have implications for the whole of physical
metallurgy.

H. Fischmeister:

I do see some worth-while areas for further theo-
retical refinement:
(1) a statistical treatment of the influence of mixing
particles of varying size such as started by COBLE at
II RTS.
{2) the development of a theoretical understanding of
inhomogeneous shrinkage {the occurrence of "centres of
densification") in powder beds and compacts. Exner at
Notre Dame presented a very interesting experimental pa-
per on this, and I suppose thet his paper submitted to
III RTS will be ancontinuation of that work,
{3) R theoretical study of some typical cases of contact
geometries developed in compacting various types of pow-
der. This could be based on scanning electron microscope
studies of compacts, analyzing the distribution of the
radii of curvature in the méting particle surfaces. Once
the radii of curvature are known, the Kuczynski-Johnson
model offers a ready framework for the calculation of
sintering rates for each contact. The problem arising
next is the development of stresses due to differences
in sintering and shrinkage :ate at neighbouring contacts,
(4) Further research into activated sintering. This, ho-
wever, should be done on ceiafully specified geometries,
in order to get a grip on the guantitative side of the
process. Experimentsz with powders of varying calcination
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temperature or varying BET surfaces only add to the al-
ready ccasiderable body of unexplained experimental kno-
wledge, not to the understanding of "activity”.

(5) Careful guantlitative studies on grain growth and
grain boundary motion as influenced by pcres and impuri-
ties should be very rewarding. I was greatly impressed
with the paper by Stefanovié¢ at II RTS on that subject,
and I hope that the Yugoslav school of Sintering will
continue their fine work.

let m@ add a few words about approaches in which
I do not believe. With all due respect for Samsonov,
whom I admire greatly, I think that his picture of elec-
tron states 1s too much a semi-quantitative approach to
be capabie of exast application to sintering. I have be-
en unable to see more than conclusions by analogy in his
sintering theory, and cannot see how these could be guan-
tified and made predictive, which, after all, is the ba-
slc requirement of a theory.

Plastic flow in the process of sintering is the
subject of an age-0ld controversy, which strikes me as
rather academic. I believe that it is now fairle weel
agreed that plastic flow will play a role only in the
very early stages of sintering, and only in the case of
very fine particles. For any theory which attenpts to
explain technical behaviour, plastic flow can, in my
opinion, safely be left out of consideration. The situ-
ation becomes guite different, of course, as soon as
pressure is applied during sintering. The development of
a good theory of hot pressing in the intermediate and

final stage of densification is a task which still is
open.

J. S. Hirschhoorn:

Not very good unless there are radical éevelop—
ments.
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F. R. Rhines:

As I think must be clear at this point, my beli-
ef is that the direction that must be followed in order
to establish a science of sintering is to conguer the
mathematics of the geometric changes involved. Once this
is accomplished, there should be available many satel-
lite issues that could, in the course of time form a sub-
stantial body cf science of sintering.

G. V. Samgonov:

Probably, the future of the science of sintering,
as the transition to electronic views is the only way
to the formation of uniform concepticons of sintering,
because it is the demand of the contemporary sciantific-
technical revolution for the transformation of sciences
into direct prodtction force, of strong unification of
natural and technical sciences.



3.

DIALECTICS OF THE
DEVELOPMENT OF THE
SCIENCE OF SINTERING
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Today the history of science is not, according
to De Broglie “s standpoint, considered to be only the
source of necessary information on when and what has
been solved in science but also a science which points
to metnods of solving unsolved tasks. From that point
of view the history of s=ience is becoming an active fa-
ctor in the development of science as a whole.

When the development of the science of sintering
and tne historical amalysis of this development are con-
cerned, then one can state that the development of this
sclence, although it is very young, cannot be analysed
independently of developments in physids and in chemi-
stry. These are basic sciences, on the border of which
the science of sintering has in fact developed. Bezring
this in mind, S. Plotkin gave, in his paper(10>, a chro-
nological survey of achievements in the field of theore-
tical and experimental researches into the sintering
process, which may serve as a basis for consideration of
the dialectic development of the science of sintering.

The contewporary science of sintering is charac-
terized by a great number of different theories which
often mutually differ both in the systems of generaiiza-
tion and in the insights into the very nature of this
phenomenon. Besides the important contributions to the
science of sintering given by T. Sauerwald(ll)
Balshin ‘12) (13) in the thirties
of this centry, and especially (after Second world War)
those éiven by Ya. 1. Frenkelj, B.Ya.Pines, V_ A.Ivensen,
G.Kuczynski, Rhines, G.Kongery, R.Coble, D.L.Jonson and

otners the one should certainly underline that the books
(14)
I

and W. Trzebiatowsky

"Physics of Sintering”
(15)

"The Reologizal Bases of the

Sintering Theory" *Densifikation Kinetics of Metal
(16)
r

_Powders during Sintering® *Scientific Bases of
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Powder Metallurgy and Fibre Metallrugy"® an,

on the Generalization of the Sintering Theory
otners represent considerable contributions to the all-
comprising insight into sintering theory. However analy-
sis of the published papers, dealing with problems of
sintering theory, indicates that, disregarding different
approaches to solutions of these problems, among differ-
ent s_ntering theories, especially when a comparative
analysis is concerned, still there is something in them
which in a definite way also determines some uniformity

of a thorough grasp of the problems.

In connection with this our analysis of the
science of sintering development (1946 - 1973), produced
guite a number of interesting data. On the basis of the
analysis of results from over 2000 papers and using ele-

ctronic computors, important information on the way how
the science of sintering has developed were obtained. It
is of interest toc notice here that up to 1971 the develo~
pment of sintering theory had proceeded within the frames
of the fundamental bases of the model sintering theory
and pnenomenology theories of the sintering kinetics.
within tnis, regardless of the fact that in some definite
cases a definite advantage was given to one or other si-
ntering mechanism, all theoretical conceptions have moved
within the frame of atomistic noticns of solid body struc<
ture and the processes occurring in them. It has, however
been the basis for derivations of kinetics laws of the
sintering phencmenon.

(19)

Developments in solid-state physics and especial-
ly in solid-state electronic theory conditiocned the ana-
lysis of the possibilities for the creation of a genera-
lized sintering theory. Here, it seems, a configuration
model of material structure(zo) offers an important basis
for the interpretation for the sintering mechanism in a
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more generalized sense of the word. It is quite logical
that according to this, one should expect further contri-
butions from electronic theory to the creation of a uni-
form kineties of sintering theory, which would represent
a basis for the transition to a stage in which projec-
tion of new materials would be possible. Here one should
certainly point out the possibilities offere by the sa-
vié~Kashanin theory(21) of materials behaviour under hi-
gh pressures while considering the pressing process as
one stage of the whole process of‘consolidation of mate-
rials.

All these analyses of the science of sintering
point to the fact that its development may be schemati-
cally presented as a function dependence of the informa-
tion mass on the time of development (Fig. & ), accor-
ding to the method worked out by V. I. Kuzneczov(zz).
Dialectlic jumps in the development of the science of sin-
tering, evidently, were made at the time when the mass
of information was such that the jumps were inevitable.

After the experimental researches of P. G, Sobo-
levski into sintering as a technological procedure, wh-
ich lasted many years, the papers of F. Sauerwald, W.
Trzebiatowsky and M. Ya. Balshin in the 1930s conditi-
oned contributions to the comprehension of the sintering
process at the microstructufe level, which conditioned
a quanfitative jump in the development of sintering sci-
ence. '

The development in solid-state physics, which has
already been'stated, has also conditioned two exceptio-
nal jumps in the development of the science of sintering:

- development of sintering theory at the atomic
level and ) )

~ application of solid-state electronic theory
with the aim of establishing a generalized sintering
theory.
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Generally considered, all this, on the other hand,
points to the dialectic uniformity reflected in the uni-
fication of relative opposites (Fig. 6). This unifica-
tion of opposites does not }ead to some formal-logical
opposites(23). On the contrary, just from this, eviden-
tly, even in the case of the science of sintering are
born more profound theories, theories with corresponding
new basic conceptions and principles.

During thez further progress of time and in conne-
ction with the appearance of new methods and especially
the new possibilities using computor techniques, when
correct calculation of wave functions becomes possible,
the solution of an ever greater number of problems con-
cerning the science of sintering will be possible. Thus
in the period 1980-1990 it is expected(24) that the esta-
blishment of a uniform theory of solid state, matter and
material, will take place which will condition and ena-
ble us to calculate and obtain materials with properti-
es planned in advance in the years from 1990-2000.

on the.basis of everything stated above it fol-
lows that further development of the science of sinte-
ring stresses\that in solving fundamental problems the
dialectic approach to developments of new notions and
theories 1is needed.
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P. G. SOBOLEVSKY

P,G.Sobolevsky (1782-1841) - Corresponding Mem-
ber of Peterburg Academy of Sciences,member of numerous
foreign scientific associarions, is one of the pre-eminent
Russian metallurgists and chemist of tne first half of
the last century. He was the first in Rusia to work out
gas~liqht fittings,he constrcted steam-ships to be navi-
gated on the Volga, improved methods of obtaining cast
iron, participated in investigations concerning the use
of electric enerqgy in various fields and so on.

Sobolevsky aguired a world reputation by his
fundamental works on obtaining and use of platinum,which
are the basis cf the contemporary powder metallurgy met-
hods.

Sobolevsky, in 1826 irn Peterburgy, invented the
method of processing platinum and obtaining various obje-
cts of it. Here he applied two main operations: he had
pressed a sponge-like platinum powder and then sintered
it. A year later (1827) in the “"Miners “Journal” he publi-
shed his scientific paper in whigh he described his new,
original metnod of processing platinum which essentially
differed from up-to-then known methods of platinum proce-
ssing. Sobolevsky became very popular and for years his
name could constantly be found on pages of Russian and
other foreign periodocals. So N.P.Shchegalov (1827)wrote:

"Almost all Europian eminent chemists Lad been
trying during last 75 years to find out a simple and easy
method ‘of obtaining pure platinum, but up to the appeara-
nce of F.G.Sobolovsky their endeavours were unsuccessful.®

A, Humbolt, 1829, wrote:

"In Peterburg more successfully than in any other
place technical difficiculties in refining and processing
platinum were overcome. Sobolevski is - one of the lead-
ing engineers in Europe.
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By applying Scbolevsky ‘s method platinum coins
{(more than 4000 rubles) were made for 18 years and me-
dals, decorations, crucibles, retors, etc. were produced.
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M. Yu. BALJSHIN

M. Yu. Baljshin devoted his first publications,
1935, to the study of specific problems of powder metal-
lurgy. But already in 1936 Baljshin began thoroughly
working out general scientific bases of powder metallur-
gy in the cycle of articles "On the Theory of Metallo-
~ceramics Processes”. In 1938 he published the book "Me~-
tallo-ceramics”.

The principle of autonomous deformation of struc-
ture elements during powder consolidation was stated
{(only qualitatively) for the first time in those papers.

In the papers published fram 1936 -~ 1938 Baljshin
established, for the first time, different states impor-
tant for further development of powder metallurgy. It
was tnen that the role of elastic deformations during
the sintering and pressing processes was attested for
the first time. It was also demonstrated for the first
time, without regards to the non-existence of the crys-
tallographic anisotropy, that there are the anisotropy
quality and orientations of parieles in compacts of pow-
der, The degree of anisotropy was determined quantitati-
vely. The shrinkage anisotropy during the sintering pro-
cess was also established. The dependence sinterability
on the powder apparent density was established. The line-
ar dependence of density decrease with the spacing from
the end of the compact was found ocut. It was stated that
the optimum density (during constant pressure) agree with
the clearly defined ratio of the given height to the di-
ameter,

In regard to sintering and sintering under pres-
sure, Baljshin is one of the first that proved that, in
the courses of these processes, the deformation,rate is
submitted to the laws of qusi-viscous flow. He alsc toock
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tne rapid plastic deformation into consideration.
Baljshin has published a series of papers and mo-
nographs in which he has stated (established) agreement
and disagreement among the consolidation processes of
powder and fibres, and among their properties as well.



Setence of sintering 92

Ya. I, FRENKEL

The scientific field Yakov Ilich Frenkel ‘has been
interested in ics unbelievablly wide, It stretches from
mathemathics through all parts of physics up to nuclear
physics, geophysics, physiology and technics. Quite a
number of his ideas are to be fund of modern science.
Regarding nuclear physics such ideas, for example are:
the notion of temperature and termodynamics of atom nu-
c¢lei, the notion of nucleon evaporation, the notiocn of
energetic level width, etc. In the physics of solids
those are the conceptions of vacancy formation and tran-
sfer, their role in the diffusion and adsorptien mecha-
nism, the dislocation formation mechanism in the solid
body, etc.

The role of Ya. I. Frenkel” in the creation of
the modern sintering theory should particularly be stres-
sed. It was Ya. I. Frenkel” who gave the proper emphasis
to the idea of the viscose flow of crystal bodies for de-
scription of the material .flow mechanism during the sin-
tering. Assuming that sintering could take place by me-
ans of diffusion flow, he has solved the problems of the
spherical pore closure and the sintering of two particles.
These were among the first papers that quantitatively de-
scribed the shrinkage process during the sintering.



94 Seience of sinteriag

B, Ya. PINES

Name of B. Ya. Pines is closely connected with a
series of very important and fruitful courses in the de-
velopment of the fundamentals of modern physics of me-
tals - the molecular theory of solid dissolutions, par-
ticularly surface pnenomena, diffusion in the metal sys-~
tems, the theory of sintering in the solid phase, the
creep 4diffusion theory, etc.

Developing Yakov Ilich Frenkel“s vacancy diffusi~
on theory in a logical way, B. Ya. Pines has described
the sintering diffusion mechanism in the solid phase, ba-
sed on the oversaturation of crystals with vacancies in
the vicinity of the convex surface. This is the base of
a whole course which is making a successful progress
today.

A significant scientific activity of B. Ya. Pines
is connected with a detailed study of self-diffusion in
real polycristals and metalocrystals bodies during the
simultaneous influence of temperature and stress,
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G, C. KUCZYNSKI

Georgws C. XKuczynski s activities have been con-
nected with the sintering bfocess. His theoretical and
experimental works in this scientific fleld are an exce-
ptional contribution to the quantitative description of
this very important process.

G. C. Kuczynski has given his own sintering models
for all the basic mechanisms by means of which the pro-
cess can proceed, basing them on his mathematical and
physical considerations. His theory has bheen used, in a
whole series of papers, for the explanation of the expe-
rimentally obtained results.

It should also be stressed that G. C. Kuczynski
has created an original method of the establishment of
diffusion coefficient in crystalline materials, the ap-
plication of which is of particular importance.
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THE LIST OF THE SCIETISTS
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10.

11.

"THE SCIENCE OF SINTERING AND ITE FUTURE"

Prof.dr Yu. G, Dorofeev,
Novocherkasskii politechnicheskii institut,
Novocherkassk, USSR

Prof.dr K. Easterling,
Department of Materials Technology, The University
of Technology, Lulea, S5weden

Dr H. E. Evans,
Berkeley XNuclear Laboratories, Berkelley, L3A

Prof.dr H. Fischmeister,
Chalmers Tekniska Hb&gskola, Gdteborg, Sweden

Dr G. H. Gessinger
Prof.dr H. H. Hausner

Prof.dr J. S. Hirschhorm,

University of Wisconsin, Madison, USA

Dr v, A, Ivensen,
VNIITS, Moskva, USSR

Prof.dr P. S. Nicholson,
Mc Master University, Hamilton, Ontario, Canada

Dr A. J. Raichenko,
Institut problem materialovedeniya AN USSR, Kiev,USSR

Prof.dr F. N, Rhines,
University of Florida, Gainesville, USA
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12, Prof.dr G. V. Samsonov
Institut problem materialovedeniya AN USSR,Kiev , USSR

13, Dr H. Sassaki

14. Dr J. F. Shackelford,
Mc Master University, Hamilton, Ontario, Canada

15. Prof.dr G. S. Tendolkar,
Indian Tnstitute of Technology, Bombay, India

16, Prof.dr w. A, Weyl,

Pennsylvania State University, University Park,
Penn,, USA
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THE INQUIRY QUESTIONS

1, THE SCIENCE OF SINTERING AND ITS FLACE IF NATURAL
AND TECHNICAL SCIENCES
Which basis sciences mutually connected ensure
the interdisciplinary of the science of =intering?
The role of each of them in the crucial Gevelop-
ment of the sintering theory.

The place of the science of sintering in the na-
tural and technical sciences.

How can the sintering provess -2, in your uwn

g

opinion, defined ia a most proper way?

2. SINTERING OF MODELS

In what degree can the study of sintering on mo-
dels make it possible to comprehend the very na-
ture of the proccess?

3. SINTERING MECHANISMS AND ROLES OF DEFECTS IN THE
SINTERING .PROCESS

Which are, in your own opinion, the basic mecha-
nisms responsible for the sintering? (Explain in
detail with mathematical and physical proofs, if
possible).

.The role of particular crystal-lattice defects
(point, linear, surface, volume) in the sintering
process.

The sintering of oné~components systems, as the
sintering of two-phase systems and the role of
the gas phase (sintering atmospheres).
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4.

SINTERING OF REAL SYSTEMS

In which way can the results obtained by the in-
vestigations on models be applied in real systems?
(Give mathematical and physical considerations,

if possihle).

In which way is it possible to describe the sin-

tering of real powders theoretically?
PHENOMENQLGGY THEQORIES OF SINTERING

Phenomenology sintering theories and their place

in the science of sintering.

SINTERING KINETICS

Is it possible to describe the sintering kinetics

mathematically? (Give the equations and conditions
they stand for).

SINTERING THERMODYNAMICS

n which way can the sintering be described, in

your own opinion, from the thermodynamics point
of view?

ACHIEVEMENTS IN THE SCIENCE OF SINTERING IMPORTANT
FOR ITS DEVETOPMENT

Which achievements in the science of sintering do

yoa consider to be of the exceptinal importance in
the history of sintering?

Give an account of your theoretical achievements
in this field.

The most important experimental assertions of your
theoretical works.
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9. THE UNIFORM MODEL OF SINTERING

Is it possible, in your own opinion, to set a
uniform sintering model which would be, eventual-
ly, the basis of som# general sintering theory?

What direction would be of advantage for the sci-
ence of sintering to follow, regarding its place
in the so0lid body physics and chemistry?

10, THE FUTURE OF THE SCIENCE OF SINTERING
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