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1. Introductlen

Properties of ceramlcs - mechanical, electrical, magnetic and
optical - are critically dependent on thelr microstructures. The
microstructural evolution during sintering depends upon the
characterlstica of the starting powder (particle size and
destribution, shape, agglomeéatlon and purity), the green body
microstructure {homogeniety, porosity, agglomerationa) and the

sintering and coarsening processes.

N

Graln growth control 1is the major problems In preparatlon of
contemporary high tech ceramics. Due to many wvarlables which
influence the microstructure development during the heat
treatment, the understanding and control of the process ls qulite
cowplex and generallzatlons are frequently lmpossible. The aim
of the present serlies of lectures is to review the basic
principles of microstructure evolution and to {llustrate wvarious

phenocmena by practical examples from electronic and englneering

ceramics.

The Introductory lecture notes are based on several review
papers, notably by Smlth(l), Burke(2), Brook(3), Yan, Cannon and
Bowen(4) and Carpay and Stulits (5).

2. Ceramlc Microstructure: Types and evolution

Mlcrostructures can be divided into two general categorles:
1. Uniform microstructures, when the dlstribution of graln slzes

is relatively narrow (Fig. 1) and



2, Non-uniform mlcrostructures, when the differences in sizes
between the individual grains are very pronounced. Frequently,
approximately bimodal graln size distributions are observed.

{"Duplex" structures, Fig. 2}.

The criterton commonly taken for the existence of the
"unlform"® microstructure 1s that the largest graln should be

smaller than twice the mean slze (6).

Microstructures evolve durlng the heat treatment of ceramics.
Heat treatment induces graln growth. Growth 1s termed "normal®
or continuous, when the gralp size dlstributlon does not

change durlng growth. On the other hand, graln growth can be

"abnormal” or "dlscontinuous”, when a small fractlon of gralns
exhlbits a pronounced growth, whereas the rest of gralns grow

Flg. 1. Unlform microstructure of fully dense PLZT ceramic,
Slowly. A3 a result, graln slze distribution become

sintered under pressures 24 hours at 1100°¢C
progresively wider. The resulting wmlcrostructure is non-
uniform during the growth procesas; However, the flnal
mlicrostructure may be falrly uniform, when all small grains

dlssapear In favor of the large ones,

3. Graln growth kinetic

Graln growth evolution (normal or abnormal) and appearance of
microstructure (uniform or nonunlform) are governed by the
kinetic of grain growth, Growth kinetic 1s complicated because of

wlde varte-y of possible mechanlsms.

The slmp'r51 “hesretical treatment of grain growth involves rate

of graln biundiry movewent in pure single phase system. The ldeal Flg. 2. Non~unliform microstructure of BaT103-SrTio3 ceramic,
geometry «° -ralns in a solid is that of cells in a foam (7). sintered 3 hours at 1450°C
- 3.
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However, the microstructures are usually observed and descrlbed
In two dimensions. Burke (2) presented well known idealized
picture of microstructure, whlich shows some lmportant features
(Fig. 3): Grain boundaries radlate at about 120% from three-
graln intersections; Slx-sided grains have flat sides; all other
grains have curved sides, convex if less than slx, concave 1f

more.

caal
I

Flg. 3. Sschematic drawing of polycrystalline speclmen. The sign
of curvature of the boundaries changes as the number of
sldes increases from less than six to more than six, and
the radius of curvature \s less, the more the number of
sldes Qiffers from six. Arrows indicate the directions

in which boundaries migrate. From J. E. Burke

- h -

Graln boundaries move by transfer of atoms from one graln to
another across the grain boundary. The driving force F for atom
migration 1s the chemlcal potential gradient caused by the

difference of vacancy concentratlion acroass the boundary.

Graln grow, 1.e, grain boundarles move by transfer of atoms

from the decesing grain to the growing graln across the
interface: The drlving force for atom migration 1s interphase
curvature. Surface tension }c causes a pressure difference
across the boundary AP = ‘r-(l/r1 + 1/r21, where £y and r, are
the two princlple radil of curvature. For spherical surface, the

expression reduces to AP a ZBulr, where r 13 the sphere

radlus.

From thermodlnamics we have at constant temperature

dP = V d4p 1/

where V 1s specific volume and u chemical potenttal. 1If we take
the apecific volume as constant on elther slde of the interface

we may Ilntegqrate eq /1/ across the interface to obtaln

PR Vg

This eguation 1is= frequently referred to as the Glbbs-Thomson
equation. Since the presaure is always hlgher on the concave side
of the boundary, the chemical potentlal 1s always higher on the
concave slide and the atoms tend to diffuse across the curved
surface to the convex aide. This means that the curvature induced
growth moves the boundary toward the concave side and graina grow

toward thelr center of curvature.



Veloclity of growth of a spherical grain is

veB.F

where B is mobllity and F the driving force, which is in our case
a difference In chemical potential over the thickness of grain

boundary )\
F=A r/)\

since mobllity is B = Db/KT, the GB veloclty is

At constant temperature the terms of this equation are constant
S0 that we obtaln the veloclty proportlonal to radius of
curvature as v = c/r, where ¢ is the proportionallty constant. 1f
we assume that the radius of curvature of a grain !s proportional

to the diameter of the graln G, we may write

vV = const, (1/G) = dG/dt

Integrating this equatlon we obtain:

A 2
G G0 = Kt
where K 1s constant and G0 is the grain size at time Zero. Rate
constant K ts exponentially dependant on temperature, since it
incorporates Db = D exp(- Qb/RT), where Qb is the actlvation

energy for araln boundary diffusion.

In experimenva: wirk it la common to assume that Go 18 negligible
and to plot 09 @ versus log t as obtalned from a serles of

isothermal srs.. growth measurements at wvarious temperatures. The

resultant curves can usually be representable by an empirical

relationship (8):
G = X_ exp (-Q/RTIt"

Silmple theoretical treatment outlined above predlcts the exponent
n =1/2and g = Qb. However, very few graln growth studies |In
ceramics flt simple parabolic kinetlca, or even fit ¢ = xt! over
a signlficant range of G. The reasons for these discrepancies are
numerous. Deduction of theoretical expression lnvolved several
assumptions, which are not necessarily correct. Thoae assumptions

are the following (2):

1. The mobillity of all graln boundaries 13 equal and independent
of grain size,

2. The surface epergy of all graln boundarles s equal and
independent of grain size.

3. The shape of the qrain slze distributlon curve is independent
of grailn size,

4. {1/ n y ¢t lfn.z) is proportional to (1/G), where ¢ 13 the
averaqe grain dlameter.

5. The rate of disappearance of grains ls proportional to grain
boundary velocity.

6. Grain growth will contlinue indefinitely.

Even when the experimental results were In accordance with the
parabollc kinetics, It was found that n ls generglly less than
1/2. 1t was reported to be equal to 1/2 for very hlgh purity
metals at high temperatures. vValues less than 1/2 are 1in

ceramics uswally ascribed to lmpedement of grain boundary

movement by impurities and incluslons.

- 8 -
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4. Influence of impurities

Impurities can have a great effect on grain growth kinetics even
1f they are present In amounts below the solld Solubllity 1limit.
Aust and Rutter (9) demonstrated that very small amounts of
impurities can drastically reduce the graln growth rate of pure
materlals, Yan at all compared graln boundary mobllities,
estimated Erom graln growth studles, wlth calculated intrinsic
mobillities and confirmed strong lmpurity drag effect (4). Since
ceramic materlals are likely to be contam{nated with impurltles,
experimental measurements of Intrinsic gralin boundary mobilitles

are extremely dlfficult to perform with accuracy.

Brook (10) applied cahn's (11) Impurlty - draq effect to graln
growth. He assumed 4G/dt " v/G and found that Gaa<'t should hold
for large lmpurity levels, small graln size, and small Impurity
solubility. Inverse values should be in favor for 02 ol t
relatlonship. Exact derivation considerling the effect of Impurity

drag on grain growth was not done.,

5. Influence of incluslons

It 1s commonly known that a dispersion of a second phase
particles will impede graln boundary movement. Pores effect grain
boundary movement 1{n a similar way as second phase particles.
This may explaln slow graln growth in early stage of sinterling,
when porostty g hlgh. When the grain boundary moves past the
Inclusion, naw arain boundary equal In area to the cross -

sectlonal a#vea of the incliusion must be formed. Because of this,

the particle might be considered to exert a restraining force per
unlt area P on the grain boundary proportional to the number per
unit volume n and cross sectional area A of the \inclusions

uncountered:
P aniiy
¢

When the restraining force is balanced by the driving force,

346, growth will stop:

T/G =n A}I.

The cross - sectlional area A of an inclusion is equal ~“-d2/4,
where 4 13 the Inclusion dlameter, and the pumber of the

inclusions per unlt volume 1s given by

N 9 e oo B e meamnaa -

where £ 1s the volume fractlon of Inclusions. By substitutlon we

obtain

Sim = 7772 x o 72/

Where Glim Is the average graln slize when a uniform dispersion of
inclusions just prevents grailn growth. Expression /2/ proposed by
Zener (12), points out the Important fact that a graln size can
be stabillzed by the presence of incluslions. Further qraln growth
can occur If the Ilncluslons increase In size by coalescence 1.e.
the large ones grow by dlffusion of atoms from the amall ones
aloeng the grain boundarles or through the bulk of the host

matrix. Grain growth can occur also when volume fraction of

- 10 =



inclusions decreases with time, for example by dissolutlon In thg

host matrix,

6. Influence of pores

It was already mentioned that pores may impede the graln growth
in a simllar manner as particies. The pores may effectively stop
the graln boundary, they may be dragged along with moving
boundaries or they may remaln behind the boundaries. Brook (3)
analyzed the klnetics of graln boundary motlon in presence of
pores. If the pores are attached to the grain boundary, the
boundary wvelocity Yh muat be equal to the pore velocity, v

pl‘
glving

vp = FPHP A Hb(F~NFp)

and Vb = F Hpr/NHb + Hp

Two limitlng cases can be conslidered:
When NHb > Hp, Vp = Fb HD/N
Graln boundary motlon is limited by pore mobllity

When NHb << Hp, v

b = FpMy

Graln boundary motlon 1s limlted by boundary mobility.

The maximum force whlch can be exerted on a spherlcal pore by an
attached graln boundary 1s X o~ » vwhere r s radius of GB
curvaturs When the graln boundary moves at a veloclty

v, 2 vp thax) = Hp T ox y. + 1t separates from the pores and

Isolated pores appear within the grains.

Ail-

Large pores are less mobile than the smaller ones. In coarse
graln size ceramics, where driving force for GB movement is low,
pores will stay attached to the boundary and control the grain
growth. For hligher driving forces, pores may stay behind the
boundaries and graln growth will depend on GB mobility.

Smaller, more moblile pores may remain attached to the boundary

without exerting a significant drag on the boundary.

7. Grain growth in presence of liquid phase

Mechanlsm of grain gqrowth in presence of wetting 1liquid 1is
transfer of matter from small to larger particles. Driving force
is reduction of the free energy assoclated with the
particle/liquid interface area. Smaller particles have a higher
free energy and thus the lons dissolve into the 1lquid and
Precipltate on the surface of larger particles which have lower

free energy due to smaller curvature. Phenomenon is known as

Ostwald ripening,

Difference 1in solubility C due to curvature is expressed by

equation.

where r s particle radlus, V molar volume and C solubllity In
contact with the flat surface. The rate of graln coarsenlng may

be dependent on (a) diffuston through the liquid layer and (b)

surface reaction rate,

-12 -



When dlffusion through the liquid layer of thickness 1 1s rate

limiting,
chl VF
v E e - * ——
1 KT

where D1 means diffuslon coefficient through the liquid phase.
On the other hand, when the graln coarsening ls controlled by the

surface reaction rate:

where K means the reactlon conastant, which 1is generally
exponentially dependent on temperature but also depends on the

particular kinetic process. It may be dependent upon orientation

and driving force (4).

It 1is frequently observed that the liquld phase may enhance the
groth rate. When some grains are surrounded hy the ligquld phase
while others are not, non uniform structures envolve. When the
amount of llguld is small, it may be hard to detect it in the
final microstructure. Faceted gralns may be an indication that
growth from the liquid ("flux growth®} has taken place. Most
nenunlform microstructures showing large faceted gralns are

assumed to occur by growth with a llquld phase (5).

8. Discontinuous graln growth

Discontinuous growth occurs when some small fractlon of the
grains grow *o large slize, consuming the wunlform grain size
matrix. Usually, <=his results in non-uniform mic:oahructures,

although not necessarily. More detalled review of phenomena

© 13 -

involved in discontlnuous growth 1is glven in textbooks (13 ). We
3la0 refer to a recent review paper, where discontinuous growth

in BaT103 - based ceramics 1s discussed In more detail (14),

9. Graln growth control

The baslc technigque employed for control of the growth process is
use of additives to surpress the discontinuous growth. Additives
may enter into solild solutlon with the host matrix or stay as a
second phase (Fig. 4). 1In both cases they Influence the Gn
mobllity. Several other technigues has been successfully employed
in particular systems, such as'change In stolchiometry, usually
by controlling the atmosphere, further control of the heating
rate, particularly flrst firing. Successtull method is also hot
pressing. Several examples of grain growth controll will be glven

in further lectures.

In concluslion we may say that the scilentlflc understanding of
mierostructure evolution 1s quite advanced; oOn the other hand its
effect on technologlcal applications is mainly qualitative and
the development in practlcal systems Is stil] largely empirical.
However with accumulation of AQata and avallabllity of
sophlsticated characterization methods the understanding of
phenomena in particular systems is constantly improving and it 1s

to be expected that the basis for more quantlitative approach will

improve in the near future.

—14-
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Flg. 4, Zro2 - incluslons in A1203 matrix, sintered 1,5 hours at
1600°%C
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DISCONTINUQUS GRAIN GROWTH IN MULTIPHASE CERAMICS

D. Kolar
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Ljubljana, Yugoslavia

ABSTRACT

Very few grain growth studies 1in ceramics fit
simple parabeolic kinetics which theory predicts for
normal grain growth, Although abnormal grain growth
may be caused by several factors, it is
particularly 1likely to gccur in the presence of
small unevenly distributed amounts of liquid phase,
The amount of liquid phase may be so small that it
may remain unnoticed.

In the present work, discontinuous grain growth in
doped BaTiO, ceramics in the presence of a small
amount of l%quid éutectic was analysed by studying
the sequence of microstructural changes with time
and temperature. It 132 shown that various
additives, i.e. Sr°" and Ca®*, {influence micro-

structure evolution in opposite ways. The data are

analysed in terms of nucleation and the growth
process and a possible explanation is proposed,

INTRODUCTION
In 196', Coble demonstrated that 2 small addition
of Mg enables sintering of Al.Q to near

theoretical density (1). Withouf Mgo, Al 0
exhibits discontinuous grain growth which resu?té
in pore entrapment and poor densification. Although
the phenomenon of discontinuouys grain growth in
ceramics was already recognized, the importance of
Coble’s achievement triggered many studies on
micrastructure evolution during sintering.

The present work addresses complex phenomena of
discontiruous grain growth during heat treatment of

a BaTiG. .eramic containing a small amount of
liquid pPhase. It is likely that the phenomena
observed in this particular system may be governing

microstructure development in many other systems

-.-‘Ll bf\.U.l/\"‘t Bk 'ﬂ'vL 'lh-&a.\((‘-.(_ Cl\&q\\( CC(. \
Comanw v 0 B L\a&h(\"ml«t.o( Ay '&74,0‘(0(\‘:\,_{:5 )

which sinter in the presence of a small amount of
liquid phase. It is believed that such conditions
often occur unintentionally, i.e. due to unregiste-
red impurities,

PHENOMENON OF DISCONTINUOUS GRAIN GROWTH

It 13 well known today that very few grain growth
studies in ceramics fit simple parabolic kinetics
which theory predicts for normal grain growth,
Although the reasons in some cases remained
unexplained (2}, 1t has been frequently observed
that the grain growth was not normil,

Abnormal or discontinuous graln growth (sometimes
called secondary recrystallization or exaggerated
graln growth) is characterised by rapid growth of a
limited amount of grains to sizes much larger than
those of the average grain population., It 1ig
particulary 1likely to occur when normal grain
growth ia inhibited by the presence of impurities
and pores (3). It may originate from many possible
causes, such as a wide initial particle size
distribution, a small amount of liquid phase,
chemical heterogeneity, heterogeneous density
distribution, intrinsic boundary properties (prefe-
rential grain boundary mobility) and others.

A characteristic feature of discontinuous grain
growth 1s a bimodal particle size spectrum, at
least during the intermediate stage of the
sintering -process. Another characteristic is that
discontinuously growing grains grow at a constant
rate, frequently very rapidly, until they impinge
on other rapidly growing grains and the growth rate
abruptly slows down to a value encountered in
normal grain growth. Thus, the resulting grain size
is controlled only by the number of secondary
grains that are nucleated and not by the time of
beating (4). It was pointed out that a wuniform
microstructure can eventually evolve from a
discontinuously growing duplex structure, when all
the s8mall grains disappear in favour of the large
ones (5). However, in most cases such microstruc=-
tures preserve a broad grain size distribution be-
cause all grains do not start to grow simultanecus-



ly., 5till, many cases of discontinuous grain growth
may go unnoticed because only final microstructures
were examined.

Discontinuous grain growth is particularly 1likely
to occur in the presence of a small amount of
liquid phase. Cenerally, the grain growth mechanism
in the presence of liquid phase is described as
Ostwald ripening, rather than due to surface
curvature induced grain boundary mobility (6,7).
Ostwald ripening is caused by the difference in
solubility for particles of different size,which
causes matter to be transported from the smaller to
the larger particles. The rate of particle
coarsening may depend; {a) on diffusion through the
liquid layer between the particles, or (b) on
surface reaction,i.e, dissolution and precipitation.

When the amount of liquid phase is large enough to
enable a wuniform distribution of wetting liquid
among the solid grains, analysis of "normal" grain
growth predicts the cube of the grain size G to be
proportional to the time: G’ e<t, This relationship

has been experimentally confirmed, for example in
(8,9).

However, with decreasing amount of liquid phase,
normal grain growth may change to abnormal,although
the chemistry of the system may not change, For
example,Carpay and Stuijts presented microstructure
of Zn0 - 6 % Bi,0, ceramics, as an example of
uniform microst?uéture produced by continuous
evolution in the presence of relatively much liquid
phase (5). On the other hand, in the similar system
Wong cbserved exaggerated grain growth, which occu-
red in the range 0,05 - 0.5 mol % 81203 (10).

The abnormal grain growth observed to occcur in the
presence of a small amount of 1liquid phase 1is
believed to be caused by the combined effects of
the heterogeneous distribution of the limited
amount or liquid, and the presence of grains much
larger *han the average population. A Ffavourable
combination of wetting liquid and a large grain
serves as 2 nucleation site for rapid growth. The
growth vate of large grains dG/dt in the case where

diffusion through the liquid layer of thickness §
is rate limiting may be expressed as (11):

4G 2 vDC 1
PO 2y
dt § RT r

where D is the diffusion coefficient through the
liquid phase, C the saturation solubility, V the
molar volume of solute,w.the surface tension and r
the radius of matrix grains.

Equation /1/ shows, in accordance with experimental
Observations of discontinuous growth (4), that the
growth rate of large grains in stationary state
does not depend on time, It also shows that the
growth rate 1is inversely proportional to matrix
grain size, as already noted by Kingery at al (3).
Further, the equation shows that the growth rate 1is
enhanced by decreasing thickness of the liquid
layer and inecreased by increased solubility of the
s0lid matter in the liquid phase,

On the other hand, when the process is controlled
by the surface reaction rate (7):

dG 2V
-— X . K 72/
dt RT r

where K is the reaction constant, which is
generally exponentially dependent on temperature,
but also depends on the precise kinetie process,
and may be dependent upon the orientation of
growing crystal planes,

Faceted (straight sided) grains frequently result
from rapid discontinuocus grain growth in the
presence of a liquid phase. Such grains may be
anisotropic instead of equiaxed. The simultaneous
occurence of large faceted grains and a wetting
liquid phase has been found in many systems, e.q.
relatively pure Y garnet (11), iron oxide and
manganese zinec ferrite (5), Ba-doped SrTi0 (12)
and others. Faceted grains, instead of 3cusped
boundaries, may be an indication that flux growth



has taken place, although the liquid layer was so
thin that it may not have been detected. Therefore
most non-uniform microstructures showing large
faceted grains are assumed to ocecur by growth with
a liquid phase (5,11). However, cases wepre reported
when other causes for straight sided boundaries
must be sought (2,13).

EXPERIMENTAL

The BaTiO used in this research was electronic
grade with a Ti/Ba ratio close to 1. An excess Ti
(2 mole %) was added to ensure an adequate amount
of liquid phase and improve 1its homogeneous
distribution. To avoid the possible influence of
chemical reaction, the excess Ti was added as
prereacted BaﬁTi 70 y although control experiments
did not show an§ eggential difference when Ti was
introduced as TiO,. Compoun?s used as dadditives
0 CaTi0 (Ba Ca Ti.0 an

baa61s17 227, 0., 3uere L7kcnEs2sed 3% 1250°C from
thg é6§re§p3n5§ng carbonates and oxides and
confirmed by X-ray analysis, SrTiO3 was commercial

reagent grade.

The various powders were mixed together and milled
in alcohol, granulated with the addition of
camphor, pressed into pellets and sintered at
1300°C for 1 hour to 92-95 % of theoretical
density. At this temperature, grain growth was not
significant and the average grain size, measured as
the average intercept length, remained at about 1
um. Microstructure evolution was studied onosamples
which, after densifying for 1 hour at 13007C, were
pushed intc the furnace hot zone at the desired
temgerature, which was kept constant to better than
+ 3°C. After annealing, which lasted from 5 minutes
to several hours, the samples were quenched to a
lower temperature. The microstructure was studied
on  polished and etched specimens., The grain size
was determined from micrographs by the lineal
intercept method, The maximum grain sizes were
determined by measuring the area of the large
Erains and expressed as the equivalent circle
diameter. The nucleation rate was estimated by co-

unting the number of nuclei per unit area of photo

micrograph. Grains were defined as "nuclei" when
their diameters were a factor of § larger than the
Surrcunding matrix grains., The Specimens were also
examined with a JEOL 2000 Fx electron microscope
equipped with a rotating tilting stage.

RESULTS AND DISCUSSION

BaTiO3 i3 one of the first ceramic¢ materials for
which” anomalous grain growth was recorded {(14),
BaTiO3 based ceramics are normally sintered with a
small-excess of TiO. to promote densification. The
Tig excess reacts"with BaTiO. to form Ba,Ti Ou

whigh subsequently reacts wi&ﬁ BaTiO3 to cgeaEZ 2
eutectic melt at about 1320%C The~liquid phase
triggers discontinuous grain growth which results
in coarse - grained structure. With increasing
amount of 1ligquid phase, anomalous grain growth
gradualy changes to normal and average grain size
in sintered BaTiO, ceramic decreases (15). The
largest average gra}n s8ize wWith broad distribution

was registered in BaTiO3 ceramics with Ti/Ba ratio
~1l (16).

Fig. 1 a shows 4 typical bimodal grain size
distribution in BaTiO. - 2 mol ¢ Ba,Ti 040 ceramic
after 20 minutes ?1ring at 3563C. Larger
magnification (Fig. 1 b) shows that abnormal grains
are faceted. The fracture surface (Fig. 1 ¢) shows
large faceted growing grains and small matrix
grains embedded in a solidified eutectie, thus
Supporting the proposed dissolution - precipitation
mechanism of grain growth (17).

In flux growth, it is usually observed that
nucleation of large grains and their rapid growth
starts soon after the temperature of the liquid
phase is exceedgd. BaTiQ -Ba6Ti °u eutectic melts
at about 1320YC and r pid nuazeagion and grain
growth in BaTiQ,-Ba Til 0llo cegamic has been
observed at tempeﬁatu es Zf 1330°Cc - 1350%. In
this temperature interval, Hennings reported an ex-
ponential increase in the number of discontinuously
growing grains and a linear growth of large grains

with time, at least up to 20 % of recrystallized
area (18),



Discontinuous grain growth in BaTiQ, -

2 mol % BaGTi1 Ouo composition, fiﬁed at
1350°%¢ for®20 ' hindtes

a) magnification 110x, (b) magnificatiocn
"50x, f(e) SEMoFractograph (sample fired
< hours at 1350°C)

Piscontinuous grain growth caused broadening of the
grain size distribution curve and appearance of a
bimodal type of distribution, as expected (Fig. 2).

20~

RELATIVE FREQUENCY (%)

1 2 1
6 12 18 24 30 k.1 &2 48 54
INTERCEPT LENGTH (pm)

Fig. 2. Grain size distribution in sintered BaTiO.-

-2 mol % Ba 'rio 0uo samples after hegt
treatment at 1350 E

The growth rate of discontinu?usly growing grains
was approximately 6 pm min~"; however, due to
impingement of grdins the growth rate decreased
considerably after only 10 minutes. After
impingement, the grain growth rate was extremely

slow. ghe average intercept length after 24 hours
at 1350°C was 21 Pm.

Figs. 3 a - 3 ¢ show the influence of 8 mol 1%
CaTi0, and SrTiO., additions, respectively, on the
microdtructure of BaTi0, = 2 gol § BacTi .0,

ceramic sintered 2U hours3at 1350°C. The dd}ZioR
of CaTiO, strongly increases the final grain size,
and the 3addition of SrTiO reduces it (19,16),
Whereas reduction of grain éize due to additives is
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Fig, 4. Microstructures of BaTiQ ceram&cs after
heat treatment 10 minutes ét 1340%C
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BaTiO, - 2 mol % Ba6T1170u0
BaTi0; - 2 mol % BaﬁTi170u0 - 8 mol %

CaTiO3

.~ 3 .
BaTi03 - 2 mol % Ba.Ti..0 - 8 mol %
SrTiO% 67717740



a common phenomenon in ceramics , the coarsening
influence of CaTiO, is unusual. In contrast, it was
reported {20) tﬁat CaTiO addition to PTCR
ceramics based on a BaTiO -ngiO solid solution
containing, besides Y, O aopant, 2 mol % S10, and
0.5 mol % TiO2 inhibftd the grain growth, 1€ is
obvious that the influence of CaTiO3 on
microstructure development depends on the “grain
growth mechanism, firing conditions and composition,

Fig. 4 shows microstructures of undoped, Ca-doped
and Sr~doped ceramics, respectively, after short
heat treatment (10 minutes) at' 1340°C. It 1is
obvious that the additives influence the nucleation
rate of discontinuously growing grains in opposite
ways. Relevant data are given in Table 1.

Table 1: Characteristic data on microstructure
development in the systems: (A) BaTi0O, - 2 mol %

Ba,Ti,.0,.; (B) BaTiO, - 2 mol % Ba.Ti,ZO - 8 mol
g 0catio"? g B%ET%O

?" and (C) BATiO, - 2 mol Oy - 8
mol % Sr‘%io3 3 17740
A B C
Average grain sise after 21 58 5
24 hours at 1350°C {(pm)
Average nucleation rate in 120 2 220

the girst lO_EinuEfs at
1350°C (N mm “min~ ")

i A A Doy ok o A e ol — U

Addition of 8 mole % CaTio to the BaTiO.-
Ba,.Ti Ou composition gre;tly reduced tﬁe
nugleéziog rate of discontinuously growing grains.
These grains could grow unhindered to comparatively
large size, the maximum size of the grains
exceeding 300 pm., On the other hand, addition of 8
mole % SrTi0O. caused a high nucleation rate with
consequent egrly impingement of discontinuously
growing grains, The microstructure remained fine
grained even after prolonged sintering.

The fins. grain size is influenced by the relative
values of the rate of nucleation N and the rate of
growth o¢f nuclei G. If the ratio of N to G 1is

large, the final grain size will be small.
Conversely, if the ratio of N to G is small, the
final grain size will be large. Both rates strongly
depend on processing parameters such as the
composition, the amount of 1liquid phase and
temperature.

Analysis of microstructure evolution in undoped and
doped BaTi0 samples at various temperatures
revealed that the grain growth rate was not
particularly sensitive towards increase in
temperature, whereas the nucleation rate strongly
increased, as already noted (18). Consequently, the
ratio N/G increases with temperature resulting in
finer final microstructures, as shown in Fig. 5.
This curve confirms that a finer grain size may be
achieved by avoiding ,the critical temperature
region in which ratio N/G is low., The temperature
dependence presented 1s similar to that already
reported by Matsuo and Sazaki (21), who observed
exaggerated grain growth in BaTi0., doped with TiO,,
Sio and Al1,0, in the temperaturé region of lEHB—
125600. In their case, Bhe eutectic temperature was
estimated to be at 1240°C. Fig. S may also explain
different conclusions regarding the influence of
CaTiO3 on grain growth in doped BaTioO ceramics,
t

since he experiments were perfornmed aé different
temperatures,

The reascn for the contrasting influences of SrTi0
and CaTiO addition, on the nucleation rate 03
discontinuéusly growing grains in TiO_ -excess
BaTiO, ceramics seems to be the different cgemistry

in the BaTi03-T10,-SrT105 and BaTi0;-Ti0,-CaTiO,
systems. -

The systems differ from each other in several
aspects. Relevant for this investigation are the
facts that whereas BaTiO, and SrTi0. exhibit solid
solubility at all compositions, BATiO. and CaTiO

are soluble only to a limited extent. 3‘I‘he secona
major difference 1s the existence of a Ca-
stabilized Ba_Ti.O phase in the Ba0-Ca0-TiO

system, which2 wgslﬁot found in the BaO-SrO-Tiog
system (22).
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Fig. 5. Influence of firing temperature (2 hours)
on diameter of the largest grain in
microstructure of
(a) BaTi0, - 2 mol % Ba6Ti
(b) BaTiOJ - 2 mol % Ba6Ti

Ca‘I‘iO3 ceramic

0 and
17 40
170u0 - 8 mol %

TEM analysis of sintered BaTiQ - 2 mol %
BagTi) 04 =~ 8 mol % SrTio, and BaT0, - 2 mol %
BaﬁTil.{O130 - 8 mol % CaTiO2 revealed éhe presence
of " a”'Ca”’- stabilized Ba T§501 phase in the Ca-
containins ceramics, Sugh a Ehase could not be
identified in Sr-containing ceramics (23).0n the
basis of TEM and SAED examinations the

Ba2T1 0]
phase ir the Ca~containing BaTiO. ceramie was fgung
to be orthorhombic, with unié cell parameters

closely

(205 related to the dhkl's of the BaTiO3 phase

It 1is proposed that the close similarity of BaTi0
and Ca-stabilised Ba.Ti 01 causes absorption o?
Ca-containing phase oﬁ tﬁe gurface of BaTiO3 grains
thus diminishing the nucleation rate. In the
concentration range studied, the effect is the same
as that caused by the decrease in the amount of
Ba,.Ti 70 -BaTi0, eutectic, which accounts for the
cogrsé g#gined saructure after prolonged sintering.

On the other hand, addition of SrTiO does not
destabilize Ba,Ti

C phase; it causes3a monotonic
decrease in tHe é;agg
by accelerating the nuc

size of (Ba,Sr)TiO

ceramic
leation rate. 3

Fig. 6. Influence of Zr'+u on ceramic microstructu-
re in the system BaTiO_-TiQ (230x). Firing
134500, 24 hours, (g) BgTiO - 2 mol ¢
BagTi),0,0, (b) BaTiO - 2 mod 3
Baz(Tl,Z#95012



The existence of BaaTi 0 phase was ﬁkso reported
in the Ba0-Ti0,-2r0,°syStdf (25). A Zr ' stabilized
Ba_,T1.0,., phas& was " recently confirmed (26). Since
Cagstgblgized BazTiSU is isomorphous with Zro

stabilized Ba,Ti20, #§th a similar unit cell, Af
was speculatea tﬁal Zr0., addition may coarsen the
grain size of BaTiO., cefFamic in a similar way to
CaTiO,. Preliminary gxperiments confirmed expecta-

tions? as shown in Fig. 6,

CONCLUSIONS
4

Abnormal grain growth is difficult to understand
because of the many possible causes involved, and
a general lack of detailed microstructural
evidence. Discontinucus growth is particularly
likely to occur in the presence of a small amount
of unevenly distributed liquid phase, The present
work was an attempt to illustrate phenomena of
discontinuous growth 1in the presence of 1liquid
phase by studying microstructure evolution in TiO,-
excess BaTiO ceramics. It was observed thit
additicons of §rTiO cause microstructure refinement,
whereas CaTiO add%tions cause coarsening of micro-
structure. he mechanism of grain growth was
analysed in ‘terms of the nucleation and growth
process, and it was shown that CaTio influences
microstructure evolution by decreasiné the number
of nucleation sites, whereas Sr‘TiO3 causes uniform
growth,

A possible reason for the decrease in the number of
nuclei for discontinuous growth in the presence of
CaTio additive 1s the formation of Ca-stabilised
Ba,TiZ0 phase, It 1is proposed that Ba.Ti_.O
phgse5 ﬁgnders nucleation by absorption Sn stﬁg
surface of BaTiO3 grains. 1In this way, the effect
is equivalent to”a decrease in the amount of ligquid
phase, It 1is further shown that microstructure
evolution strongly depends on temperature, because
the nucleation rate increases with temperature
faster than the growth rate.
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ON THE ROLE OF SINTERING RESEARCH IN CERAMIC
ENGINEERING *

Drage Kolar

Institute J, Stefan, pniversity of Ljubl jana,
LJubl jana, Yugoslavia

1. INTRODUCTION

In September 1971, the Second International Round
Table Meeting organised by the Internatiomal Team for
studying sintering (ITS), was held in Herceg Novi,
Yugoslavia. One of the focal points was the session
"Application of Sintering Theory in Practice". After an
opening thesis, lively discussion followed. 13 contri-
butions, together with the opening paper were summa-
rized in the report issued after the Conferencet,

As is alwmost unavoidable on such occasions, the
gap between most of the research work devoted to the
sintering process (sintering theories) and the require-~
ments of practical sintering processes in powder metal-
lurgy and the ceramic field was discussed. Among other
views, an opinion was repeatedly expressed that scientists
are often unaware of the practical problems since industry
keeps most of its know-how as unpublished proprietary in-
formation, 1In this respect, it was proposed that a cata-

logue of practical questions and problems should be put
down and discussed.

In the meantime, many practical problems have been
successfully solved, or at least, the fundamental ap-
proach to those solutions has been found and described.
The importance of theoretical work has been recognized.
The paper presented by Stuijts at the 3rd Notre Dame
Conference may well serve as an example<. On the other
hand, 1t was also confirmed that the data base and
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modelling are inadequate to predict quantitatively the ,
kinetics of densification and_grain growth for most
systems of practical interest?, It seems that solution
of a particular sintering problem will mever be possible
on a routine basis. If this is the case, continuous
evaluation of new data and the practical problems solved
may be an important(perhaps the only?) way to speed up

considerably the solution of yet unsolved and future
problems.

In this paper, we shall shortly review the limi-
tations of the theoretical approach and confront it with
some sintering problems Irom current industrial practice.
Some problems which remain a particularly challenging
area of ceramic science will be indicated.

2. LIMITATIONS OF THE FUNDAMENTAL STUDIES AND PRACTICAL
REQUIREMENTS

Recent developments in the understanding of sinter-
ing and grain growth pbenomeng.%n ceramics have been
reviewed on several occasions” ©. Much information on
the sintering process of a given wmaterial may be collect-
ed from model experiments with well defined, chemically
homogeneous material. In such cases, the basic sintering
mechanism may be recognized and the kinetics of densi-
fication in the first sintering stage compared with
equations containing the relevant parameters of the
process. The extension of model experiments to practical
cases represented by powder compacts usually involves
several assumptions, which are rarely met in practice.
In fundamental studies, we assume:

l. Pure, chemically homnogeneous starting powder
2. Uniform, small, spherical grainsg
3. Homogeneous compact

4. Sintering at constant temperature high enough to
achieve desired mass transport.

On the contrary, the main characteristics in
practical sintering are:

1. Inpure powders, usually chemically inhomogeneous
mixtures

2. Non-uniform particle size, with size distribution .
dependent on the milling unit used, the shape of
particles being influenced by crystal structure

3. Compacts with complicated geometry and non-uniform
density distribution

4. Sintering at practically non-isothermal conditions,
with limited time at maximal temperature.

-3s8 -~
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And yet the practical aim is to prepsre a mechani-
cally strong, dense or intentionally porous semple with
determined stoichiometry, chemically homogeneous (some-
times intentionally non—homogeneous§ with controlleq .
grain size (small or large, but always uniform) with
porosity located as desired (among the grains or within

the grains) and small, always reproducible firing
shrinkage. )

The industrial ceramist, confronted with such re-
quirements, can not solve the problem on the basis of
theoretical principles. However, he makes use of pheno-
menological relations which stem from theoretical
analysias or from practical observations. On the other
hand, although in many practical cases the models and
fundamental sintering principles were a good guide in
fabrication of special products,’ there remain several
important wanufacturing variables where theoretical
fundsmentals are slwost nonexistent or at last lacking.
The essentials of two such problems will be discussed
in the following review, i.e. sintering in wulticompo-
nent or impure systems and nonisothermal sintering.

3. PRESENTATION OF SOME FRACTICAL. SINTERING PROBLEMS

Ceramics for modern electronic applications pose
particularly challenging problems for ceramists. We will
briefly describe some preblems which have been quite
sucessfyly solved on the basis of tedious experimental
work and the general applications of sintering science,

The following problems will be briefly discussed:

1. Preparation of dense, small grain size ceramics:

hard ferrites ,
2. Preparation of dense, large grain size ceramics with
residual pores located at grain corners: high
permeability soft ferrites
3. High density, small grain size ceranics with some

degree of chemical heterogeneity: high permitivity
farroelectric ceramics
Dense, heterogeneous ceramics with grain size adapted

to the particular requirements: voltage dependent
resistors.

The requirements described above are mostly incom-
patible from the standpoint of sintering knowledge as
applied to simple systems. Therefore, complex formula-
tions are developed to meet the re%uirements and opti-
mize the properties. Two additional requirements must
be considered: raw materials of commercial purity are

- AL -
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to be used and the reproducibility of the ceramic pro-
perties must be high,

3.1. Dense, small grain size ceramics: hard ferrites
—=SSowss Aard lerrites

So-colled "hard ferrites”, manufactured from Sr op
Ba hexaferrites (MeO.GFegO ) are widely used as perma-
nent magnetic materialsg?< 30 achieve high remanence
(Br)_and high coercive force (He) & ceramic with high
density and small grain size is required. ¥rom the
viewpoint of sintering theory, it is clear that the
conbination of » low porosity and small grain size ig
extremely difficult to realize with the
process. The most straightforward method of achi

: : i ieving
this goal is hot pressing, which is, however, at Present
expensive and too complicated for large scale Production
of sintered parts.

Without using extra Pressure during sintering,
densification of hard ferrites is usua i

sintering compositions with excess Me03," or in the
Presence of liquid phase Produced by additives, such asg
81203 » Or 5i05 and various silicatesl®,

Formation of a liquid phase during sintering
results in an enhancement of sintered density, which is
&n easily explained Phenomenon. However, liguid phase
duripg sintering generally tends to promote exaggerated
gTain growth, especially when the emount of liquid is
li@ited and its distribution among the graipns is not
wiform, This general rule was confirmed also in the
case of hard ferrite sintering. Iron oxide defficient
Sr-hexaferrite (Sr0x5.5Fe203) when sintered st the teg-
Perature above the eutect$c temperature (l2i0°c), show-
ed extremely rapid exaggersted grain growthll,

) Since the exaggerateq grain growth reduces coerci-
vVity, the main task in pPreparation of hard ferrites

became to control the microstructure development during
slntering.

the formation of liquid phase but also strongly re-
tarded grain growth, esEecially in the direction normal
to the hexaponal c-axisl?, 7p may be noted that in
ferrites, exaggerated grain growth ig strongest in

SINTERING RESEARCH IN CERAMIC ENGINEERING e

the direction normal to the c-axis, as may be judged
from the observation of the appearance of platelet-
shaped crystals in overgrown structure.

It was further observed that the amount of silica
content was critical as regards the magnetic properties

and that it was dependent on the content of the excess
MeO in hard ferrites.

Several experimental research projects were launched
independently to clarify the speclal effect of S10; addi-
tion. At the 3ird Int. Symposium on Electrical and Mag-
netic Ceramics held at Noordwijkerhout in 1977, & reports
on this subject were discussed.l3 Although the ap-
proaches were different the general picture which seemed
to emerge fits into the general frame of sintering know-
ledge. Investigation of ternary gystems Ba0-Fe303-5i0;
and Sr0-Fe013-5107 proved that the ternary eutectics in
these systems lay below the sintering temperature of fer-
rites. The presence of a liquid second phase gives rise
to fast shrinkage, in accordance with the previous obser-
vations. The solid solubility data and the estimation
of the eutectic composition set the basis for under-
standing the criticality of 5102 additions and its depen-
dence on ferrite substoichiometrylé, 15,

The grain growth lmpeding effect was explained to
be a consequence of formation of solid silicate on the
surface of Sr ferrite grainsl5. This silicate phase for-
mation occurs preferably on the most reactive faces
parallel to the c-axis giving rise to preferential im-
peding of growth of these faces, This explains the ap-
pearance of microstructure, which does not contain large

hexagonal platelecs, typical for liquid phase sintering
of hard ferrites.

3.2. Large prain size ceramics without intragranular

porosity

Another practical case concerng ceramics with large
grain size. Whereas the amount of residual porosity is
not of prime importance, it is essential that the large
%rains are free from pores and that remaining pores are

ocated at grain boundaries. This is known to be a case
with high permeability Mn-zn ferrites, which were re-
viewed on several occasions . The theoretically sup-
ported working principle 1s, that grain boundary mo-
bility, and thereby grain growth, in pure materials is
controlled by pores which impede grain prowth. To
achieve uniform removal of porosity, sintering at low
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temperatures for a long time is recommended. However, ’
this is not encugh and the greatest problem is to aveid

exaggerated grain growth, which results in large porous
grains.

Beside the already discussed liquid-phase induced
exaggerated grain growth, abnormal grain growth may re-
sult from too large a distribution of grain sizes in the
starting material or, more often, from impurities. Im-
purities in solid solution may alter grain boundary mo-
bility, or, as a second phase, may obstruct grain boun-
dary mobility to a various degree. Non-uniform distri-
bution of impurities or simple temperature effects such
as increased solid solubility or the appearance of a thin
liquid phase may trigger non-uniform grain growth.

So there have been posed additional requirements
for preparation of high permeability ferrites besides
that of long sintering time at low temperature. These
requirements are (a) chemical homogeneity of the
starting powder (b) narrow grain size distribution, and
(c),the highest posible purity.

Impurity-induced exaggerated grain growth in
manganese zinc ferrites was recently analyzed by Yan
and Johnsonl?, The authors investigated the individual
effects of 20 oxide dopants on microstructure develop~
ment during sintering, and found that most of the
dopants which promoted exaggerated grain growth formed
a liquid phase with the ferrite. Exceptions were TiO
and 5i0; which sustained the growth of exaggerated
grains without a liquid phase. The authors proposed two
possible mechanisms for the promotion of grain growth
in Mn-Zn ferrites by TiO»: Sa) preferential grain-
boundary segregation of %i“ ions to repel other segre-
%ants which are more detrimental to grain growth, and

b), increased pore mobility due to the creation of
excess cationic vacancies by TiOp addition.

3.3. Dense, small grain size ferroelectric ceramics

Modified BaTiOz is traditionally used for manu-
facture of ceramic capacitors because of its exceptio-
nally high dielectric comstant., For this particular
purpose, the ferroelectric properties are a disadvan-
tagel®. The existence of dielectric hysteresis makes
the permittivity highly sensitive to the applied
voltage, a3 well as to the ambient teamperature. How-
ever, the ferroelectric properties are greatly sur-
pressed in small grain size (about 1 ym or less) BaTiO3z
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ceramics. Moreover, the permittivity, which is about
1200 for the "normal” coarse crystalline form, is in-
creased to 2500-3000,

Today manufacturers usually provide BaTiO3 with
excess of Ti03, below 17. This amount is above
the solubility limit of TPiO2 in BaT}Og at 14000C.
During sintering higher titanates with low melting
point are formed. The appearance of liquid phase above
13209C, even in limited amounts, cause rearrangeuent
and faster transport through the liquid phase. There-~
fore, sintering is promoted. The excess of TiQp in
BaTiOz in amounts below the solubility limit is regard-
ed as promoting sintering elsoc in the s0lid state, due

to the IOEBation of defect perovskite with A position
vacanciesl?,

A small quantity of intergranular liquid phase at
the sintering temperature creates again the problem of
exaggerated grain growth, probably by a f%ux growth as
described by Kooy in the case of ferrites<9. Various
edditives were introduced to prevent exaggerated grain
growth yet allowing preparation of dense ceramics.
Among recent results, the addition of small amounts of
Dy»03 (0.8 at %) proved to be most effective in pre-
vefiting grain growth?l. Dense ceramics with 97 percent
theoretical density and an average grain size of 1.5 um
were prepared by comparatively high temperature sinter-
ing (14500C), without, however, any aid from the hot-
pressing technique.

3.4, Dense, heterogeneous ceramics with grain size
adapted to the particular requirements:

cltage
Dependent Besistors

The metal oxide varistor, marketed in last ten
years by several companies, is a complex mu;tlcompo:ent
oxide ceramic composed of about 97 mole % zinc oxide.
The remaining 3 mole % consists of metal oxide addi-
tives, among which BipOz plays an essgntlal role. A
typical composition given by Matsuoka=< contains
97 mole % ZnO, 1 mole % Sbp0z and 1/2 mole % each of
Biy03, CoO, MnO and Cry0z.

The sintered ZnO varistor is a semiconductor
device with highly non-linear current-voltage charac-
teristics similar to back-to-back Zener diodes but
with much greater voltage, current and energy handling
capabilities. They are increasingly used to protect
electronic circuits from transient voltages and for
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liniting surges that may appear on terminals of commu- .
nication systems.

The varistor microstructure consists of Zn0O grains,
and solidified Bi,Oz phase among the grains and other
Phases depending 6n”composition (Fig.l). From this
structure, it was proposed that the BigO and other
additives formed a liquid phase at a sin ering tempe-
rature which permeated all the grain boundaries,
wetting the zinc oxide grains and isolating the grains
from each other. It was later recognized that the inter-
granular material does not completely wet the ZnO grains
and that it concentrggea Primarily at the three- and
four grain junctions<’, A dihedral angle of about 60°
was measured in this phase where it tontacts Zn0 grain
boundaries. On the other hand, it was showa by Auger
electron spectroscopy that bismuth does segregate to
the Zn0 grain boundaries, but the authors do not con-
sider it to be im sufficient amount to be actually
called e separate phase. Its properties are consistent
with those of an adsorbed layer. The conduction
mechanism and the electrical properties of Zn0 varis-
tors are explicable in terms of the existence of
barriers at the Zn0 grain boundaries.

While no conclusive evidencas has been found that
any of the secondary phases observed in the micro-
structure of varistor ceramics are responsible for the
non linear electrical propertiesed, they do, however,

affect some varistor properties through their influence
on sintering and grain growth.

Fig. 1. Optical pPhotomicrograph of o Polished and
etched section of a typical varistor.
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For example, the varistor rated voltage is depen-
dent on the Zn0 grain size in the ceramic. The voltage
per unit thickness is inversely related to the average
graln size24,25, By using this relationship, the de-
pendence of grain growth on firing conditions may be
estimated and it was found that in the Zn0-~Bi9073-Co0
varistor, the average grain size is proportional to
time. On the other hand, for preparation of a desired
varistor type, grain size control is necessary. This

was achieved early22 by the addition of Sbs03 which was
found to hamper grain growth,

Sb203 forms spinel Zn7Sby073 dissolvins Co and
other possible components such as Mn and Cr?6, These
spinel particles are believed to play _only a secondary
role in determining device properties??; however, they
seem to be effecrive in pinning the grain boundaries
of Zn0 grains, as shown in Fig.

4, CONSEQUENCES OF CHEMICAL HETEROGENEITY

By now we are well aware that a minor dopant or
impurity in a host material can drastically change the
nature and concentration of defects, which can in-
fluence the kinetics of grain boundary motion, pore
mobility and pore removal. Equally profound influence

Fig. 2. Varistor microstructure with spinel inclusions
between the In0 grains.
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may be exerted by the second phase inclusions.
attention must be paid te possible interaction among

various impurities. It is clear that effects of hetero-
genelties or "chemical sintering" are unpredictable, A

few examples may be again quoted to better appreciate
varlous influences.

An additive (impurity) may (a) stay in solid
sclution or (b) may remain as inclusion at tha boundary

or (¢) inirtially as a second phase may dissclve at some
stage during densification.

An additive in solid solution may alter the diffu-
sion coefficient by modifying point defect concentration.
On the basis of principles set forth by Ready?l® and
Reynen29, it seems possible to predict the influence of
various additives provided that the type of principal

. defects is known. However, recently published results
on the influence of Mg2+ and Ti%* on sintering Al204
detonstrated the complexity of the problem30. It was
shown that both ions could accelerate lattice diffusion
of the Al3t+ jon, which is considered to be the rate
determining in the sintering of high purity Al203. In
the case of Ti%t addition, increase in catlon di%fusivity
was early explained as a consequence of an increase in
concentration of aluminum ion vacancies. On the other
hand, the promoting effect of Mgl+ addition may be ex-

plained as a consequence of an increase in the amount of
Al3+* interscitials.

Additives in solid solution may influence sintering
by other mechanisms as well: For example, they may re-
duce the interfering effetts of grain growth, by inhibi-
ting boundary migrationdlor they may repel other segre-
gates which are more detrimental to grain growth and
thereby induce rapid boundary migration (Ti0z-MnZn
Ferrite). It was also proposed that additives in
solid solution may affect’ the driving force for densifi-

cation by altering surface energy/boundary enerpy
ratio. 31

As a second phase at host material grain boundaries,
additives may act at the sintering temperature as solid
or liqgid inclusions and liquid films. As a solid second
phase it may provide a high diffusivity path, as demon-
strated in the system V-Ni or it may inhibit boundary
migration by pinning. As a liquid second phase may de-
crease the rate of grain growth by decreasing the driving

force for growth32, or accelerat
Eeoueh progessﬁa. rate grain growth by a flux

Particular *

SINTERING RESEARCH IN CERAMIC ENGINEERING 345

Only a few examples were quoted, which suggest
that each particular system must be treated separately
and that sclution of practical problems may not be
expected to be pchieved easily on the basis of
present day sintering knowledge.

In general, heterogeneities of composition, even
slight ones, oppose complete densification of the
material and can lead to discontinuous grain growth.
During sintering, homogenization of powder compacts
occurs as a result of inter-diffusion of the ¢ompo-
nents. In effect, aince the diffusion coefficients of
different elements are not identical, Kirkendall effect
with migration of initial porosity and coalescence of
pores takes place and slows down the sintering process.

As an example, we may mention the phenomena occur-
ring during sintering in the relatively simple hetero-
geneous binary system, BaTi03-SrTio33]. Both compounds
at sintering temperatures form solid solution in the whele
composition range. Sinterability of the physical mix-
ture and the prereacted solid solutions were compared and
it was found that physical mixtures of BaTiO3 and SrTiOj
at all composition ratios sinter to lower density as com-
pared with prereacted powders (Fig. 3). The reason was
found in unequal diffusion coefficients of Bal+ and
Srlt ions. As a resule, phases not in thermal equili-
brium were created, which in turn caused mass transport
from BaTiOq grains inco 5rTi0j grains. Excess vacancies
thus formea coalesced into Kirkendall type porosity and
caused deformation in neck geometry (Fig. 4) in a simi-

lar way as in metallic systems observed by Xuczynski
and Stablein.3%

Microstructures of the sintered powder mixtures of
BaTiOz and SrTiOx contained large pores even after
prolonged sintering. Accelerated grain growth was ob-
served in SrTi0z regions (Fig. 5) which were in contact
with the BaTiOz"grains, indicating the increased grain
boundary mobility.

Manganeze zinc-ferrites and the hexagonal ferrites
briefly discussed above may be also mentioned as known
practical examples of the harmful effect of chemical

heterogeneit§ on sintering, porosity distribution and
grain growch36,

As a practical consequence of the awarenes of the
problems asscciated with sintering of chemically non-
homogeneous powders, numerocus metbods have been
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Fig. 3. Sintering in the system BaTiO:—SrTiO;.
A - BaTiO3, 2h, 14000°C, 97.5 ¢ 1p
B - 5rTiog, 2h, 14800C, 95 % D
c - Ba, gSr Ti0., 2h, 14500C, 99,5 % m
D - 50°%°Bafi65-58"% SrTi03, 2h, 14509C, 75% mp

developed in order to improve the homogeneity of the
Powders., These stili unconventional methods for large
scale ceramic technology such ag coprecipitation,
Ireeze drying—calcining, spray drying-calcining, spray
roasting, sol-gel Processes, the alkoxide Process and

flame spraying have been well reviewed in recent
literature, 35-37

The ceramic industry is reluctant to use these new
methods, especially those involving liquid chemical
techniques for powders under the pretext that the
methods are expensive and Dot easily adaptable to large
scale production

- Yet, as it was pProperly fointed out, 37
the same methods are coumon in the chemica industry,
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Fig. 4; BaTiO; sphere sintered to 5rTi03 plate, 6n,
150003. ‘
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Fig. 5. Srli0z powder sintered with BaTiO; sphere,
3h, 125000.

for exaumple in the paint industry. Another objection
of a traditioral ceramist to new techniqpes"is
that these methods usually produce "gctive powders

which may need special precautions in handling and
forming.
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Yet fundamental research in recent years clari-
fied several peculiarities in the sintering of active
powders. We can expect that the increasing kmowledge in
this field, together with the awarenes of the fact that
the required specially dense ceramics With uniform
grain and pore size distribution cannot readily be
achieved except by the use of novel methods of powder
preparation, will lead in next few years toward Signi-
ficant changes in the classical ceramic technology,

5. NON-ISOTHERMAL SINTERING

Common sintering practice in industry is to reach
the desired soaking temperature with a
beating rate, apd then to fire the bodies at constant
temperature for certain period of time,

Most sintering studies are performed under isotheg-
mal conditions. Yet we are aware so-called isothermal
sintering is not isothermal in the strict sense of thig
word. To avoid errors originating in the fact that iso-
thermal sintering is not isothermal in the initial

Two main experimental techniques have been employ-
ed: stepwise heating or heating with a constant heating
rate. For both techniques, equations have been derived
for calculating of the main sintering parameters, which
Bay allow a decision among the various sintering mechan-

isms and estimatiog_gf the activation energies for the
sintering process38—40,

Analysis of the data obtained uncovered an in-
teresting phenomenon which may be of considerable
practical importance. In the sintering of some powder
compacts, very high rates of densification were observed
in the course of the heating up period or within the
first few minutes of isothermal Sintering (Fig. 6).
Usually this phenomenon is explained as being due to
the great "uctivity" of the powders, caused by high
toncentration of erystalline imperfections and large
surface areas. It was also noted that the densification
rate reaches a maxioum value during the initial fast
heating period, while the approach to the isothermal
State results ip an abrupE decrease in densification
rate. Ivensen pointed out®*l that such a change in
porosity reduction rate (during the isotherwal period
dozens of times lower than that during the temperature

ROre-or less )ingay
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Fig. 4. Change in the rate
of pore volume reduction
(%f’% hour_l) within the
temperature jump (i.e. rapid
rise in temperature) between
isothermal periods. Broken
line~change in rate ex-
pected from kinetic para-

meters of isothermal sinter-
ingﬁl

Comparison of sintering results obtained under
isothermal and non~isothermal conditions revealed some

Such ancmalies are the extremely high values of apparent
activation energy for mass transport, and the propor-

tionality o£ densification rate to the temperature in-
crease rate+2,

On the basis of these observations, supported by
several experiments, the idea was

the sintering temperature, but
must also depend on the specific state of the body
being sintered, that state being directly associated
with the rate of temperature increase,

In the absence of a satisfactory physical inter-
pretation of the phenomena observed, Ivensen proposed
a semiphenomenological explanation, using a hypothesis
that densification was affected by short lived "gctive"
defects resulting from thermally activated annihilation
of original defects which disappear ravidly because of
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51
. As far as theoretic i
their interaction emong themselves and with other . it ig interesting to notgltgzglggggﬁggstggerggggeg?e%h
defectst2, RCS density- apd temperature - tipge curves, nor tha °
. microstructure improvements they contributé appear to
Ivensen points out some very interesting ohenomena have been anticipated by the existing sintaep; heors
that the same behaviour may be caused by imnuritles and € 8intering theories.
additives with a temperature dependent solid solubilicy Unusual sinterin
Whereas Ivensen's explanation may need some further re- use of zone ainteringgo?r§:c§§i:a;;o:::g regogted by the
finement and direct exverimental proof, the fact remaing Pacts are exposed to rapid high teg erat’ P ?.e? com-~
that densification rate is strongly dependent on the rate being passed through a shopt hot-zoge Auiﬁ iring by
of temperature increase. This fact is not taken into ac- that the use of zone Bintering enables oparasi BEest
count in the sintering equations existing today. It also the d g 8 8Separation of

; ensification g i
suggests that sintering under non-isothermal conditions tage from the grailn-growth stage by

C accelerating the fo - i :
deserves much more attention in furure investigations. authors poigt out tﬁzgratAsea ng;ﬁbie explanation,
Practical interest in intentionally non-isothermal sin- ' fribution of surface dirfusi:g to den:ﬁgggag?re {50 con-
tering in ceramic engineering is also ?ngreasxng.. Energy tively reduced. Consequently neck growth ogcugn ;B ;?%B-
sav;ng rsquxremengs pr?mote the f;st firing §§Chn1?ue5' sion from the interior of the grains, which c:usgs iffu-
wit redominant densification un er non-isothermal con- " y
ditiogs. . SpProach of the grain centres ang thus the densification

of the specimen,
Common up- and hold “conventional temperature sin-
tering” (CTS), as termed by Palmour, is hardly optimized.
It stems from the tradition and is a consequence of the

) Present re
Sintering techniques deserve much clo
availability of conventional thermocounle-based control

ser stud i
the past and that their optimi Sudy than in

ization may lead tg g
bett : .

Instrumentation. Yet we know of several practical r control of ceramic Properties.

examples when demsification proceeds rapidly during 6. SIMMARY

temperature increase through the initial and inter- AND CONCLUSIONS

mediate stages but slows appreciably even before the
soak temperature is reached, It was argued that the

im
linear firing profile facilitates entrapment of occluded paggiglgoggggf ggmgzgg:oEiggozgnftﬁ:ggﬁmw;:gsggn—ggéform
gases, entrapment of pores withinp grains and excessive tridution and Silntering at Practically non—lsotgermal
grain growth. conditions, Phengmenologlcal explanations of the sinter-

X in rocess ma e used as i j
In contragt with conventional sinteripg, P@lmour sigtgring prochure to achi:vgu;ﬁ:ngzszgegdggggeEgges
and coworkers“4” proposed rate controlled sintering (RCS) of ceramics, however, the effects of the real powder
&3 a relatively new and nog~traditional method for characteristics are Such that separate study o? each
rational control of densification dynsmics during sinter-

1 1 Particular system is .
ing. The technique is not as simple as in the case of 7 necessary
conventional sintering, of course. It demands a feedback

Som i i
controlled dilatoueter, which relates flow of power to S ferricen rary technical ceramics, such as hard

' f s and soft ferrites, ferroelectrics and v

the dilatometer furnace to actual specimen shrinkage. resistors, demand compromise betweeg degiiiie g:gizd:?;e
By this means, densification uay be programmed to * and porosity distribution, Several examples show that
proceed at the lgwest.tempera?ure which will maintain : consequences of chemical heterogeneity and lmpurities

the desired dgn51ty-t1me proflle, Once determined ex- are generally unpredictable, Therefore great care is
perinentally in the laboratory dilatometer, the commonly to be exerted to improve the chemical hémogeneity of the
nonllnea; tempe;atgre - time profile may be_used in powder. The importance of sintering under non-isothermal
Programming Periodic or tumnnel kilns to achieve rate conditions is increasing and more understanding of the
controlled sintering on a larger, repetitive scale. The essentials of the process is needed g

authors demonstrated that Bicrostructures obtained by )

by RCS firing are finep and more uniform than those
characteristic of CTS firing.
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