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University of Washington
ABSTRACT
by
Silvia Irene Nunes
GRAIN GROWTH IN SINTERED ZnO CERAMICS

Chairperson of the Prof. MSE Dr. R. C. Bradt
Supervisory Committee Dean, Mackay School of Mines
University of Nevada - Reno

Reno, NV. 89%557-0047

The effects of the ZnO initial powder particle size
and the spinel forming additives, NbyOg and Alj03, on the
ZnO grain growth processes and grain growth kinetics in
pure ZnO and ZnO + 6 wt% BijyO3 were studied. Two
different initial ZnO particle sizes, 0.11um and 2.0 um,
were employed. Samples were fired at 900 °C, 1030°C, 1192
°c, and 1400°C. The levels of the NbyOg and Al03
additives varied from 0.05 wt% to 0.80 wt%.

During solid state sintering of the "pure" ZnO the

grain growth process is a normal one. The presence of the




Bij03-rich liquid phase promoted discontinuous grain
growth when the initial ZnO particle size was 0.11 pm.
Increasing the initial ZnO particle size, from 0.11um to
2.0 um, suppressed the tendency for discontinuous grain
growth. These observations were.explained in terms of
capillary forces excerted by the BijO3-rich liquid phase
on the solid particles.

Additions of NbyOg to the ZnO + 6 wt% BipO3 system
enhances the zn0O discontinuous grain growth when the NbjOg
content is less than about 0.40 wt%. However, the grain
growth is inhibited and appears normal when the Nb3Os
content is increased to 0.80 wt%. It is suggested that
the grain growth enhancement might be due to enhanced zn2*t
diffusivity caused by the Nb°* ions in solid solution.

The presence of the spinel phase, Zn3NbyOg, at high NbsOg
contents was confirmed by x-ray diffraction. Grain growth
inhibition was attributed to spinel phase grain boundary
drag mechanisms.

Al,03 additions to ZnO + 6 wt% BijO3 prevent the
occurrence of 2ZnO discontinuous grain growth and inhibit
normal grain growth as well. The grain growth inhibition
by the Al,03 was explained in terms of segregation of the
a13* ions to the grain boundaries and by grain boundary
drag mechanisms due to the ZnAl;04 spinel phase.

Higher values of the activation energies for grain

growth, from 350 kJ/mol to 400 kJ/mol, are encountered for




systems in which the grain growth process is normal, while
lower values of the activation energy, from 150 kJ/mol to
35 kJd/mol, occur for those systems with discontinuous
grain growth. It is concluded that grain growth in the
Zn0 + 6 wt% BipyO3 ceramics is controlled by drag
mechanisms and that the activation energy decreases
because during the earlier stages of the discontinuous
grain growth process many pores are left behind by highly
mobile grain boundaries.

The effects of the spinel forming additives, NbyOg
and Al,03, are expressed in terms of a general schematic
diagram containing three regions. In the first region,
grain growth is inhibited through solute segregation to
the grain boundaries creating reduced grain boundary
mobility through a solute drag mechanism. In the second
region, additive solubility was accompanied by increased
lattice vacancy concentration and enhanced cation
diffusivity leading to an increased rate of grain growth.
The third region is one of grain boundary pinning by
spinel crystals at the grain boundaries, inhibiting grain

growth.
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CHAPTER I - INTRODUCTION AND STATEMENT OF THE PROBLEM

The use of ceramic varistors which are based on ZnO
is widespread throughout the world, but the electrical
conduction mechanisms and the microstructural control of
znO during processing are far from being fundamentally
understood. This is partially due to the complicated
microstructure of the multicomponent commercial 2Zn0O
varistor ceramics. To optimize the electrical properties
of Zn0O varistors it is necessary to maintain control of
the grain size and perhaps also the grain size
distribution during manufacture. Microstructural control
is a critical issue facing the designer of practically all
advanced ceramics.

Control of the grain size of ZnO during the
manufacture of ceramic varistors is not a simple task.
Several factors, including the initial ZnO powder particle
size and its distribution, the particle shape, additives,
impurities, the nature of the initial particle surfaces,
compaction pressures, the state of agglomeration and the
sintering atmosphere may all assume important roles in
defining the final microstructure of ZnO varistors.
Therefore, the ability to control the microstructure
during processing translates into the ability to
understand and to control all of these factors and more

specifically to understand and control the effects which




these factors have on the densification and
microstructural development including the grain growth of
zZno.

Analysis of the grain growth process in Zn0O ceramics
with regard to the microstructural development, the
kinetic exponents and the activation energies is far from
comprehensive and merits further research in a systematic
fashion. Within that perspective it is possible to define
the purpose of this thesis as twofold. First is to
investigate the effects of the initial ZnO particle size
on the microstructural development and on the grain growth
kinetics of ZnO in sintered Zn0-Biy03 ceramics. Since the
driving force for grain growth is the excess surface free
energy, 2n0 powders with different particle sizes (radii),
and thus also different surface areas, may be expected to
exhibit different sintering and grain growth kinetics. By
varying the initial Zn0O particle size and maintaining
other process variables constant (i.e. compaction,
atmosphere, composition, etc) and then measuring the grain
sizes after firing at different times and temperatures it
will be possible to gquantitatively understand some of the
effects of the ZnO initial particle size on the grain
growth kinetics and the final Zn0 microstructure.

The second objective is to address the role of
several important additives on the grain growth of ZnO.

Since Matsuoka [1] first reported that oxide additives




could improve the nonlinear characteristics of Zn0-Bij03
varistor ceramics, considerable information concerning the
roles of various oxide additives on the sintering
processes and on the electrical properties of these
materials has been accumulated. However, only a portion
of that information has been generated in a systematic
fashion to quantitatively yield the necessary descriptive
parameters. For example, it has been reported that some
oxide additives promote the grain growth of 2Zn0O, while
others inhibit its microstructural coarsening. Of
particular importance in this latter category appear to be
some of the spinel-forming oxide additives. It is evident
that the presence of second phases with the spinel
structure at the grain boundaries of ZnO ceramics may
strongly influence the grain growth kinetics, the final
ZnO microstructure and consequently also the electrical
properties of ZnO-based varistor ceramics.

The effects of the addition of Sby03 on the Zn0O grain
growth have been addressed by previous authors [2-5,70].
Asokan et al [2-5] have concluded that the presence of
Sbp03 leads to the formation of the Zn7Sbp013 spinel
phase, which is present at the grain boundaries as small
faceted inclusions and severely inhibits the grain growth
of the Zn0. Senda and Bradt [70] have addressed the
effect of Sby03 and confirmed the formation of the

Zn7Sby015 spinel, inhibition of ZnO grain growth and an




increase of the activation energy for grain growth.

The effecﬁs of additions of Nby0Og on the grain growth
of Zn0 was also studied by Asokan et al [5]. They have
concluded that NbyOg leads to the formation of the
Zn3Nby0g spinel phase. However. its effect on the
microstructure appears to be a complicated one. Small
additions of NbyOg are known to enhance the non-ohmic
behavior of the 2ZnO. A maximum value of the non-linearity
coefficient is achieved for compositions containing about
0.2 wt% NbyOg and sintered at 1100°C. Variation of the
Zn0 grain size with NbpOg content was also reported to
exhibit similar behavior, i.e. the average grain size
increased with additions of NbyOg to about the 0.2 wt%
level, then decreased at higher Nb,Og additions for all
sintering temperatures. This ZnO grain growth behavior
has been attributed to the presence of the Zn3NbyOg spinel
phase.

In combination with ZnO, Al;03 is well known to form
a compound with the spinel structur: (ZnAlyO4), but the
effects of this spinel phase on the grain growth kinetics
of Zn0O has not been systematically studied. Details are
not well known in spite of additions of Aly03 to many
commercial ZnO varistor compositions. Komatsu et [8,9]
suggest that Alp,03 may inhibit sintering through solid
solution in the 2Zn0 structure. However, the phase diagram

suggests only very limited solid solubility of Al03 in
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Zn0, thus considerable ZnAl,04 must also form. Quadir and
Readey [7] have confirmed that additions of Al,03 inhibit
the grain growth of 2n0. They have attributed this

inhibition of the ZnO grain growth to the presence of the

The two spinel-forming additives Nb,Og (2n3NbyOg) and
Al,03 (ZnAljy04) are both worthy of more extensive study
relative to their effects on grain growth of 2n0O ceramics.
While both Nby0g and Aly03 are well known to affect the
microstructural development of ZnO in varistor
compositions, the quantitative analyses of the grain
growth kinetics of ZnO in varistor ceramics with regard to
the grain growth kinetic exponents and the activation
energies are far from comprehensive. It requires further
systematic investigation. In this thesis the effects of
those two spinel forming additives, NbyOg and Aly03, on
the grain growth kinetics of ZnO in Zn0-Bij03 ceramics
which develop a BijO3 liquid phase during firing will be

addressed in a quantitative manner.




CHAPTER II -~ LITERATURE REVIEW

IT.1 - Varistor
Metal oxide varistors represent a new type of

semiconducting material with highly non-linear current-

for transient voltage protection of electronic circuits
and electrical machinery. Figure (II.1.1l) illustrates the
typical application of a ZnO varistor as a transient
protective element. Figure (II.l.Z) illustrates the
response of a 2n0 varistor to a fast-rise-time (500 psec)
pulse. Trace 1 is in the absence of the varistor and
Trace 2 is with the varistor protection present.

The observed current-voltage characteristics of a
varistor are often empirically described by the power law

relation:

I=XKV©® &)

where the parameter o =[{d(lnI)/d(1lnV)] is a measure of
the varistor nonlinearity. The parameter o varies with
the voltage. In the breakdown region it can attain values
well in excess of 50 and can exceed 100 under special
conditions. Figure (II.1.3) illustrates several typical
current-voltage characteristic curves for varistors with

different o values. When @ is unity, Equation (1)
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Typical Application of ZnO Varistors as a Transient

Protective Element [93].
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Figure II.1.2
Response of a 2Zn0 Varistor to a Fast-Rise-Time Pulse-
(500 psec).
Trace 1 in the Absence of the Varistor.

Trace 2 with the Varistor Protection [93].
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represents a standard ohmic device, i.e. the current is
proportional to the applied voltage. As @ approaches
infinity the device characteristics approach those of a
perfect varistor, for which the current varies

substantially for small changes in voltage.

types for which the major constituents are either SiC,
BaTiO3, SrTiO3, or ZnO. 2n0 varistors are 2ZnO-based
ceramic semiconductor devides with highly nonlinear
current/voltage characteristics. They may be considered
similar to back-to-back Zener diodes, but with much
greater current and energy handling capabilities. ZnO-
based ceramic varistors can also withstand much larger
surge currents than most of the other varistor types.

Fabrication of ZnO varistors follows standard ceramic
powder processing techniques. Calcined powders of ZnoO,
BiyO3 and the other metal oxide additives are mixed,
granulated, pressed and then fired at temperatures between
1100°C and 1400°C. Finally, a silver electrode is applied
to the sintered ceramic body.

The microstructure of Zn0O varistor ceramics is the
result of a liquid phase sintering process in which the
low melting temperature components (BisO3, etc.)
constitute the initial liquid phase that dissolves some
Zn0 and alsoc the other oxide additives during sintering.

During cooling the liquid phase solidifies at the 2ZnO
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multi-grain junctions and grain boundaries. The

simplified sketch in Figure (II.1.4) [10] depicts 2Zn0O
grains and a low melting point component such as BijO3 at
the grain-junctions. Although the actual phase assemblage
of a commercial 2Zn0O varistor can be very complex, in the
case of BizO3-containing 2Zn0 ceramics the microstructure

is essentially comprised of:

(a) - Fine 2ZnO grains (Typical average ZnO grain sizes

are only ébout 10 pum.)

(o) - A BipyO3-rich intergranular layer from the BijO03-

licuid phase sintering additions.

(c) - Spinel phases at the grain boundaries, often

Zn7Sby012, 2Zn3Nby0g or 2nAlj04.

The varistor properties are believed to be controlled
by the electrical characteristics of the depletion layers
situated within the ZnO grains at the grain-grain
interfaces. To consider the varistor electrical behavior
it is useful to represent the varistor microstructure by
the block model [11] shown in Figure (II.1.5). This model
presumes the device to be assembled of conducting ZnO
cubes, of the size d, which are separated from each other
by an insulating barrier region of a thickness t. These
electrical insulating barriers, arising from the liquid

phase sintering and subsequent 2n0O grain growth, are known
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as back-to-back (double) Schottky barriers. These 12

barriers can be physically attributed to the grain
boundaries in the microstructure. Atomic defects exist,
either intrinsic to the Zn0O or arising from the additives

in solid solution within the 2Zn0 lattice to form localized
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Depletion regions on both sides of the grain boundaries
originate from these ionized defects causing the double
Schottky barriers in this electronic device.

Eda [12] has proposed a SIS (semiconductor-insulator-
semiconductor) structure for non-ohmic ZnO ceramics. This
structure is described as an intergranular layer that is
sandwiched between a forward-biased Schottky barrier and a
reverse-biased Schottky barrier formed at the surface of
n-type semiconducting 2Zn0 grains. It is schematically
depicted in Figure (II.1.6). Eda’s studies have revealed
that the insulator may have many traps and that the
Schottky barriers at the grain boundaries are induced by
the additive elements.

Conduction mechanisms can be described as follows:
electrons ejected from the conduction band of the ZnO
grain to the surface states at the forward biased Schottky
barrier flow through the intergranular layer by
multitunneling via traps or impurity levels and reach the
surface states at the opposite side of the intergranular

layer. Then, the electrons tunnel through the reverse-
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Figure II.1.6

- SIS-Type Model for Non-Ohmic 2Zn0 Ceramics [12].
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Figure II.1.7

- Equivalent Circuit of Non-Ohmic 2ZnO Ceramics [121.
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biased Schottky barrier from the surface states to the

conduction band of the Zn0 grain. According to this model
the V-I curves of the non~ohmic Zn0O ceramics are mainly
governed by the reverse-biased Schottky barriers.

From studies of the frequency dependence of the
dielectric loss, an equivalent circuit for non-ohmic ZnoO
ceramics has been proposed [12]. It is shown in Figure
(II.1.7). 1In Figure (II.1.7) Rg, Ry, Cij, Rg, Cg are,
respectively, the resistance for the 2ZnO grains, the
resistance and the capacitance of the intergranular layers
and the interfacial surface barrier. The intergranular
layer has a high resistance and a high capacitance while
the individual Zn0 grains have low resistance and a low
capacitance. The intergranular layer dominates for low
frequencies and the Zn0 grains for high frequencies.

The characteristic V-I curve for 2ZnO varistors, as
shown in Figure (II.1.8), can be divided into three
separate regions on the basis of the current level.

Region I can be expressed by:
I = C exp (-E/KT) (2)

where I is the current, C is a constant, E is the applied
field, T is the temperature and K is a constant. The
current in this region depends mainly upon the high

resistance (1012-1013 ohm-cm) BipyO3-rich layers separating
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the individual 2n0 grains. Region II is believed to 16

express the electronic properties related to the surfaces
of the Zn0O grains and is described by Equation (1). The
exponent & in this region usually varies from 20 to 100 at
current levels of 10”5 to 10 A/cm2. The V-I character of
Region III depends on the specific resistance of the Zn0O
grains (1-10 ohm-cm).

Zn0 based varistors are highly complex multicomponent
oxide ceramics whose electrical characteristics are
generally accepted to be directly related to the phase
assemblage of the ceramic microstructure and to the
detailed processes occurring at the various boundaries
within that structure. For example, it has been
established that the 2Zn0 grain size determines the
varistor voltage per unit thickness. The Zn0O grain size
can be controlled by the sintering time and temperature,
subsequent thermal treatments and the levels of metal
oxide additives. This is the practical reason for
studying the grain growth of ZnO and the effects of

additives in these systems.




II.2 - Grain Growth 17
Grain growth is the process by which the mean grain
size of an aggregate of crystals increases. The driving
force is the decrease in the surface free energy which
accompanies the reduction in total grain boundary area.
Two types of grain growth have been discussed in the
literature and are generally categorized as abnormal and
normal. Abnormal grain growth is sometimes referred to as
discontinuous grain growth. Abnormal, or discontinuous
grain growth is the process by which a few individual
grains grow very large relative to others in the
structure. The process is also occasionally described as
secondary recrystallization, particularly in metal
systems. Normal grain growth is defined as having two
main attributes. One is a uniform appearance. Seccndly,
there exists a relatively narrow range of grain sizes of
similar shapes. There is a direct scaling in that a
simple change of scale is sufficient to make the
distributions of the grain sizesrof two widely separate
points in time to coincide. The form of the grain size
distribution is time invariant. It is usually lognormal.
As an illustrative example, the total free energy of
a model spherical particle (grain) can be expressed as a
sum of two terms, one that represents the surface energy
and another that represents the volume energy. This can

be written as:




i8

F = Alrz + A2r3 (3)

where F is the total free energy of the particle, A; and
A, are constants and r is the particle radius. The free
energy per unit volume of the particle, Fy, is the above

quantity, F, divided by the particle volume, V = 4/3 & r3:
Fy = F/V = Aq/r + Ay, (4)

where As; and A’p are constants. The free energy per atom,
F5, is proportional to the free energy per unit volume, so

that:
Fa = A"l/r + A7y, (5)

where A7y and A7, are constants. From Equation (5) it is
evident that the free energy per atom varies inversely as
the radius of the grain or particle size. That is, the
larger the grain size, the lower is the free energy of the
atoms and the more stable is the grain. Conversely, the
smaller the grain size, the higher is the free energy and
the lower is the stability of the grain. Therefore, a
reduction in free energy is possible by enlarging the
scale of the microstructure that is, by increasing the

mean size of the grains.
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IT.2.1 - Normal Grain Growth
IT1.2.1.1 - Intrinsic Grain Boundary Migration

Curved grain boundaries tend to migrate towards their
center of curvature to reduce the total grain boundary
area and thus their surface free energy. The atomic
mechanism for intrinsic grain boundary migration is
schematically depicted in Figure (II.2.1) [14]. The term
intrinsic implies the simple atomic (ionic) transfer from
the edge of the shrinking grain, across the grain
boundary, to the edge of the growing grain. Grain
boundary migration or motion is thus the result of atomic
jumps from one grain to the other.

The mobility of the grain boundary, M, is defined as
the velocity of the grain boundary under a unit driving

force. It has been expressed as [14]:

B= (An Q Vy2/NRT) exp (- Qa/R T), (6)

where: A is the probability of a successful atomic jump
across the grain boundary, n is the average number of
atoms per unit area at the grain boundary, Q is the Jjump
frequency, Vy is the molar volume of the species diffusing
across the grain boundary, N is Avogadro’s number, Q, is
the activation free energy per atom to leave the grain

boundary, R is the gas constant, and T is the absolute
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The average velocity, Vay, ©f grain boundary motion
under a driving force, £, is related to the mobility, U,

through the following equation :

Vay = 9 B £, (7)

where g is a geometrical factor that is equal to unity for
a spherical grain. The driving force, £, is the chemical
potential gradient caused by the pressure difference
across the curved grain boundary. This difference in

pressure can be described by Laplace’s equation as:

P =% (1/r7 + 1/r3), (8)
where Y is the surface free energy per unit area. The
radii ri and r; are the major radii of curvature measured
at a given point. By convention r > 0 for a convex
surface and for a spherical droplet, ri=rp=r, so that for

a spherical droplet Equation (8) reduces to the familiar

form:

P=2¢/r. (9)

The driving force, £, is expressed by :

eyt e ———
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f=d (Vg P)/dx = (Vu V/K'G w (10)

where V, is the atomic volume, w is the grain boundary
thickness, K’ is a constant, and G is the grain size.

Einstein’s expression for atomic mobility is:
p= ( 1/Vy) Da/kT, (11)

where D, is the atomic self-diffusion coefficient, k is

the Boltzmann constant, and T is the absolute temperature.
Combining Equations (7), (10) and (11) yields the average
velocity for intrinsic grain boundary migracion, Vay. It

is expressed by:
Vay =9 Dg ¥ / KGwkT. (12)

From Equation (12) it is evident that the average velocity
of intrinsic grain boundary migration is a function of the
diffusion coefficient of the atoms across the grain
boundary, the surface energy, the grain size, and the

grain boundary thickness, w.

II.2.1.2 - Grain Boundary Migration During Liquid Phase
Sintering
Often a liquid phase coexists with the particulate

solid at the firing temperature. Although a number of
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physical and chemical processes may occur during the

different stages of liquid phase sintering, one of the
characteristic stages includes the phenomenon of grain
growth. During grain growth, atoms are transfered through
the liquid phase from the smaller grains tc the larger
grains. During grain growth in the presence of a liquid
phase the transfer of atoms from the smaller grains to the

larger grains involves the following three steps :

(i)-Initially, atoms or ions must surpass the free
energy barrier of the small grain surface to
escane the small grains. This step corresponds
to the dissolution of the small grains into the
liquid phase.

(ii)-Atoms or ions must then diffuse through the
liquid phase from the small grains to the larger
grains.

(iii)-Finally the atoms or ions must surpass the free
energy barrier at a large grain surface to join
the large grain. This step corresponds to the

process of precipitation on the larger grains.

If the time required for atomic transfer across the
interface is long compared to that required for diffusion
through the liquid, then the reaction at the interface

will be the rate controlling mechanism. Conversely, if
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diffusion through the liquid is the slowest step, it will

be the rate controlling mechanism. Therefore grain growth
in the presence of a liquid phase can be controlled by

either:

(a) - the interfacial or phase boundary reactions at
either the dissolving smaller grains, or at the
growing larger grains, or

(b) - the diffusion of the atoms or ions through the

liquid phase.

Example of both situations have been reported in the
literature.

According to Equation (5), grains of smaller
dimensions, those with a smaller radius of curvature are
less stable than larger ones. Consequently, the smaller
grains will have a higher solubility in the liquid phase
than the larger grains. The grain solubility dependence
on the particle size for a spherical particle is described

by the Thomson-Freundlich equation:

In (S/ Sg) =2%9Vy /r kT, (13)

where S is the solubility of the particle, and Sy is the

equilibrium solubility which corresponds to that for a

flat surface. Since smaller particles will dissolve




preferentially to the larger ones, this gives rise to a 25
concentration gradient across the liquid layer. It is

this concentration gradient which is the driving force fox
mass transport and grain growth during liquid phase
sintering.

If Equation (6), which expresses the grain boundary
mobility in the case of intrinsic grain boundary migration
is to be applied to grain boundary migration in the
presence of a liquid phase, then some modifications are

necessary. The resulting equation is:

H=[ (A1+A5) n Q Vy? /NRT]exp(-(Q; + Q2 + Qg)/R T] (14)

where A, and A, are the probabilities of successful atomic
jumps across the grain boundary from the dissolving grain
into the liquid (solubility factor) and from within the
liquid across the boundary to the lattice of the growing
grain (reprecipitation), respectively [14]. The Qj is the
activation energy per atom to leave the dissolving grain,
while Q5 is that to join the growing grain. The Q4 is the
activation energy for diffusion through the ligquid. If
either Q1 or Q3 >> Qg4 then the interface or phase boundary
reaction is the rate controlling mechanism. However, if
Q4 >> Q1 or Qp, then the grain growth process is
controlled by diffusion through the liquid. It is

appropriate to note here that if Q4, Qp and Q4 are similar

——— e . yr——




in magnitude, then the measured Q values for grain growth
during liquid phase sintering may not be those of either
of the individual processes or reactions.

Diffusion controlled grain growth is frequently
reported for liquid phase sintering, although there are
also a number of observations of phase boundary reaction
controlled grain growth. Phase boundary reaction control
is typically observed in the more complicated systems
involving several components. Table (II.2.l1l) summarizes
the grain growth observations for several systems [16].

When diffusion through a grain boundary liquid layer

26

of a thickness y is the rate controlling process, then the

grain boundary velocity, V314 is given by [17,18] :

Vlld=D SVMf /'y k T, (15)

where : D is the diffusivity of the species in the liquid
phase, S is the solid solubility in the liquid, Vi is the
molar volume of the diffusing species, f is the driving

force, and y is the liquid layer thickness. Diffusion in

liquids is normally more rapid than that in solids, so

that grain growth in the presence of a liquid phase can be

accelerated relative to that in the solid state.

Lay [18] has examined the grain growth of ceramics in

the presence of a liquid grain boundary layer. He

modified the equations that were originally derived for
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the coalescence of solid particles which are widely 28

dispersed in a liquid to account for the fact that the
actual content of liquid phase which is necessary for
liquid phase-influenced grain growth has been observed to
be very small. The principal modification is the
inclusion of a term involving the average liquid grain
boundary layer thickness. Also, the particle size
distribution considered in Lay’s analysis is not that for
widely spaced particle sizes, but rather the distribution
expected for solid-state grain growth, as predicted from
geometrical grain packing requirements. When diffusion
through a iiquid phase is the rate controlling mechanism,
for the case of closely packed particles of the average
grain size, G, Lay derived the following equation for
grain boundary migration in the presence of a liquid

layer, Vjjg4ras:

Viig = 2 D S Vy [(G/Gg)-1]1 /y k T G. (16)

In Equation (16), D is the diffusion coefficient in the
liquid phase, S is the solubility in the grain boundary
liquid and G, is the critical grain size below which
particles, or grains, tend to disappear rather than grow.
Hillert [17] has suggested that G, = (8/9) G. Vy is the
molar volume and y is the thickness of the liquid layer,

while k and T have their usual meanings.




Alternatively, if the rate controlling grain growth
process is one of the phase boundary or surface reaction
control, then the grain boundary velocity in the presence

of a liquid layer, Vjgy, is expressed by :

Visr =K (VW £/ kT), (17)

where : K is the rate constant, which depends
exponentially on the temperature, Vy is the molar volume,
f is the driving force, and k and T have their usual
meaning. It is evident from Equations (12), (16) and (17)
that the grain boundary migration velocity will vary
exponentially with temperature. This is because it is a
function of the diffusion coefficient, both in Equations
(12) and (16). In Equation (17) it also depends on the
rate constant K, which varies exponentially with
temperature.

For the situation where the grain growth is
controlled by diffusion through the liquid layer,
Equations (12) and (16) also reveal that the grain
boundary velocity is inversely proportional to the grain
boundary thickness, w, in the case of solid state grain
growth. It is similarly inversely proportional to the

thickness of the liquid grain boundary layer, y, in the

case of grain growth in the presence of a liquid phase.

29



IT.2.1.3 - Normal Grain Growth Kinetics 30

Very little reliable information on grain boundary
migration has resulted from direct, in situ, measurements
of individual grain boundary velocities. It is generally
derived through an analysis of grain growth kinetics based
on various mechanisms or processes that have been advanced
to explain the grain growth process. These deal with the
kinetics of change in the mean grain size and/or analysis
of the topological requirements for space filling by the
grains.

To describe normal grain growth Burke and Turnbull
[19] considered the migration of a grain boundary to occur
by atomic transport across the boundary, driven only by
the pressure of the boundary surface curvature. They
formulated a theory by considering a crystal or grain as
an isolated entity and postulating that the results could
be extended to represent the mean behavior of a dense
array of grains. Two important simplifying assumptions

which they incorporated are:

(a) - the rate of grain growth can be directly related
to the average grain boundary migration
velocity, and

(b) - the grain size distribution remains the same

throughout the grain growth process.
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On the basis of the first assumption the average grain

boundary velocity, Vi, can be written:

Vay = 1/2 (dG/dt) (18)

where G is the grain size, and (dG/dt) is the rate of

grain growth. Substitution of Equation (18) into Egquation

(12) results in:

Vay = 1/2 (dG/dt) = gDy Y /K" Gwk T (19)

Rearranging and then integrating from the initial or

original grain size, Gg, to the final grain size, G,

»

yields:

G t
1/2) Gde = (gDyy /K’ wk Tfdt (20)
Go to

where the factor (g D ¥ /K w k T) is usually not
considered to be a function of either time or the grain

size. Integration yields

G2 -Gp2 = (4 gD, Y/K' wk T) (t - tg) (21)

or

G2 - Gg2 = K (t - tg) (22)
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where the rate constant K is given by :
K=4gD, Y /K wk T (23)

Because the diffusivity has an exponential temperature
dependence, the kinetic constant, K, in this form, is very
sensitive to the effects of temperature.

According to the Burke-Turnbull model expressed by
BEquation (22), a parabolic grain growth law is to be
expected forbpure, single phase systems completely free
of, or with only very weak interactions that might impose
any type of drag effect on the motion of grain boundaries.
This model adéquately describes many pure metallic systems
at elevated temperatures.

C.S. Smith [20] has stated that "Grain growth results
from the interaction between topological requirements for
space-filling between the edges, faces and vertices of the
grain ensemble and the forces driving the boundaries to
migrate to reduce boundary curvature and subsequently,
boundary energy."” He argued that it is inadequate to
treat a grain as an isolated entity and that any theory of
grain growth must always account for the multiple
interactions within the complete assemblage of grains,
especially those including the first nearest neighbor

grains.



Felthan [21], Hillert [17] and Louat [22] have 33
independently developed mean field theories for grain
growth in which the effects of the ensemble of grains is
considered to be like a field in which the individual
growing grain is immersed. Felthan and Hillert both
assumed grain growth to occur only as a result of the
driving force for the removal of the grain boundary
curvature. They neglected the possibility of random
changes in grain size. Louat addressed the statistical
nature of grain growth, with grain boundaries excecuting
random walks. These mean field theories have only
considered the average effect of the environment on the
grains. Each also predicts parabolic grain growth because
they have not fully considered the topological constraints
of the complete grain assemblage in three dimensions, 3-D.

A 2-D description of grain growth as a dislocation
climb process has been presented by Hillert [17]. It has
been extended to 3-D by Morral and Ashby [23]. The
average grain was assumed to have 6 sides for the 2-D case
and 14 sides for the 3-D situation. Dislocations were
associated with grains that deviated from this average.
Again parabolic grain growth kinetics resulted from these
analyses.

Rhines and Craig [15], Doherty [24], Hunderi [25] and
Kurtz and Carpay [26] have applied parameters called sweep

constants and the concept of a structural gradient to




quantify the tendency for grain growth. Some controversy
exists as to the definitions of these concepts. Hunderi
supports Doherty’s definition of a sweep constant as the
number of grains which vanish when grain boundaries sweep
through a volume equal to the mean grain volume. Kurtz
and Carpay favour the Rhines and Craig definition for the
structural gradient as (M, Sy, /Ny); where, M; is the
curvature per unit volume, Ny, is the number of grains per
unit volume and, S, is the surface area of the grain
boundary per unit volume.

Rhines and Graig obtained the following expression

for the mean grain volume at a time t :

Vg = Vg + (BRYM/Ny) t, (24)

where © is the sweep constant as defined by Doherty, K is
the grain boundary mobility, Y is the grain boundary
surface energy, Vg is the mean grain volume at time t=0,
while M, and N,, are defined as previously. The resulting
linear dependence of Vg on t which has been obtained by
Rhines and Graig, is equivalent to the grain radius
growing as £1/3, This is indicative of a cubic grain
growth law, for the exponent obtained by these authors is
three-instead of the value of two which was predicted by
the preceding theories which yielded parabolic grain

growth.

34



Computer simulations for normal grain growth have 35
been completed in an attempt to explain deviations from
parabolic grain growth kinetics. Voorhees and Glicksman
[27-29] have simulated the coarsening of a multiple
particle system considering the behavior of the individual
grains versus time, the volume fraction of solid and the
grain size distribution. They demonstrated the expected
shrinkage of small grains with the simultaneous growth of
large grains. They found the grain growth exponent, n, to
be equal to three in all cases. Although there is a
neighbor effect on the growth or shrinkage of individual
grains, the overall system appears to converge to an
environmentally independent form.

In some computer simulations the topological
constraints are an intrinsic part of the model since the
network is simulated directly. Srolovitz [30] observed
that the grain sizes of the large grains tended to vary
randomly with time and that small grains tend rapidly to
zero. He concluded that the nature of grain growth lies
somewhere between the concepts of curvature directed
motion and that of a random walk in a statistical sense.
This statement reflects the fact that both diffusion and
the reduction of surface area (curvature) must both be
considered when modeling grain growth.

Coalescence of non-interacting solid particles

dispersed in a liquid phase as a mechanism of grain growth




has been considered by Wagner {31], Lifshits and Slezov
[32] and Greenwood [33]. These authcrs have concluded
that the coalescence of solid particles which are widely

separated follows a cubic growth law. It is of the form:

G3 - 6o =K t, (25)

where the rate constant K is that given by Greenwood [33]

as :

K=2DSVyY/ kT, (26)

where D, S, Vy, ¥, k and T have the same meanings that
were previously described. In contrast with the parabolic
growth law obtained by Burke and Turnbull [19%] for normal
solid state grain growth, coalescence of widely separated
solid particles dispersed in a liquid phase follows the
cubic growth law as described by Equation (25).

Lay [18] has examined the grain growth kinetics for
the case of a close packed structure where the content of
the liquid phase is very small and forms only a thin layer
between the particles. He assumed a dihedral angle equal
to zero. For very small contents of the liquid phase the
microstructure appears very similar to that which is
observed when no liquid phase is present at all. However,

the kinetics of grain growth is very different from that

- + e e e e e - _




for the solid state. This is because the material 37

transport process for grain boundary migration is thact of
diffusion through the liquid phase.

For the case of close packed particles of an average
size, G, Lay derived the expression previously given in
Equation (16) for the velocity of grain boundary migration
in the presence of a wetting grain boundary liquid phase.
Considering that the diffusion distance in the liquid
phase, y, is directly related to the grain size, for y
increases as the average grain size increases, and also
that the critical grain size G, is (8/9)G, then the
condition expressed by Equation (16) prevails, Equation

(18) can be integrated as follows :

G t
G2dG =S D Vy/ 4k T |Jdt (27)
Go o

Integration of Equation (27) yields the cubic growth law:
G3 -Gp3 = (3DSVy/4k T (t -~ tg (28)

Equation (28) is usually written in the form:
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63 -gp3 = K t. (29)

where the rate constant K is given by :

K=3DSVy/4kT (30)

Because the diffusivity, D, and the solubility, S, may
both have exponential temperature dependencies, the
kinetic rate constant, K, can be highly sensitive to
temperature. Lay concluded that grain growth controlled
by diffusion through a ligquid layer follows the same cubic
growth law as for the coalescence of widely dispersed
solid particles in a liquid phase, although the particle
size distribution is that expected for solid state grain
growth.

The effect of the volume fraction of solid on the
rate of grain growth during liquid phase sintering has
been considerd by several authors [27,29,32-42]. When the
solid volume fraction is increased, then the rate of grain
growth is accelerated. This is because the diffusion
distance through the liquid phase, y, decreases. The
basic kinetic law is the cubic one as derived by Lay, but
the rate constant K is modified to account for the effect
of the shorter diffusion distance as the volume fraction
of the solid phase is increased [42].

If the volume fraction of the solid phase remains




constant during grain growth, then the number of grains 39
per unit volume must decrease as the mean grain size
increases. The grain-liquid phase interfacial surface
area per unit volume depends on the grain size and the
grain population. Accordingly, the grain surface area per

unit volume, Sy, will vary according to:

Sy = 4 T G2 Ny, (31)

where G is the average grain size and N;, is the number of
grains per unit volume.

The mean separation between the grains also increases
with sintering time [16]. As the grain growth kinetics
depends on the grain separation, this ir turn is dependent
on the grain size and volume fraction of the liquid phase.
Diffusion through the ligquid is the usual mechanism for
grain growth. Rapid grain growth occurs for small initial
grain sizes, high sintering temperatures, low dihedral
angles, high volume fractions of solid and when there is a

high solubility of the solid in the liquid phase.

ITI.2.1.4 - The Phenomenological Grain Growth Expression
Related to the previously derived grain growth laws,

a general phenomenological equation has been applied to

describe the phenomenon of grain growth to allow for the

experimentally observed discrepancies from parabolic and
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cubic growth law kinetics. It is of the form:

G - GoP! = Ky t exp (- Q/RT), (32)
0 0

where n is known as the grain growth exponent, Gp and G
are the average grain sizes at times 0 and t respectively,
Ko is the rate constant and Q is the activation energy for
grain growth.

Numerous experimental studies of the grain growth
process have reported a variety of different values for
the grain growth exponent, n. These discrepancies from
the parabolic law have been attributed to several
different factors, as summarized in Table (II.2.2). It
can be cbserved in the Table (II.2.2) that the most common
experimental value for n is three, a value that can be
indicative of at least five different grain growth
mechanisms. From these results it is evident that
compositional parameters, the pore size and its
distribution, the extent of solid solution, second phases,
the level of dopants (additives) and their segregation and
texture must all be considered when studying grain growth,
each may have an influence on the grain growth process.

In nearly all studies of grain growth kinetics, the
grain sizes are almost invariably obtained from analyses
of 2-D sections through the microstructure. The mean

grain diameter, the average grain size, is estimated from
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Table II.2.2 - Summary of Exponents for Grain Growth for

Various Proposed Mechanisms [75].
Proposed Mechanisms Grain Growth Exponent (n)
Boundary Control in a Pure System 2

Boundary Control in a Impure System
Coalescence of Second Phase by
Lattice Diffusion 3
Coalescence of Second Phase by

Grain Boundary Diffusion ‘ 4
Diffusion Through a Continuous
Second Phase

Impurity Drag (Low Solubility)

Impurity Drag (High Solubility)

K NN w W

Diffusion Through Dislocation Pipe

Pore Drag Control

Surface Diffusion

w

Lattice Diffusion

Vapor Transport (P=const)

W

Vapor Transport (P=2Y/r) 3
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the average linear intercept. As was derived by Mendelson

{43], the average grain size, Ez can be obtained from :
G = 1.56 L, (33)

whereTE is the average grain boundary intercept length of
a series of random lines on the 2-D micrographs. Rhines
and Craig [15] pointed out that the mean grain intercept
is sensitive to the shape of the grains and will alter
significantly if the grains are distorted, e.g. by
rolling. However, the mean grain volume will not change
if the grains are rolled. An important question is
therefore whether or not a true 3-D grain size can be
determined or estimated from mean grain intercept
measurements on 2-D sections of the microstructure.

Rhines and Craig [15] suggested that anisotropy could be
the reason for the inconsistency between their 2-D and 3-D
results. Cahn [45] and Doherty [24] have both concluded
that for an isotropic structure the mean grain size from a
2-D section will approximate the 3-D mean grain size,
although for a highly anisotropic structure there may
exist some discrepancies. However, because of topological
restraints, most researchers do not kelieve that the
modeling or simulation of a 2-D structure can correctly

predict the changes of a 3-D one.




1I.2.2 - Grain Growth Inhibition 43

Microstructural control is a very important issue in
the fabrication of advanced ceramics. For ceramic
materials consolidated by liquid phase sintering, grain
growth is often detrimental to the final properties. As
a consequence, several techniques to inhibit grain growth
during the latter stages of sintering have been developed
[49-51]. One approach to control grain growth is to
decrease the solid solubility or the diffusivity. Also,
chemical additives can alter the interfacial energy and
interfere with the interfacial dissolution and
precipitation rates and thus affect the grain growth rate.
Another approach to slow the grain growth rate is to
reduce the grain boundary migration by means of

segregation, second phase and pore drag mechanisms.

IT.2.2.1 - Segregation

Even in very pure materials there is a space-charge
atmosphere of lattice defects and solute segregation
associated with the grain boundaries. Impurities and
additive atoms will segregate to the grain boundaries if
they lower the free energy of the system. The change in
free energy as a result of segregation of the solute from
the bulk to the grain boundary corresponds to the strain
energy introduced by a solute that fits poorly into the

lattice, both elastically and electronically. When the
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ionic size differences are large and a considerable misfit

results, it is reasonable to assume that the elastic
strain energy is an important contribution to the
segregation.

The phase diagram provides an initial indication of
the segregation and surface energy changes due to
additives and impurities. The favorable factors for
solute segregation are decreasing liquidus and solidus, a
wide liquidus and solidus separation, a small solid
solubility of the solute and a large ionic size ratio.

For extensive solid solution to occur the ionic size ratio
must be about 15% or less.

The effects of these lattice defects and the impurity
atmosphere is to create a drag and reduce the grain
boundary velocity. The influence of this atmosphere
appears to intensify as the grain size increases and the
average boundary curvature decreases. Several impurity
drag models have been presented in the literature [44-48].
The simplest model is that which has been presented by
Cahn [45]. It predicts a parabolic grain growth law.

When solutes segregate very strongly at the grain
boundaries and very fine grains are involved, Brook [47]
has demonstrated that a grain growth exponent of three may
occur, so that a cubic grain growth law is equally
possible. These models suggest that a grain growth

exponent of either two or three may be expected for
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solute drag controlled grain growth. Inhibition of grain
growth due to solute segregation to the grain boundary has
been reported for the cases of additions of K50 to ZnO

[71] and of Ca0, MgO and FeC to Al,03 [82,94].

I1.2.2.2 - Second Phase Particles

The migration of grain boundaries can be slowed by
the effects of second phase particles. These particles
interact with the grain boundary by exerting a drag effect
reducing the rate of grain growth. When a second-phase
particle is attached to a grain boundary the grain
boundary can break away leaving the particle behind, or
the grain boundary can drag the particle along, in which
case it remains attached to the grain boundary as it
moves. The latter requires material transport across the
particle, which may proceed by interface/surface or volume
diffusion, by viscous flow, or by solution or evaporation.
When the inclusion is dragged along by the boundary the
velocities of the two are identical. For the case in
which the mobility of the particle is much lower than the
mobility of the boundary, the resulting grain boundary
velocity is controlled by the driving force on the
boundary together with the mobility of the inclusion
particles and the number of inclusions per unit boundary
area.

Second phase precipitate particles increase the
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energy necessary for the movement of the grain boundary
and inhibit grain growth. When a number of inclusions are
present on a grain boundary, its normal curvature becomes
insufficient for continued grain growth once some limiting
size is reached. Zener [44] has predicted a limiting
grain size in the presence of second phase particles given

by:

Gl = dp/pr (34)

where G; is the limiting grain size, dp is the particle
size of the inclusion and Vep is the inclusion volume
fraction. Although this relationship is only an
approximate one, it indicates that the effectiveness of
inclusions increases as the particle size is decreased and
their volume fraction is increased. A more fundamental
approach has been provided by Hillert [17], whereas Smith
[44] predicted that the stabilizing effect wvaries
depending on the particle location, e.g. boundary, triple

points grain edges etc.

I.2.2.3 - Porosity

A second phase which is present in almost all
technical ceramics prepared by sintering is the residual
porosity which remains from the interparticle space

present in the initial powder compact. This porosity can




occur both on the grain boundaries (intergranular) and 47
within the grains (intragranular).

Grain boundary migration is affected by the presence
of pores. During grain growth three cases are possible:
(1) pores can have a high mobility and move along with the
boundaries, offering little impedance to grain growth;

(ii) pores can have low mobility and move along with the
boundaries with the pore mobility controlling and reducing
the boundary velocity; or (iii) or pores can be so
immobile that the grain boundary escapes from the pores.

The motion of a pore can be accomplished by several

different mechanisms, including [77]:

(a) -volume diffusion through the surrounding matrix,
(b) -mass diffusion along the pore surface, or

(c) —-vapor transport within the pore.

When the pores are attached to the grain boundary, any of
these mechanisms can control the mobility of the grain
boundary. The effects of each of these controlling
mechanisms on the rate exponent, n, were summarized in
Table (II.2.2). Values from two to five appear to be
pessible.

Kingery and Francois [87] have suggested that for
pores of a constant shape, the rate of pore migration is

inversely proportional to the pore diameter because the
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distance of material transport changes in proportion to
the pore size. They showed that pore migration during
grain growth leads to pore growth in UOs in which grain
growth is much more rapid than pore elimination. They
also suggested that in U0, the pores coalesce by a vacancy
diffusion process, similar to the coalescence of second
phase inclusions.

As with second solid phase inclusions, pores on the
grain boundaries may also be left behind by the moving
boundary or migrate with the boundary, gradually
agglomerating at the grain corners. In the early stages
of sintering, when the boundary curvature and the driving
force for grain boundary migration are high, pores are
frequently left behind. However, in the later stages of
sintering, when the grain sizes are much larger and the
driving forces for boundary migration are lower, it is
common for pores to be dragged along with the grain
boundaries, thus slowing grain growth. Inclusion particle
and pore agglomeration at the boundaries during the latter
stages of sintering is observed for many ceramic
materials.

As grain growth proceeds, the driving force
diminishes, and the inclusiornis and pores which are dragged
along by the boundaries increase in size so that their
mobility decreases. As a result, the exact way in which

second-phase inclusions or pores inhibit grain growth not
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only depends on the particular system, but can also change

during the grain growth process. It is possible for
several competing processes to occur simultaneously, so
that discerning these effects requires a careful
evaluation of the microstructural evolution in combination

with the kinetics of grain growth.

I1.2.2.4 - Defect Chemistry

The simplest mechanism of diffusion and that most
often encountered in practice is the vacancy mechanism.
It occurs in both metals and compounds of the MeX type.
Defects of the vacancy type predominate over a wide range
of temperatures and pressures in many crystalline
structures, including oxides, sulphides, and spinels.
Diffusion processes which occur according to this
mechanism consist of sucessive jumps of atoms or ions from
lattice sites to neighboring vacancies. Hence the
condition necessary for the change of the position of an
atom in the lattice is the presence of a vacancy on a
lattice site adjacent to the atom.

The probability for the jump of an atom is
proportional to the probability of finding a vacancy in
the immediate neighborhood of the atom. This probability
increases with increasing concentration of vacancies in
the lattice and is equal to the fraction of lattice site

vacancies. The diffusion cocefficient can be expressed as:
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D =a ag2 w Ny (35)

where @ is a geometrical factor which depends on the
crystal structure and the mechanism of diffusion, ag is
the lattice parameter, and Ny is the mole fraction of
defects or vacancies.

The frequency of atomic jumps and the concentration
of vacancies, are both exponential functions of the
temperature and therefore the general relationship for the

diffusion coefficient is expressed by the Equation (36):

D = Dy exp (-Eg/RT) (36)

where E4 is the activation energy for diffusion and Dg
encompasses the temperature independent terms. Dg is a
function of the entropies of formation and migration of
the defects.

As Broock [88] has pointed out, solid sclution
impurities in ceramic systems affect the defect chemistry
and consequently may change the diffusion coeficient. For
the specific case of solid solutions formed by additions
of NbyOr and Al,03 to the Z2n0 there can be a substitution
of the zZn?* ions by the Nb5t or the Al13t ions. When this
occurs vacancies are formed according to Equations (37)

and (38).




51
For charge balance the solid solution addition of

Nb,Os5 to the ZnO lattice requires that two Nb>* ions
replace five zn?t jons on the cation lattice sites,
therefore three Zn vacancies are formed according to the

reaction:

Nb,Os ATe] > 2 NbS*tye 4+ 3 Vgge + 5 072, (37)

Similarly, addition of Al;03 in solid solution also
creates vacancies in the 2n0 lattice. In this case, to
maintain the charge balance, each two a13* ions must
replace three zn?t on cation sites, creating a single Zn

vacancy, according to the reaction:

A1203 700 =4 2 Al3+znn + VZnn + 3 0_20 (38)

Additions of NbyOg obviously create more cation lattice
site vacancies than additions of Al,03. The formation of
these vacancies can enhance the th+ diffusivity because
there are more jump sites available for the diffusing zn2+
ions. These changes in the diffusivity can have profound
effects on the migration of the grain boundaries and on
the rate of grain growth.

When an association of vacancies and solutes occurs
there may be a variety of values for the observed

activation energy for diffusion. 1In some cases the
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association of the diffusing ions with vacancies can lead

to very high diffusion coefficients [52].

IT1.2.3 - Discontinuous Grain Growth

Discontinuous or exaggerated grain growth occurs when
a small number of individual grains grow to a large size,
rapidly consuming the uniform finer grain-size matrix
surrounding them. The resulting grain size distribution
varies with the sintering time as indicated in Figure
(II.2.2). 1In that figure, the difference between
discontinuous and normal grain growth is quite evident.

Two stages have been identified as essential to
discontinuous grain growth: (i) the nucleation of the
abnormal grains, and (ii) the preferred growth of those
grains. There often appears to be an induction or
incubation period corresponding to the increased growth
rate and the formation of a few grains large enough to
grow at the expense of the uniform, fine grain-size
matrix. The driving force for discontinuous grain growth
is generally accepted to be the lower surface energy of
the large grains compared with the high surface energy, or
small radii of curvature of the adjacent much finer matrix
grains.

Discontinuous or abnormal grain growth has been

attributed to several  different factors, including:
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(a) - The presence of dense agglomerates of solid >4
particles in the green compact. These densify
more rapidly and serve as the embryos for the
large grains.

(b) - The presence of impurities, non-stoichiometric
grains, second phases and porosity.

(c) - A very small particle size of the starting
material. Presumably the probability of finding
large grains to serve as nuclei is greater for

smaller initial particle size.

The occurence of discontinuous grain growth is easily
caused by the presence of small dense clusters of grains
in the powder compact. These agglomerates of solid
particles undergo more rapid initial densification and
subsequently exhibit a higher grain growth rate than the
remainder of the material. This would be expected from
the dependence of the grain growth rate on the volume
fraction of solid. Agglomerate inhomogeneities nucleate a
large grain which then eventually grows into the
neighboring matrix which has a lower volume fraction of
solid.

Discontinuous or abnormal grain growth is believed
particularly likely to occur when uniform continuous grain
growth is inhibited by the presence of impurities, second

phases, porosity and off-stoichiometry grains.
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Discontinuocus grain growth is also sometimes observed in

systems having minor concentrations of impurities which
give rise to only a small amount of grain boundary phase.
If the amount of grain boundary phase is increased,
however, both normal and abnormal grain growth may be
inhibited. 1In some cases the effects of impurities appear
to be most detrimental when they occur inhomogeneously in
the powder mix, compositional differences are also
potential causes for discontinuous grain growth. Rhodes
[86] studied the effects of a second phase on the
sintering and grain growth of yttria. He pointed out that
the key element for the occurrence of discontinuous grain
growth in those systems appeared to be the nearness of the
composition to the phase boundary in the phase diagram.
He postulated that a few precipitates may be formed
locally and retard grain growth, but that a neighboring
grain may have its grain boundaries free of precipitates
and is able to grow until it reaches the conditions for
discontinuous grain growth with enhanced kinetics. 1In
many cases some large, abnormal grains have boundaries
that are nearly perfectly straight indicating that the
grain boundary energy is highly anisotropic.

When polycrystalline ceramic bodies are made from
fine powders, the extent of discontinuous grain growth may
also depend on the particle size of the starting material.

The reason for this is that there are almost always
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present in the fine grain size matrix, a few particles of
substantially larger particle size than the average.

These can act as embryos for discontinuous grain growth.
In contrast, as the starting particle size increases, the
chances of particles being present which are much larger
than the average particle size are decreased.
Consequently. the nucleation of discontinuous grain growth
is more difficult. In order to obtain complete
densification, discontinuous grain growth must be

prevented.

II.3 - Sintering

The term sintering refers to the collective phenomena
that occur during the process of heating packed powders.
During sintering, interparticle bonds are formed and grain
boundaries develop, resulting in a reduction of the
surface area and a consequent strengthening of the
original powder compact. Sintering can occur in the solid
state or in the presence of a liquid phase. The presence
of a liquid phase often accelerates the rate of
interparticle bonding during sintering. Nicholson [91]
has observed that the liquid phase greatly influenced the
kinetics of grain growth in Mg0O compacts.

At least three stages have been identified to occur
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during liquid phase sintering:

(i) - liquid flow and particle rearrangement
(ii)- solution and reprecipitation

(iii)-final stage densification

These three stages are represented in Figure (II.3.1)
During the particle rearrangement stage, the liquid phase
forms and the capillary forces exerted by the wetting
liquid on the solid particles cause particle rearrangement
and rapid densification. There is pore elimination as the
system minimizes its surface energy. This results in an
increasing liquid phase viscosity which decreases the
densification rate. Grain growth occurs during the latter
two stages.

A general attribute of the second stage, that of
solution-reprecipitation is grain growth. The solubility
is higher for the smaller grains than for the larger
grains, thus creating concentration gradients in the
system and consequently material transport from the
smaller grains to the larger grains, resulting in
microstructural coarsening. During this stage, shape
accomodation occurs, with tighter packing of the grains,
pore elimination and densification.

The third stage is considered to be solid state

controlled sintering. The development of a solid skeleton
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from interparticle contact reduces the rate of

densification, however, diffusion results in further
microstructural coarsening. Often, entrapped gases cause
an enlargement of residual pores with consequent swelling.
A prolonged final stage can cause degradation of the
physical properties.

Capillarity is one of the most important aspects of
the interfacial energies associated with liquid phase
sintering. Capillary attraction is increased by a smaller
capillary tube diameter or opening. During liquid phase
sintering this means that a wetting liquid will
preferentially penetrate those regions of the smallest
pore diameters, drawing the powder parﬁicles together. As
typical green compacts have inhomogeneous microstructures,
differences in powder packing and pore size leads to
differences in liquid penetration on a local scale.

The most beneficial aspect of capillarity is the
strong surface forces exerted on the solid particles once
the liquid phase forms. The attractive force between two
particles with a wetting liquid, as represented in Figure
(II.3.2) is given by summing the pressure and surface
energy contributions. The force, F., on one of the
particles depends on the meniscus size, X, as indicated in

Equation (39) [16]:

Fo = (R X2 P) + (2 ® X Yy cos ¥, (39)
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where, P is the liquid pressure, X is the meniscus size,
Yrv is the liquid-vapor surface energy, and the angle V¥ is

that shown in Fig.(II.3.2.a).

The pressure P has been previously specified as:

P =y (1/z1 + 1/x3). (8)

For good wetting the force between the particles is an
attractive one, leading to a nearly zero separation
between the particles. Alternatively, for poor wetting
the liquid forces a separation between the particles.
These two conditions are contrasted in Figure (II.3.2.b).

Combination of Equations (9) and (3%) for spheres

yields:

FC= (27‘CX2 'YLv)/r'l" (2TCX'YLVcOS \if)- (40)

This shows that the attractive force between particles due
to a wetting liquid varies with the radius of the
particles and with the surface energy. The attractive
force decreases as the liquid surface energy decreases and
as the quantity of liquid increases. The contact force
for a wetting liquid also decreases with particle
separation. Thus, particles with a connecting meniscus of

wetting liquid will be drawn together with a increasing
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force. Furthermore, smaller particle sizes are beneficial

since the magnitude of the attractive force is inversely
related to the particle size, as shown by the first term
in Equation (40). For many practical systems the particle
diameter must be below 10 um for the capillary forces to
give significant densification by rearrangement during

liquid phase sintering.

IT.3.1 - Sintering of Pure Zinc Oxide

The schematic idealized two sphere model shown in
Figure (II.3.3) can be used to describe a number of
proposed sintering mechanisms. 1In crystalline materials,
the mass transport processes generally accepted to be
active to some extent during sintering are bulk diffusion,
surface diffusion, grain boundary diffusion, plastic flow,
evaporation/condensation or some combination thereof. 1In
all cases the themodynamic driving force is the reduction
of surface energy. Studies of these mechanisms during the
sintering of ZnO have been conducted by a number of
workers utilizing the characterization methods of gas
adsorption for surface area measurements [8,54,55],
shrinkage of compacts [8,9,56], pore size distribution
measurements [2-4] and grain growth [8,56-59].

Several different atmospheres i.e. vacuum [59],
reducing atmospheres [60], oxygen at several different

pressures [55,56,58,59,61,62], helium [9,56,62], hydrogen
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[62], argon [61], nitrogen [8,9], and air ([56,57,59,61-65]

have all been employed in studies of the sintering of pure
Zn0. Weyl [60] observed that sintering was promoted in a
slightly reducing atmosphere. He interpreted this result
in terms of the enhanced lattice diffusion resulting from
the creation of lattice vacancies. Lee and Parravano [62]
observed that fresh Zn0 sinters rapidly in air and oxygen,
but it does not sinter appreciably in helium at the same
temperatures. They explained the mechanism of Zn0O
sintering by the diffusional transfer of a stoichiometric
excess of Zn ions and postulated that the sintering of ZnO
was essentially a solid state reaction controlled by the
free energy change between the interior and the surface of
the crystallites.

Effects of the atmosphera on Zn0 grain growth have
been reported by Dutta and Spriggs [59] and Gupta and
Coble [56]. Dutta and Spriggs demonstrated that the grain
growth rates of pure Zn0O are the highest in a vacuum and
the lowest in oxygen, while the grain growth rate in air
is intermediate. They concluded that the different grain
growth rates for ZnO in air, oxygen and vacuum may be
related to the nonstoichiometric composition of Zn0O in
these environments.

Kinetic studies of the grain growth of pure ZnO have
consistently reported a grain growth exponent,or n value

of three. Activation energies for grain growth varying
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from 213 to 409 kJ/mol have been reported in the

literature [57-59]. Gupta and Coble [56] related the
densification and grain growth rates in the intermediate
and final stages of sintering to the lattice diffusivity
of Zn ions. Senda and Bradt [57] have studied the
kinetics of grain growth in pure ZnO and also conclﬁded
that the controlling mechanism is the diffusion of zn2t
ions in the Zn0 lattice. Table (II.3.1) summarizes the
different studies of the sintering of ‘pure Zn0O, including
initial conditions, processing, results and proposed

mechanisms.

II.3.2 - The Role of Additives in the Sintering of Zn0O
Commercial ZnO-varistor ceramics are extremely
complex multicomponent materials that contain a number of
metal oxide additives. In general the compositions of ZnO
based varistor ceramics are designed to optimize the non-
ohmic properties of the device. These properties are
controlled by the ceramic microstructure. Asokan et al
[2-5] using SEM, X-ray diffraction and electron probe
microanalysis have observed and reported three types of
solid phases in sintered commercial ZnQO-varistor ceramics,

including:

a) - The 2Zn0 phase which may have the cations of the

additive oxides in solid solution.
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Table T11,.3.1 - Summar £ Zn0 Grain Growth Exponen and
Activation Energies [571.
Reference Parameter Temperature Growth Activation
Measured Range Exponent Energies
(°C) (KJ/mol)
Norris Neck Length 1050-1250 3 440-461
Parravano of Spheres
(1963) [63]
Nicholson Grain Size 900-1100 3 409
(1965) [58]
Gupta and Grain Size 900-1300 3 25342
Coble (1968)
[56]
Dutta and Grain Size 950-1250 3 213
Spriggs
(1968) [59]
Moriyoshi and Shrinkage 800-1000 - 183
Komatsu
(1968) [92]
Komatsu et al Shrinkage 800- 900 - 223
(1969) [8]
Gupta (1971) Grain Size 1100-1300 5 -
[711]
Whittemore Surface 450-550 3.6-3.8 184
Varela (1981) Losses
[64]
Whittemore Shrinkage 600-725 - 267
et al. (1%83)
[65]
Wong (1980) Grain Size 1100-1400 6 243
[66]
Readey et al Grain Size 950-1200 3 326
(1988) [7]
Senda and Grain Size 900-1400 3 224%16

Bradt [57]




68

b) - A BijO3-rich network that developed as the

c)

liquid phase separating the individual 2ZnO
grains.

Spinel phases such as Zn9Sby072 or 2Zn3NbyOg that
exist as distinct, faceted octahedral
crystallites. These are usually present on the

Zn0 grain boundaries.

However, both Wong [66] and Levinson [11] have

consistently reported the presence of the 2zn7Sb;01, spinel

phase within individual ZnO grains as well as at the ZnO-

Zn0 grain boundaries.

The presence of these additive oxide can affect the

ZnO-varistor ceramic properties in several ways including:

(a)

(b)

(c)

- Creation of lattice defects which contribute to

the back-to-back Schottky barriers, thus
directly affecting the electrical performance of
the device.

Controlling the diffusion of interstitial zZn2*
ions and the other ionic species, therefore
affecting the sintering, the grain growth
processes and the final microstructure.
Precipitation of new phases within the material
which can affect the grain boundary mobility and

consequently, the grain growth kinetics and
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ultimately also the final microstructure.

To control the microstructural development of ZnO during
sintering it is necessary to understand the individual

effects of each of the various types of oxide additions,
as well as their synergistic effects at different levels

on the sintering and grain growth of 2ZnoO.

II.3.2.1 - The Role of Bij03 in the Sintering of ZnO

For the commercial BijOz-containing ZnO varistor
ceramics the resulting microstructure is a consequence of
the liquid phase sintering process. BijO3 is the low
melting point component (825°C) and forms the initial
liquid phase that dissolves some of the 2ZnO and the other
additive oxide constituents during actual sintering.
During cooling the BijOz-rich liquid phase solidifies at
the multiple-grain junctions. Figures (II.1.4) and
(IT.1.5) show a schematic of the ZnO grain and the Biy03
at the grain junctions.

Complete surveys of the known bismuth oxide phases
and their crystal structures have been presented by
Medernach and Snyder [67] and by Harwig [68] and are
summarized in Table (II.3.2). Cerva and Russwurm [10]
have analysed the microstructure of bismuth oxide phases
in ZnO varistor ceramics by means of transmission electron

microscopy and X-ray diffraction. They concluded that the
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majority of the multiple grain junctions are filled with

the metastable tetragonal B-Bi;O3 phase. Individual
grains of B-Bi203 were found to consist of two types of
domains, having the same basic tetragonal lattice but
different microdefect populations. A few of the multipie
grain junctions also contained the stable monoclinic o~
BipO3 phase in addition to the B-Bi»O3 phase. Heat
treatment induces a transformation of the a and B-BijO3
phases into the cubic y-Biy03 phase. The B-Biz03 phase
has also been reported to transform into nonstoichiometric
crystallites of a Bij05 33 phase.

Wong [66], Asokan et al [2-5] and Senda and Bradt
[57] have all studied the effects of Bi,O3 on the
sintering and grain growth of 2Zn0. They concluded that
the presence of the BijyO3-rich liquid phase not only
enhances densification, but also promotes grain growth of
the ZnO. Volatilization of Biy03 occurs during sintering
and was observed to affect the microstructure of the 2ZnoO
ceramics, resulting in loss of nonlinearity [66]. Senda
and Bradt [57] determined that the grain growth kinetic
exponent, the n-value, increased from three for pure ZnO
to five for the binary system Zn0-Bij03. Simultaneously,
the apparent activation energy for grain growth decreased
from 224 kJ/mol for pure ZnO to only 150 kJ/mol with
additions of Biz03. This latter activation energy was

independent of the Bi203 content. They concluded that the
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Table IT1.3.2 - Crystal Structures of Some 2nQ Varistor

Phases. [67, 681

Phase Crystal Lattice
Structure Parameters (A°)
a b c
Zno Hexagonal 324.8 520.3
Zn4Sby01 2 Inverse
Spinel
Cubic 855
0-Bijy03 Monoclinic 584.8 751.0 816.6
Stable at room B= 113°
temperature
B-Biy03 Tetragonal 774.2  563.1
Metastable at
room temperature
Y-Bis03 BCC
Sillenite
structure
8-Bijy03 Cubic 525
Stable at high Defect CaFj
Structure
Bis0p 33 Tetragonal
Nonistoichometric Superlattice 385 3510
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grain growth process in Zn0-Biy03 ceramics is controlled

by the phase boundary reaction between the solid ZnO

grains and the BijO3-rich liquid phase.

I1.3.2.2 - The Role of Spinel Forming Additives

The roles of the three spinel-forming additives
Sb03, Nby0Og, and Al;03 on the sintering and grain growth
of Zn0 ceramics have been previously investigated in only
a very superficial manner [1,2-5,7], except for the study
of Zn0-Sby03 by Senda and Bradt [70]. Additions of Sby03
result in the formation of the Zn7Sby012 spinel and are
known to drastically inhibit the grain growth of 2ZnoO.
Additions of Al;03 [7] form the spinel phase 2ZnAl,04 and
also inhibit grain growth. Additions of Nb,0g were found
to induce the formation of the Zn3Nby0g spinel, affect ZnoO
grain growth and also to improve electrical nonlinearity.
The optimum Nb,0s5 content for improved electrical
properties has been reported to be 0.2 wt% [5].

Kim et al [69] have investigated the sintering
effects of additions of antimony oxide through Sb,0s,
ZnSby0g, @-2Zn7Sbs017 and Sby04 additions. They concluded
that the addition of Sby03 from 0.1 to 2.0 mol% increased
the densification temperature of Zn0 from 600°C to nearly
1000°C regardless of the size and doping level of the
Sby03. However, additions of ZnSbyOg, 0-2Zn7Sby07, and

Sbp04 all yielded densification characteristics different
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from those of Sby03-doped ZnO. Slight densification

occurs at 600°C, but that densification is not completed
below about 1200°C.

The effects of Sby03 on the densification
characteristics of ZnO have been considered in terms of
the volatile nature of Sb;03. The Sby03 begins to rapidly
evaporate at about 500°C and then condenses on the Zn0
particle surfaces as a non-crystalline phase, causing
retarded densification. Densification does not proceed
until the Sb-oxide film on the ZnO particle surfaces is
changed through reaction of the Sb503 and 2nO for the
formation of the crystalline a-2Zn3Sby0313 spinel at about
700°C or perhaps even higher temperatures.

Similar to their systematic kinetic studies of grain
growth in pure 2n0 and Zn0-Biy03, Senda and Bradt ([70]
have also systematically addressed a series of Zn0O-Sby03
compositions. They reported that additions of Sby03 to
Zn0 reduced the grain growth of the ZnO, an effect that
was dependent on the Sb,03 content, as greater Sbj03
contents yielded finer grain sizes. The values of the
grain growth exponent and those of the activation energy
both increased with additions of Sb;03. Interestingly,
the Sb,03 also caused twinning in the Zn0O as virtually
every grain contained a twin, even at low Sby03 levels.

Readey et al [7] have observed that additions of

Al,03 inhibited grain growth of ZnO. They have attributed




this Zn0 grain growth inhibition to the presence of the

ZnAl,04 spinel phase exerting a drag effect on the grain

boundaries.

I1.3.2.3 - Effects of Other Oxide Additives

Gupta [71] has reported that additions of K;0 to ZnO
drastically inhibit the grain growth and that grain sizes
of Zn0 ceramics with only 0.12 wt% K0 are much smaller by
about a factor of two than those of pure Zn0O. Komatsu et
al [8,9] have analysed the effects of the alkali oxides
Lip»0 and Najy0 as well as Al;03 and InpyO3 additions on the
sintering of 2ZnO over the temperature range from 600°C to
1200°C in air. They measured the linear shrinkage of the
compacts and the surface areas. The alkali oxides LijO
and Nas0 were found to promote the sintering of 2nO while
Al;03 and Iny03 were both observed to inhibit sintering.
They internreted these results were in terms of the
diffusion of interstitial zinc ions which are controlled

by the solution of these additives in the Zn0O structure.

IT.4 - Phase Diagrams

Figure II.4.1 depicts the Zn0-Nby0Og phase diagram.
It is observed that the compositions considered in this
study, 0.80 wt% Nb,Og and less, are in a two phase field
formed by the 2Zn0 and the spinel Zn3NbjOg.

Figure II.4.2 illustrates the Zn0-Al,03 phase
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diagram. Although only the liquidus curve of the system

Zn0-Al,03 is shown in this figure, it is clear that the
compositions under study which contained 0.80 wt% Al,03 or
less, are in a two phase field consisting of ZnO and the

spinel phase ZnAlx04.

II.5 - Crystal Structures
IT.5.1 - Zinc Oxide

The ZnO crystal structure is the Wurtzite structure.
It consists of hexagonal close packing of the large oxygen
ions, with half of the tetrahedral interstices filled with
the zinc ions. This structure is depicted in Figure
(II.5.1). Both the anions and the cations have a

tetrahedral configuration.

I1.5.1 - Spinel

In the spinel structure the oxygen anions form a
close packed cubic lattice in which the cations occupy the
octahedral and the tetrahedral intersticial positions.
The elementary cell of the spinel contains 32 oxygen
anions and hence it has 32 octahedral and 64 tetrahedral
positions. These positions can be filled by cations in
different ways and as a a result two spinel structures,
the normal and the inverse, are formed. Im the classical
normal spinel, e.g. MgAl,04, one half of the octahedral

positions are filled by the trivalent aluminum ions and
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Figure II.5.1 = The Zn0 Crystal Structure {(Wurtzite)
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1/8 of the tetrahedral positions are filled by divalent

magnesium ions. In the inverse spinel 1/8 of the
tetrahedral positions are filled by the trivalent cations
while the rest of the trivalent cations, as well as the
divalent cations, are situated in the octahedral
positions. The two common spinel structure are depicted
in Figure II.5.2. The ZnAl,04 spinel is similar to the
MgAl;04, the trivalent aluminum ions occupy one half of
the octahedral positions, and the divalent zinc ions
occupy 1/8 of the tetrahedral positions.

The unit cell of the spinel Zn3NbyOg also contains 32
oxygen atoms, 32 octahedral sites, and 64 tetrahedral
sites. However, the pentavalent niobium ions occupy only
1/4 of the octahedral sites, while the divalent zinc ions
fill approximately 1/3 of the tetrahedral positions.
Therefore, the Z2n3Nb,0g spinel has a defect structure,
with many vacancies in the octahedral sites and an excess
of zinc ions in the tetrahedral sites.

The unit cell of the 2n4Sby0q, spinel phase has 108
oxygen atoms, 108 octahedral sites and 216 tetrahedral
sites. Since the stoichiometry indicates that only 1/6 of
the octahedral sites are filled by the trivalent
antimonium ions, while an excess of zinc ions fill
approximately 1/3 of the tetrahedral sites, it is clear
that the structure of the Zn7Sby015 spinel is also a
defect structure containing many octahedral-site vacancies

and excess zinc ions.




(b) - Inverse Spinel




CHAPTER III - EXPERIMENTAL PROCEDURES

III.1 - Materials

The ZnO powders used in this study were all products
of the French process which produces nearly spherical
powders by oxidizing pure Zn metal vapor. The French
process powders (Grades 911, 920, 930, and 506) of the St.
Joe Zinc Co, Monaca, PA, 15061, had as principal
impurities, 0.0015% Fep03; 0.0007% PbO; 0.0006% CdO;
0.0001% CuO; 0.0005% MnO; 0.0051% SiOp. These four powder
grades had average particle sizes of 0.11, 0.20, 0.30, and
2.0 um respectively.

Reagent grade powder from Ventron Corp., Danvers, MA,
01923, was the source of Biz03. Technical grade Nb;0g
powder from Fansteel Corp., North Chicago, Illinois,

60064, and Al,03 powder was from Alcoa, grade Al6.

III.2 - Compositions

Table (III.2.1) summarizes the four different
starting Zn0O powders, their particle diameters, calculated
surface areas, volumes and the surface area to volume
ratios. The available range of particle sizes have
particle surface areas (SA) and volumes (V) that vary by
about 103. However, the (SA/V) ratio varies by only a
factor of ten. After some preliminary studies from which

the relevance of the initial 2n0 particle size to the
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Table I1T7.2.1 - 7Z2n0 Initial Particle Sizes, Surface Areas

Diameter

d (um)

0.11
0.20
0.30
2.00

and Volumes.

Initial Zn0 Powder Particle Dimensions

Surface Area (SA) Volume (V)

Td?x1072 (um2) 7d3/6x10~3 (um3)
3.80 0.70
12.57 4.19
28.27 14.14

125%6.64 4188.80

SA/V
(um~1)

54.30
30.0
20.0
3.30
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final grain size (microstructure) could be clearly

demonstrated, only the two extreme sizes, ie, 0.11 um and
2.0 um were employed for subsequent experiments to study
the roles of the initial Zn0O particle size on the
microstructural development and grain growth.

To define the base composition(s), it was necessary
to decide whether the 2n0O ceramics to be considered in
this thesis should contain Bi;03, or to be free of BijO3.
The choice was made to examine BijO3-containing ZnO
ceramics. This was because a number of studies have been
completed with BijO3-containing ZnO ceramics and the
correlations between the microstructures and the
electrical properties are generally better understood than
for BiyO3z~-free ceramics.

Once the presence of Bij03 was established, it was
next necessary to decide the percentage of BijyO3 to
incorporate into the body. To resolve this issue, the
results by Palanisany and Asckan [5], were considered. As
the optimum content of BisO3 is indicated to be from 3 to
6 wt%, for the present work the highest level, i.e., 6 wt%
Bi,03 was chosen to achieve a substantial content of
liguid phase throughout the compacts during sintering.

The basic binary Zn0-BijO3 composition used in this

research was:
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(a) wt% (b) mol% (c) vol%
84 ZnoO 98.92 Zno 96.20 ZnoO
6 Bi203 1.08 Bi203 3.80 Bi203

The 6 wt% BijO3 is 1.08 mol% BiyO3 and 3.8 vol% BijOs3.

For the study of the effects of the two spinel
forming oxide additives, NbyOg and Al;03, ternary
(Zn0/Biy03/additive) systems were prepared by individually
adding NbyOg, or Al,03 powders to the basic binary
composition. According to Palanisany and Asokan [5] the
optimum levels of Nb,0g should be about 0.2 wt%. To
address that level in this study, the NbyOg contents
chosen were 0.05, 0.10, 0.20, 0.40, and 0.80 wt%. This
range of compositions brackets the optimum level for
behavior of the varistor nonlinearity and of the grain
growth kinetics.

The levels of Al;03 additions which were chosen were
based to a large extent on the studies of Komatsu et al
[8,9]. 1In their research, they examined a 0.6 mol% Al;03
compositions, although they also studied the effects of
Liy0 in ZnO-varistor ceramics for Li,0 levels from 0.1 to
1.0 mol%. 1In the present study, the levels of Al;03
chosen were also in this range as the actual Al;03
additions were: 0.10, 0.20, 0.40 and 0.80 wt%.

The relative amounts of spinel phases that these
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additions of Nb,Og and Aly03 would form, if fully reacted

with the Zn0O in the appropriate stoichiometry are
summarized in Table (III.2.2). These calculations assume
a density of 5.82 g/cm3 for the Zn3NbyOg spinel and 4.61

g/cm3 for the ZnAl,04 spinel.

III.3 - Specimen Preparation

Specimen compositions were prepared by initially
mixing the 2Zn0O powders with 6 wt% BijO3 and then
subsequently adding either the NbyOg, or the Aly03 and 3
wt% of Carbowax-4000 as a binder. The binder was added
from a solution of 0.5 g/cm3 of Carbowax in distilled
water. To obtain well homogenized mixtures, two different
mixing processes were utilized for the preparation of the
base binary systems (2n0O-Bi,0O3). One binary mixture was
prepared in a mortar and pestle and another was ball
milled with distilled water (150 cc distilled water for
100 g powder) for 1/2 hour in a 1.0 liter polyethylene jar
using dense alumina media, approximately 1 cm in diameter.
The ball-milled mixture was then dried at 150°C, after
which it was manually ground in a mortar and pestle to
break up the cakes. A portion of the ball milled powder
was then passed through a 50-mesh screen.

These zZnO + 6 wt% Bi;O3 mixtures were obtained from

the different processes, including:




85

Table III.2.2 - Additive and Spinel Contents.

Additive wt$%

Nb,0g

A1203

0.05
0.10
0.20

0.40

0.10
0.20
0.40
0.80

0.02
0.04
0.08
0.16
0.32

0.09

0.36

0.72

0.06
0.12
0.24
0.48
0.96

0.14
0.28
0.56

1.12

Spinel Phase

wt$% vol%
Zn3Nb208
0.10 0.097
0.20 0.19
0.40 0.38°
0.80 0.76
1.60 1.56
ZnAl,0y4
0.18 0.23
0.36 0.46
0.72 0.92
1.44 1.83
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a) - powders mixed only with a mortar and

pestle,
b) - powders ball milled, and
c) - powders ball milled and sieved through 50

mesh.

Each was stored in an individual container for future
utilization. Subsequently, appropriate amounts of the
Zn0-Bij03 mixtures were weighed and mixed with the
additives, either Nby0g or Al,03 powders, and with the
Carbowax solution in a mortar and pestle. Powders
prepared in this manner were finally pressed into discs
approximately 12.8 mm in diameter by 4 mm thick at 100 MPa
(15,000 psi). The green densities of the as-pressed

compacts were about 65 % of the theoretical density.

I1II.4 - Firing

For firing, specimens were first heated slowly in
room air and held at 500°C for one half hour to burn off
the carbowax binder. The temperature was then raised to
the desired sintering temperature at a rate of 10°C/min.
Series of specimens were fired at four different
temperatures, (900°C, 1030°C, 1192°C, and 1400°C) for four
different sintering times, (0.5, 1, 2, and 4 hours). Thus
each composition had 16 time-temperature combinations.

There were 80 NbyOg specimens and 64 Al,03 samples.
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III.5 - Polishing and Etching

For microstructural examination, which was conducted
primarily by reflected light microscopy, the fired
specimens were mounted in an acrylic resin. After
grinding with 600-grit size SiC paper under a stream of
tap water, final polishing was accomplished with 0.3 pm
alumina powder in an automatic vibratory polishing machine
(Syntron) with a distilled water wvehicle. Ultrasonic
cleaning of the specimens while immersed in distilled
water was performed after each individual preparation
step. To reveal the microstructure, the polished
specimens were etched in a dilute acetic acid solution

(10%) for approximately 30 seconds.

I11.6 - Microstructural Analysis

Grain size measurements were conducted directly from
400X photomicrographs of the polished and etched specimens
using a ZIDAS Image Analyser. Thé ZIDAS ( Zeiss
Interactive Digital Analysis System) is an image analysis
system that derives measurements and statistics from
images traced on a digitizing tablet. An electro-magnetic
field is generated in the tablet. When the cursor, or
stylus is positioned or moved on the tablet surface pulses
are detected which relate to the location of the cursor or

stylus on the tablet. An automatic closure feature
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enables the user to trace the perimeter of an object

without returning precisely back to the starting point.
The grain sizes were measured using the Equivalent Circle
Diameter Function which computes the area of an irregular
shape and transforms it into an equivalent circle diameter
for easier wvisualization of size.

The average grain sizes for a few specimens were
measured by the Linear Intercept Method proposed by
Mendelson and by using the Image Analyser to verify how
both methods compared with each other. The values of the
average grain sizes obtained with the ZIDAS Image Analyser
were the same as the values obtained using the average
linear intercept method derived by Mendelson [43] using
Equation [33]. This showed that since both methods are
equivalent either one could be used to measure the grain
sizes, the choice of the Image Analyser Method was simply
a question of convenience because this method is much
faster.

For statistical evaluation, about 50 grains were
measured on each micrograph and the STAT function was used
in the Program Mode to obtain the sum, the mean, the
standard deviation and the variance of the equivalent-

circle~diameter (grain size) of the micrograph.

III.7 - Method of Analysis of Grain Growth Parameters

The experimental grain growth results were analysed




. , 89
in terms of the previously discussed phenomenclogical

kinetic grain growth expression, Equation (32):

GR - G = Ky t exp (-Q/RT) (32)

If it is assumed that the initial mean grain size, Gp, is
relatively small compared to the final mean grain size, G,
after the sintering time t, ( G>>Gg), then Equation (32)

can be simplified to yield:

G = Ky t exp (-Q/RT) (41)

The logarithmic form of Equation (41) is:

n log G = (log Ko - 0.434 Q/RT) + leg t (42)

This form of Equation (32) was used on a (log G) versus
(Log t) plot to estimate the experimental kinetic grain
growth exponent, n. The exponent n is determined as the
inverse of the slope of the line log G versus log t.
Fluctuations in the n-value are common and can have
at least two sources. One is due to the statistical error
that accompanies every experimental measurement, and the
other is due to variations of the grain growth rate with
the firing temperature. Since the grain growth exponent

is related to the grain growth rate, some variation in the
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experimental value of n with the firing temperature is to

be expected.

During analysis of the kinetics of grain growth,
different procedures are often employed to determine the
optimum value of the grain growth exponent, or n-value, in
order to construct an Arrhenius plot. In one approach,
for the cases in which the changes in the n-value are
relatively small and fall within the limits of the
statistical error an average value for n is calculated
from the n values for the several different firing
temperatures. The actual n-value is taken as the
"nearest-integer"” to this average. This "nearest-integer”
n-value is then used in the Arrhenius plot.

Another procedure is used in those cases where the
changes in the n-value with temperature are large,
indicating that the grain growth rate is varying with the
temperature. In these cases the best value(s) for n are
found through trial and error estimates best fit the
Arrhenius plot.

Once an appropriate grain growth exponent,or n-value
has been established, the logarithmic form of Equation

(41) can be rewritten in the form:

log (GB/t) = log Ky - 0.434 (Q/RT) (45)

When plotted, this form of the grain growth equation
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should yield a straight line for log (GB/t) plotted versus

(1/T). The activation energy for grain growth can be
determined from the slope of this line (- 0.434 Q/R) and
the pre-exponential factor Ky can be estimated as the (log
Kg) intercept.

Analysis of the grain growth kinetics using Equation
(32) cannot be applied directly to those cases where the
grain growth is discontinuous, because for this process
the grain size distribution is neither lognormal nor time
invariant. However, analysis of the grain growth kinetics
can still be attempted for those cases in which the grain
growth process started as a discontinuous c¢cne, once the
large grains have completely consumed the fine matrix
grains and are colliding with one another. For those
cases the term Gp!! cannot be neglected in that analysis,
because the initial grain size Gy is not much smaller than
G. Then, the measured values of Gy and G were applied to
the Equation (32’) in which the initial time tg is that

corresponding to Gp:
1og[(G® - GM /(t-tg)1 = log Ko - 0.434 Q/RT (327)

The left side of this equation is be plotted versus 1/T
using the trial and error method, assuming n = 3, 4, 5, 6,
etc and then choosing the n=value that gives the best fit

for the line in this plot. Then the grain growth kinetic




parameters Q and Ky can be estimated from the slopes and

the intercept of the resulting line.
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CHAPTER IV: RESULTS AND DISCUSSIONS

IV.1l - Effects of the Initial 2Zn0 Particle Size
IVv.1.1 - Preliminary Studies

It was previously noted that for investigation of the
effect of the initial ZnO particle size on the grain
growth, four different Zn0O powders were chosen for the
study. The initial ZnO particle sizes were 0.11 pm, 0.20
pum, 0.30 um, and 2.0 um. Scanning electron micrographs of
these four powders are presented in Figures IV.1l (a to d).
A preliminary study was performed to decide if the
differences in these four particle sizes were sufficiently
great to result in significant differences on the final
Zn0 microstructures after firing.

In the preliminary studies the four particle size
powders were first employed to prepare specimens
containing 2n0 + 6 wt% Bi;03 and then fired in air at
1192 °C for 1 hour. The resulting microstructures are
illustrated in Figures IV.2 (a to d) for the initial
powder particle sizes increasing from 0.11 pm to 2.0 um,
respectively. Figure IV.2.(a) depicts the Zn0O + 6 wt%
BioO3 consolidated with the 0.11 pm 2Zn0O, and has an
average grain size of (3%9% 2) um. ©Note that some very
elongated grains are present. Figure IV.2.(b) is for the
specimen consolidated from the 0.20 pum ZnO powder, which

yielded an average grain size of (33 *2) um. Figure
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IV.2.(c) is for the specimen consolidated with the 0.30 ugé
Zn0 and Figure IV.2.(d) is for the specimen with the 2.0
Hm ZnO. Their average grain sizes are (29 +2) um and (11
*3) um, respectively. It is evident that the
microstructures of those specimens prepared with the three
finer powder particle sizes are very similzr, as there is
a wide range of grain sizes and all three also contain
numerous elongated grains. However, a substantial
difference of the final grain size is observed for the ZnO
powder particle size of 2.0 pm. It is much finer and a
nearly equiaxed microstructure, one that appears to have
developed by normal grain growth processes.

On the basis of these experimental results, since the
three powder particle sizes of 0.11 um, 0.20 um, and 0.30
Hm all yielded very similar microstructures, the two
intermediate particle sizes of 0.20 Um and 0.30 Um were
abandoned. Subsequent comparisons of the effect of the
initial powder particle size were carried out by employing
only the two extreme powder particle sizes, 0.11 um and
2.0 pm.

Having established which initial 2Zn0O powder particle
sizes to further study, the particle-size-effect study
proceeded by investigating the following two different

systems i.e.:

a) - The solid state system consisting of the "pure"®
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Zn0 powders.

b) - A system containing substantial liquid phase at
the firing temperature, consisting of

Zn0 + 6 wt% Bi203.

The results for each of these two situations are presented

and discussed in the following sections.

IV.1.2 - The Solid State System

Figures IV.3 and IV.4 illustrate the microstructures
resulting from the firing of the two "pure" zinc oxides,
the finest (0.11 um) and the coarsest (2.0 um), both at
1400 °C for 1 hour in air. The microstructures which
result from the solid state sintering of these two "pure"”
Zn0 powders both have grains with a very regular
geometrical shape, as the angles of most of the grain
junctions are essentially 120°. These grain shape
characteristics are usually associated with normal grain
growth processes. The finer initial powder particle size
vielded the larger final grain size, (40 £2) um for the
0.11 pm ZnO, but only (10 *4) um for the 2.0 um 2Zn0O, a
difference of a factor of about four.

The average grain sizes for "pure"” zZn0O which have
been reported in the literature by Gupta and Coble [56],
Dutta and Spriggs [59], and Senda and Bradt [57], are all

in close agreement with the average grain size observed in




Figure IV.3 - Optical Micregraph of the "Pure"” Zn0
Fired at 1400°C for 1 Hour.

Initial 2Zn0 Particle Size 0.11lum.
Average Grain Size G=(40%2)um. Magnification 200 X.
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Figure IV.4 - Optical Micrograph of the "Pure" 2Zn0O
Fired at 1400°C for 1 Hour.

Initial 2nO Particle Size 2.0um.
Average Grain Size G=(10%4)um. Magnification 200 X.
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this study for the 0.11 um Zn0O. However, the average »

grain sizes .=zported by Nicholson [58], Wong [66], and
Asokan et al [3] are all somewhat smaller and appear to
correlate more closely with those reported in this study
for the 2.0 um ZnO. Wong [66] and Asokan et al [3] did
not report the initial particle sizes which they employed
in their studies, therefore, their results cannot be
attributed to the effects of the initial particle size
with absolute certainty. Nicholson used Zn0 powders of
the smallest size (0.10 um) and he also obtained very
small final grain sizes, an apparent contradiction when
the results obtained by the other authors [56,57,59] and
in this study are considered. However, Nichclson’s
results may have been related to atmospheric effects,
since his specimens were sintered in oxygen instead of
air. As Dutta and Spriggs [59] have proposed, the rate of
grain growth for ZnO sintered in oxygen may be much lower
than that for firing in air.

Figures IV.3 and IV.4 illustrate that during the
solid state sintering of these 2n0 powders, the smaller
initial powder particle size results in the larger final
average grain size. Also, since smaller initial particle
size results in a higher rearrangement and densification
rates, the specimens consolidated with the smaller initial
particle size have a lower volume fraction of pores and a

higher fired density, 97%, while under the same firing
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conditions, the specimens consolidated with the larger

initial particle size have a fired density of only 85%.

Since the driving force for grain growth is the
reduction in the surface free energy, the system
consolidated with the smaller initial particle size,
having a larger surface energy per unit volume, is
expected to have a higher driving force for grain growth
in the initial stages. During the initial stage of grain
growth on a porous body, when the effective force acting
on the grain boundaries is large and exceeds the force
binding the pores to the boundary, the boundaries become
detached from the pores and consequentiy have a high
mobility.

For a normal grain growth process, the grain growth
rate, dG/dt, can be related to the driving force, f, and

to the grain boundary mobility, W ,by the equation:

(dG/dt) =2 g u £ (44),

where g is a geometrical factor. It is evident from
Equation (44) that the system consolidated with the 0.11
Mm ZnO will have a higher grain growth rate at all stages
of the grain growth process. At the initial stages, the
grain growth rate is larger due to the contribution of the
driving force factor, and at the later stages due to

higher grain boundary mobilities. This might explain why
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the system with the smaller initial particle size results

in the larger grain size microstructure as observed
experimentally and illustrated in Plates IV.9 and IV.10.

The effect of the initial particle size on the final
microstructure has been explained in terms of the driving
force that enables the grain boundaries to leave many
pores behind. Since this driving force decreases as the
initial particle size increases it 1s reasonable to expect
the existence of a critical particle size above which the
driving force is not sufficiently high to exceed the force
binding the pores to the boundary. In those cases, the
grain boundaries will remain attached to the pores and the
effect of the initial particle size will be observed only
during the very early stages of the grain growth process
when the effects of the driving forces are relevant.

No further investigation of the "pure" ZnO solid
state system was pursued. The remainder of this thesis
addresses only those systems that contain a BipO3 liquid

phase during sintering.

Iv.1.3 - Effects of ZnO Particle Size During BijO3 Liquid
Phase Sintering

The effect of the initial ZnO powder particle size on
the fired density of the Zn0 + 6 wt% Bi;O3 composition was
studied by firing specimens with both the 0.11 pm and 2.0

pum ZnO, and then determining the densities from the
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weights and the dimensions of the specimens. The

theoretical density of the specimens containing a mixture
of 2n0 + 6 wt% BiyO3 is 5.74 g/cm3.

Figure IV.5 illustrates the final densities for the
Zn0 + 6 wt% BijO3, with the 0.11 um zZnO powder, fired at
the four different temperatures. At 900 °C the density
increased rapidly and reached a value of about 98 % of the
theoretical density after 1 h. It is also evident in this
figure that as the sintering temperature increases the
density decreases. This is a result of the evaporative
loss of a portion of the BijO3 during firing.

Figure IV.6 illustrates the effect of the sintering
temperature on the fired density of the Zn0 + 6 wt% BijO3
specimens with the 2.0 um ZnO powder. Contrary to the
0.11 um 2n0 powder specimen for which the density was a
maximum at 900 °C, for the 2.0 pm ZnO powder specimen the
density is the lowest for firing at 900 °C. For these
specimens the density increases with the sintering
temperature and reaches a maximum of 92 % of the
theoretical density for firing at 1192 °C. However, for a
further increase in the sintering temperature, to 1400 °C,
the density decreases. The lower density at 1400 °C is
probably a consequence of extensive Bi;03 evaporation
during firing.

By comparing Figures IV.5 and IV.6 it 1s seen that

for the Zn0 + 6 wt% BiyO3 system with the 0.11 pm ZnO the
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densification process appears to be complete after 1lh at

900 °C, when the specimen density reached 98 % of its
theoretical value of 5.74 g/cm3. However, for the 2.0 um
powder particle size a higher sintering temperature is
needed to complete the densification process, the density
reached the maximum value of 92 % of its theoretical
density only for firing at 1192 °C. These results
demonstrate that the smaller initial powder particle size
enhances densification. This may be due to better packing
of the particles during the rearrangement stage of
sintering when the initial powder particles are smaller.

Figure IV.7 depicts the 4 h weight losses as a
function of the firing temperature for the specimens of
Zn0 + 6 wt% BijoO3 for the finest (0.11 pm) and the
coarsest (2.0 um) initial ZnO powder particle sizes. In
both cases, the highest weight losses occurred after
firing at 1400 °C, but the greatest change occurred
between 1030 °C and 1192 °C. Maximum weight losses of 9 %
to 11 % are observed at 1400 °C. The burn off of the
carbowax binder accounts for only 3 % of the total,
evaporation of the Bi;O3 probably accounts for the major
portion of this weight loss, however some Zn0O must
evaporate too.

When the low melting BisO3 , is added to "pure" ZnO,
leading to the formation of a liquid phase during

sintering, discontinuous grain growth is consistently

—— e e - e e = v e,
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observed for the initial 0.11 um Zn0 powder particle size.107
This was observed independent of the experimental
procedures that were followed during sample preparation,
i.e. discontinuous grain growth was observed for all of
the specimens prepared by the mortar and pestle method, as
well as those prepared by ball milling, and also for those
specimens ball milled and sieved for the 0.11 pm ZnO
initial particle size. Since characteristics of
discontinuous grain growth were never observed in the
"pure" Zn0 system free of Bij03, this suggests that the
occurrence of discontinuous grain growth in this system is
related to the presence of the BijO3 liquid phase during
sintering.

Figure IV.8 illustrates a typical microstructure for
the Zn0 + 6 wt% BijyO3 composition consolidated with the
0.11 um Zn0 powder that has been sintered at 900 °C for
1/2 hour . This micrograph illustrates the very early
stages of the discontinuous grain growth process where an
individual large grain or perhaps an aggregate of several
large grains are rapidly growing into the matrix of very
small grains. The average grain size of the matrix is
only (2.2 £ 0.4)um but the size of the grains in the dense
aggregate are about 30 pm.

The boundaries between the wvery large grains and the
matrix fine grains also appear exceptionally straight,

indicating that the boundary of the larger grain moves
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Figure IV.8 - Optical Micrograph of the 2n0 + 6 wt$ Bijy03
Fired at 900°C for 1/2 Hour.

Initial ZnO Particle Size 0.11um.
Average Matrix Grain Size Gpat,pjx=(2.2%0.4)um.

Average Crain Size in the Clusters Geluster=(30+2) um.
Magnification 200 X.
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Figure IV.9 - Optical Micrograph of the ZnO + 6 wt% BijO3

Initial ZnO Particle Size 0.1l pm.
Fired at 1192°C for 1/2 Hour.

Average Grain Size G=(37£3)um. Magnification 200 X.




through the matrix as a planar front, assimilating many JPQ
the fine matrix grains simultaneously. This may be
explained by the driving force for the boundary migration
of the large grain as determined by the pressure
difference between the large grain and the much finer
matrix grains. Since the matrix grains are small and
nearly uniform in size, the pressure difference and
consequently also the driving force, will be nearly
uniform along the length of the boundary. All of the
boundary will be subjected to nearly the same conditions
and will migrate at the same rate, resulting in the
straight (planar) grain boundaries observed on these
micrographs. However, if pores or second phase particles
become attached to the grain boundaries, then significant
curvature may develop, as segments of the boundaries are
slowed or perhaps arrested by drag effects. Some curved
grain boundaries are evident within the cluster, or
aggregate of larger grains.

Figure IV.9 shows the microstructure for the same
composition (a 6 wt% BijyO3 addition to the 0.11 Mm ZnO)
but sintered at a higher temperature (1192 °C) for the
same length of time (1/2 h). The grains are an average
size of (37 * 3) um, but are irregular in shape and with
many pores located at the grain boundaries, as well as
within the individual grains. This microstructure is a

preduct of discontinuous grain growth. An important




feature of the ZnO ceramic structure observed in this
micrograph is the presence of the BijO3-rich phase along
many grain boundaries and at the multigrain junctions. It
is evident that some of the grains do not appear to be
wetted by the BisO3-rich phase, nor is this phase present
at all of the multigrain junctions, as has been reported
[73] for some slowly cooled sintered specimens.

Figures IV.8 and IV.9 conclusively prove that it is
the presence of the Bi;O3 liquid phase during the
sintering of ZnO which promotes discontinuous grain growth
when the initial ZnO particle size is small (0.11 um).
However, the effect of the BizO3-rich liquid phase to
create a system that is susceptible to discontinuous grain
growth appears to be suppressed when the initial ZnO
particle size is larger (2.0 um). This is evident in
Figure IV.10 and IV.1l1l for specimens containing the 2.0 um
Zn0 + 6 wt% BijsO3 fired for 1/2 h at 900 °C and 1192 °C
respectively. The average grain size is only (5 * 2) um
for the first specimen and (10 * 3) um for the second. No
evidence of discontinuous grain growth was observed in the
specimens consolidated from the coarse Zn0O (2.0 um)

powder.

Iv.1.3.1 - The Effect the BijO3 Liquid Phase Content
The results presented in the previous section on the

effects of particle size during liquid phase sintering
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Figure IV.10 - Optical Micrograph of the 2n0 + 6 wt% BijO3
Tnitial 2nO Particle Size 2.0um.
Fired at 900°C for 1/2 Hour.

Average Grain Size G=(5%2)um. Magnification 200 X.

Figure IV.11 - Optical Micrograph of the ZnO + 6 wt® BizO3

Initial 2zn0 Particle Size 2.0pm.
Fired at 1192°C for 1/2 Hour.

Average Grain Size G=(10%3)um. Magnification 200 X.




were obtained from ZnO specimens that contained 6 wt%
Bis03. For these specimens it has been shown that if the
initial ZnO powder particle size is increased from 0.11 um
to 2.0 um then the grain growth process changes from an
abnormal discontinuous one to a normal one. The final
microstructures are also substantially different. An
important question arises concerning whether the amount of
liquid phase has significant influence on this behavior.
To address that concern, the amount of liquid phase was
reduced to 3 %. Accordingly, again both the 0.11 um and
the 2.0 um ZnO powders were used to prepare specimens
containing only 3 wt% Bij,03. These specimens were fired
at 1192 °C for 1 h.

Microstructures of the specimens are shown in Figures
IV.12 and IV.13. These should be compared with the
microstructures of specimens containing 6 wt% BijsO3 shown
in Figures IV.14 and IV.15. Figure IV.12 represents the
microstructure for the 2Zn0 + 3 wt% BipO3 with the 0.11 pm
ZnO. The average grain size is (18 * 2) um. This
micrograph reveals that some grains that are very large
and irregular in shape, a clear indication that
discontinuous grain growth has occurred. Figure IV.13 is
for the specimen of 2n0 + 3 wt% BijyO3 with the 2.0 um 2n0
powder. The average grain size is (11 £ 5) um, but the
microstructure has the general characteristics of normal

grain growth.

112
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Figure IV.}Z - Optical Micrograph of the 2n0 + 3 wt$ Bis03
Initial ZnO Particle Size 0.1lum,
Fired at 1192°C for 1 Hour.
Average Grain Size G=(18*2)um. Magnification 200 X.

Initial 2zZnO Particle Size 2.0 um.

Fired at 1192°C for 1 Hour.
Average Grain Size G=(11%5)um. Magnification 200 X.
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For comparison, the microstructures of specimens

containing 6 wt% BijyO3, also sintered at 1192 °C for 1 h,
are illustrated in Figures IV.14 and IV.15., Figure IV.14
is for the specimen consolidated with the 0.11 pum ZnO
powder. It has an average grain size of (39 * 3) um and
the grains are very irregular. Figure IV.15 is for the
specimen consolidated with the 2.0 pm Zn0 powder. Its
average grain size is (11 * 2) pm, and the grains are much
more regular in shape and size. Even when the content of
the BijsO3 liquid phase is reduced to only 3 wt$% the
discontinuous grain growth process still occurs for the
finer Zn0O powder. It also remains suppressed by
increasing the initial 2n0 particle size to 2.0 um.

These results demonstrate that the presence of the
Biy03 liquid phase is a critical nucleating factor for the
occurrence of discontinous grain growth in the 2n0-BijO3
system. The content of the BijO3 liquid phase over the
range of 3 wt% to 6 wt% does not seem to alter the role of
the initial ZnO particle size in the discontinuous grain
growth processes. This Bijs03 content range may be much
more extensive, for Wong [66] has reported exaggerated
grain growth in 2n0 + Bijy03 compositions for sintering
temperatures above 1100 °C in mixtures containing as low
as 0.05 mol% BiyO03. In combination, all of these results
emphasize the point that the presence of the BijO3 liquid

phase is the critical factor in the determination of the
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Figure IV.14 - Optical Micrograph of the Zn0 + 6 wt$ BijO3
Fired at 1192°C for 1 Hour.
Initial Zn0 Particle Size 0.11um.

Average Grain Size G=(3%i3)um. Magnification 200 X.
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Fiqure IV.15 - Optical Micrograph of the 2Zn0 + 6 wt% BiyO3

Fired at 1192°C for 1 Hour.
Initial 2nO Particle Size 2.0um.-

Average Grain Size G=(11i2)um. Magnification 200 x.




type of 2n0O grain growth process, discontinuous or normall

The effect of the initial Zn0 particle size on the
grain growth is further emphazised by Figures IV-12 to IV-
15. In these plates all the specimens were fired at
1192 °C for 1 h. The initial ZnO particle size is 0.11 um
for Figures IV.12 and IV.14, but 2.0 pum for Figures IV.13
and IV.15. The occurrence of discontinuous grain growth
in the specimens with the 0.11 um ZnO leads to the large
irregularly shaped grains, as compared to the smaller,
more equiaxed grains for those specimens prepared with the
2.0 pum ZnO powder.

To observe the effects of the addition of BijO03 on
the grain growth and on the final grain size, compare the
microstructures depicted on Figures IV.12 and IV.14 for
the specimens with the 0.11 um ZnO. For the specimen
containing 3 wt% Bi;03 the average grain size is only
(18 £ 2) um, however for the specimen containing 6 wt%
Bij,O03 the average grain size is (39 £ 3) um. It is an
increase in grain size of a factor of about two when the
Bi,O3 content is increased from 3 wt% to 6 wt%. This
increase in the grain size with the increased addition of
Bi,03 can also be observed for higher sintering
temperatures by comparing Figures IV.3 and IV.16. Figure
IV.3 is for the "pure” 0.11 pum 2Zn0 sintered at 1400 °C for
1 hour, the average grain size is (40 * 2) um. Figure

IV.16 is for the 0.1l um ZnO containing 6 wt% Bij03

16
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Figure IV.16 - Optical Micrograph of the ZnO + 6 wt% BiyO3

Fired at 1400°C for 1 Hour.

‘Initial znO Particle Size 0.11 um.

Average Grain Size G=(45+5)pm. Magnification 200 X.

Figure‘IV.17 - Optical Micrograph of the 2n0O + 6 wt% BijsO3
Fired at 1400°C for 1 Hour.
Initial 2zZnO Particle Size 2.0 pm.

Average Grain Size G=(30%4)um. Magnification 200 X.
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sintered under the same conditions. The average grain
size is (45 * 5) um.

For specimens with the 2.0 um ZnO, sintered at
1192 °C, the grain size does not seem to change very much
within the range of BijO3 content of 3 wt% to 6 wt%, for
the average grain size is about 11 um for both, as
observed in Figures IV.13 and IV.15. However, at a higher
sintering temperature, the addition of 6 wt% BijO3 to the
"pure” 2.0 Um Zn0 is observed to increase the average
grain size. This is evident when comparing the
microstructures depicted in Figures IV.4 and IV.17.
Figure IV.4 is for "pure" Zn0 and Figure IV.1l7 is for a
specimen containing 2Zn0O + 6 wt% BijyO3. The 2.0 um ZnO was
used in both specimens. The sintering temperatures (1400
°C) and the sintering times (1 h) were also identical.
The addition of 6 wt% BijyO3 increases the final average
grain size from (10 £ 4)um to (30 * 4)um. This
enhancement of 2Zn0 grain growth by the addition of BijyOj3
has been previously well documented by Wong [66], Asokan

et al [3], and Senda and Bradt [57].

IVv.1.4. - Capillary Forces in Liquid Phase Sintering

It has been established that the presence of the
Biy03 liquid phase in the 2Zn0 + BijO3 system is a critical
factor for promoting discontinuous grain growth when the

initial ZnO particle size is small. This is related to
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the action of capillary forces in the system. When the

BisO3-rich liquid phase forms during the initial stages of
liquid phase sintering, strong capillary forces are
exerted by the liquid on the solid particles and this
pulls the particles together. This fact has been well
docunmented during the particle rearrangement portion of
the liquid phase sintering process.

With a liquid that wets the solid, the force is an
attractive one and the two particles with a connecting
meniscus of the wetting liquid are drawn together by a
strong attractive force. The presence of the BijsO3-rich
liquid phase creates strong attractive capillary forces
between the fine Zn0 solid particles, which are then drawn
together to form aggregates. One of these aggregates is
clearly evident in Figure IV.8 for the composition
0.11 um Z2n0 + 6 wt% Biy03. This large aggregate formed
during the early stages of sintering. These aggregates
experience a much higher rate of densification and grain
growth than the remainder of the matrix. This is probably
related to the fact that the volume fraction of solid is
initially higher within the aggregates than in the matrix.
These higher density aggregates then serve as the nuclei
which lead to the onset of discontinuocus grain growth.

The capillary forces exerted by a wetting liquid of a
meniscus size,X,connecting two particles of radius r is

given by Equation (40), which was previously presented in
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Section II.3:

Fo = (2 ® X2 Yy /1) + (2 ® X Yoy <o V) (40)

The first term in Equation (40) explains why there is an
effect of the initial Zn0O powder particle size on the
discontinuous grain growth process. The attractive
capillary force between particles decreases as the size of
the particles (r) increases, until the capillary forces
between the particles are no longer strong enough to form
the aggregates.

As an additional point it is important to note that
when the liquid phase is non-wetting, as is the case for
Sb,03, then discontinuous grain growth is not expected and
it is not observed. This is also consistent with Equation
(36) as the capillary force, F., is a repulsive one for a
non-wetting liquid. (See Fig. II.3.2).

In order to estimate the magnitude of the capillary
effects involved, the stress generated by the
interparticle forces in the area of contact between the
liquid and solid can be calculated. Assuming that the
contact area is (T X2) the stress G- is obtained by

dividing the capillary force, F., by the area as:

O'c = FC/TCXZ = (2 'YLv/r) + (2 Y, v Ccos \II/X) (41) .

— [ ¢ ————— g e g




If X = 0.5 r, the resultant stress is: 121

Oc= (2yy / r) x (1 +2cosyVy (42) .

Then the stress resulting from capillary effects increases
with increasing Y;y and decreasing particle size and the
angle Y. The minimum value of this stress obtained when

cos y= 0 is:

o= (2 ) /x (43) .

For Yy = 1000 erg/cm? and r = 0.05 pm (0.11 pm 2ZnO
particles) the stress is 0= 4 x 108 dy/cm2 which is equal
to (6,000 psi). If the larger initial particles (the 2.0
Um ZnO) are used the stress is 0.21 x 108 dy/cm? (300
psi), about 20 times smaller as expected since it is
inversely proportional to the particle size. These
stresses caused by capillary effects are very large and
are comparable to the compressive yield stress of many
materials. The decrease by a factor of 20 in the
capillary stresses when the initial ZnO particle size is
increased from 0.11 um to 2.0 pum has been shown
experimentally in this study to be sufficiently large to

supress the discontinuous grain growth process.

IV.1.5 - The Grain Growth Kinetics
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When analysing the effects of the initial ZnO
particle size on the grain growth kinetics, it must be

noted that the classical grain growth law:

GR - Go® = Kg t exp (- Q/RT) (32)

was derived to describe the normal grain growth process.
It assumes that the grain size distribution is a lognormal
one that is time invariant. Therefore, this familiar
phenomenological equation cannot be directly applied to
the discontinuous grain growth process where the grain
size distributon is neither lognormal, nor time invariant.
The kinetics of discontinuous grain growth is not
very well understood. In studies of the phenomenon it has
usually been assumed that the grain boundary mobility is
proportional to the average grain size ([74], or that the
grain growth rate is inversely proportional to the average
grain size of the matrix [(52]. However, for the present
results there does not exist a well established model or
equation to describe the kinetics of discontinuous grain
growth. For these reasons, the quantitative analysis of
the grain growth kinetics by directly epplying Equation
(32) can only be carried out for those specimens
consolidated with the 2.0 um ZnO powder, because those
specimens were the only ones for which the grain growth

process was a normal one.
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IV.1.5.1 - The Grain Growth Exponent

The grain growth exponent, or n-value, can be
determined as the inverse of the slope of the lines of the
plots of the logarithm of grain size versus the logarithm
of time as previously illustrated in Equation (42).
Figure IV.18 is a plot of log G versus log t for those
specimens consisting of ZnO + 6 wt% BijO3 with the 2.0 um
ZnO initial particle size sintered at the four different
temperatures. The average grain size consistently
increases with increasing firing temperature and for
longer firing times as predicted by Equation (32).

The slopes of the lines are (0.176 * 0.045) at 900
°c, (0.177 £ 0.056) at 1030 °C, (0.247 £ 0.100) at 1192 °C,
and (0.276 £ 0.220) at 1400 °C. The kinetic exponents are
(5.69 £ 1.48) at 900 °C, (5.65 * 1.85) at 1030 °C, (3.65 %
1.38) at 1192 °C and (3.62 * 1.49) at 1400 °C. Previous
studies [3,57] of the kinetics of grain growth in the 2Zn0O
+ Bij03 system have also reported large grain growth
exponents, usually equal to five. Grain growth exponents
equal to three for "pure” ZnO have been observed by Gupta
and Coble [5%5], Dutta and Spriggs [59], Readey et al [7]
and Senda and Bradt [57]. Increases of the grain growth
exponent from three to five has been observed by several
authors who have studied the effects of the additives,

Bip03 [57], Sby03 [3,70], and K0 [71] on the grain growth
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kinetics of ZnO.

These BijO3-containing specimens also contain high
porosity, either at the grain boundaries or within the
grains. Grain growth exponents of three, four, and five
have each been theoretically predicted for situations
involving pore controlled mechanisms in which the material
is transferred either through the vapor phase within
pores, yielding n-values of three or four, or by diffusion
on the pore surfaces, which results in a grain growth
exponent of five as previously summarized in Table
(ITI.2.2). Thus, grain growth exponents of four or five
are reasonable and are to be expected.

An effect of the firing temperature on the grain
growth exponent is evident in Figure IV.18 The grain
growth exponent decreases from nearly six at 900 °C and
1030 °C to approximately four at 1192 °C and 1400 °C.

Large or high grain growth exponents have been reported by
previous authors, usually either at low firing
temperatures or during the initial stages of sintering.
From the Wong [66] data the grain growth exponent for
specimens fired at 1100 °C (calculated by Senda and Bradt
[57]) is about ten. Komatzu et al [8,%9] also reported
values of n larger than ten for Zn0O in the initial stages
of sintering. Norris and Parravano [63] have observed
lower rates of neck growth at lower temperatures. Senda

and Bradt [57] also reported an increase in the grain




growth exponent of "pure" Zn0O at low firing temperatures 126

such as 900 °C. For the case of the liquid phase
sintering of MgO, Nicholson [91] observed that very little
grain growth occurred below 1300 °C. He attributed this
to the high viscosity and surface tension and low wetting
properties of the liquid phase at low temperatures (just
above the melting point).

Large grain growth exponents are indicative of a slow
rate of grain growth, as apparent from Figure IV.18. This

also follows from Equation (42):

n log G = log Kg = Q/0.434RT + log t, {42)

from which the grain growth rate, (dG/dt) may be obtained

by differentiation with respect to time, yielding:

(dG/dt) = (1/n) (G/t). (45)

Equation (41) illustrates that for larger grain growth
exponents, the rate of grain growth is lower. The high
apparent values for the grain growth exponent which are
observed in Figure IV.18 at the temperatures of 900 °C and
1030 °C is probably related to the lower fired density
(85%) of the specimens fired at these temperatures as
compared to the higher fired densities (92%) for the

specimens fired at 1192 °C and 1400 °C.
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iv.1.5.2 - The Activation Energy

The activation energy for grain growth, Q, can be
estimated by plotting log (GM?/t) versus 1/T to obtain the
slope of the line, which is (- Q/ 0.434 R). Since there
is a large scattering of the values of the kinetic
exponent at different firing temperatures, the activation
energy was determined using only the data for the higher
firing temperatures, 1192°C and 1400°C ~ for which the
final density is higher.

Using an average n-value of four the Arrhenius plot
is presented in Figure IV.19. The activation energy
derived from the slope of the Arrhenius plot is (360 % 12)

J/mol.

The activation energy for the grain growth of "pure"
ZnO sintered in air has been determined by a number of
previous authors. Those values are summarized in Table
IT.3.1 and vary from 213 kJ/mol to 284 kJ/mol. They
correlate well with the Gupta and Coble [56] conclusion
that the mechanism of grain greowth in "pure" Zn0 is
related to the diffusion of the zinc ions in the ZnO
lattice. However, for the case of the binary Zn0 + BijO3
system, Senda and Bradt [57] observed that the activation
energy for grain growth decreased from that of "pure" 2Zno
and was independent of the BijO03 liquid phase content.

They concluded that the phase boundary reaction was
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probably the rate controlling mechanism for the grain

growth of the Zn0-Bij0O3 ceramics.

For the 2n0 + 6 wt% BijO3 composition consolidated
with the 2.0 pm ZnO powder the high wvalue of the
activation energy, 360 kJ/mol, suggests that the grain
growth process is probably controlled by pore drag
mechanisms. The presence 6f pores at the grain
boundaries, which is clearly revealed in Figure IV.17 for
the 2.0 um Zn0 + 6 wt% BijO3 fired at 1400 °C for 1 hour,
can reduce the grain boundary velocity, resulting in a
sluggish grain growth process controlled by pore drag

effects.

IVv.1.5.3 - The Preexponential Factor Kj

The preexponential factor, Kg, can be determined from
the intercept of log Ky, in Figure IV.19. The value of Kj
is (17 £ 3) and Kg is 1.93 x 1017 pn4/h. The values of
the parameters for the kinetics of grain growth determined

in this study are summarized in Table IV.1.1.

IV.1.5.4 - Grain Growth Kinetics for Cases that Start as a
Discontinuous Grain Growth Process

The 2n0 + 6 wt% BijO3 composition consolidated with
the 0.11 um ZnO powder presented a situation indicative of
a discontinuous grain growth process in the initial stages

of sintering. At the lower firing temperatures, 900 °C




Table IV.1l.1 - Grain Growth Parameters for the

2.0Mm ZnO + 6 wt% BiOs.

Slopes

Grain Growth Exponent

(n-value)

Activation Energy

Intersept

Preexponential Factor

(0.18 £0.05) at 900°C
(0.18 £0.06) at 1030°C
(0.27 £0.10) at 1192°C
(0.28 £0.22) at 1400°C

(5.7 £1.5) at 900°C

(5.7 £1.9) at 1030°C
(3.7 £1.4) at 1192°C
(3.6 £1.5) at 1400°C
Q = (360 £12) kJ/mol

log Ko = (17 £3)

Ko = 1.93 x 1017 pmé/n
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and 1030 °C, these specimens have a distinct bimodal grain
size distribution with a few very large grains surrounded
by a matrix of numerous fine grains, as evidenced for
example in Figure IV.8. At the higher firing
temperatures, 1192 °C and 1400 °C, the large grains have
consumed all of the matrix and have collided with each
other as evidenced in Figures IV.9 and IV.16. It is
assumed in this analysis that once the grains have
collided the grain growth process presents the same
mechanistic characteristics of a normal one and therefore

can be analysed by the modified form of Equation (32):

log (G - Go™)/(t-tg) = log Kg - 0.434 Q/RT (327)

As discussed previously, in this case the initial grain
size Gy can not be considered much smaller than the
average grain size G, so that the factor Gon-cannot be
neglected.

To analyse the grain growth kinetics for this
situation the left side of this equation was ploted versus
(1/T) for different values of the grain growth exponent.
Tentative n-values of three to six were tried. The best
fit of the Arrhenius plot was obtained for an n-value of
five. Figure IV.20 is that Arrhenius plot for the system
0.11 um 2n0 + 6 wt% BisO3. The activation energy

determined from the slope of the line in this Arrhenius
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plot is Q = (154.5 * 12.6) kJ/mol, the preexponential term

was determined from the intersept of the line which is log
Ky = (13.02 + 4.19), as Ko = 1.04 x 1013 pm3/h. These
values are summarized in Table IV.1.2.

Table IV.1.2 indicates that the initial Zn0O particle
size affects the kinetics of grain growth in the 2Zn0 + 6
wt% BiyO3. For the cases that started as a discontinuous
grain growth (0.11 um ZnO), many pores are left behind by
the highly mobile grain boundaries during the earlier
stages of the grain growth process. This reduces the
effect of the pore drag mechanism on the grain boundary
motion and reduces the activation energy for grain growth.
For the specimen consolidated with the larger initial
particle size (2.0 mm), the grain growth process is normal
and most of the pores are located at the grain boundaries
or grain corners leading to very pronounced contribution
of the pore drag mechanisms. This increases the

activation energy for grain growth.

I.V.6 - Summary of the Effects of the Initial ZnO Particle
Size

The study of the effects of the initial 2ZnO particle
size on the final microstructure and on the 2n0O grain
growth kinetics revealed that for the solid state
sintering of the two initiali ZnO particle sizes (0.1l um

and 2.0 um) the grain growth process is one of normal
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Table IV.1.2 - Grain Growth Parameters for the

Zn0 + 6 wt% BiyO3 Determined in This Study

Zn0O Initial

Particle Size n Q(kJ/mol) log Ky Ko

0.11lpm Zno 5 (154 +12) (13 *+4) 1.04x1013 pumS/n

2.0 pum 2no 4 (360 %£12) (17 £3) 1.93x1017 pum4/n
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grain growth. The normal grain growth process results in

a final microstructure with uniform grain sizes and
shapes. The smaller initial ZnO particle size resulted in
a microstructure with larger grains. This was explained
in terms of the Equation (44) which relates the rate of
grain growth to the driving force for grain growth and to
the grain boundary mobility. It shows that the system
consolidated with the smaller initial particle sizes has a
higher grain growth rate at all stages. At the earlier
stages, the grain growth rate is higher due to a larger
driving force and at the later stages because the grain
boundaries have higher mobilities since they were able to
detach themselves from many pores. It is suggested that a
critical initial particle size exists,above which the driving
force acting on the grain boundaries cannot exceed the
force binding the pores to the boundaries and the effects
of the initial particle size will be greatly reduced.

The presence of the Bij0O3 ligquid phase promotes
discontinuous grain growth when the initial ZnO particle
size is small. Discontinuous grain growth results in a
final microstructure with irregularly shaped grains with
numerous pores located within the grains as well as at the
grain boundaries. It was also observed that in the
presence of the Bij;0O3-rich ligquid phase, increasing the
initial Zn0O particle size from 0.11 um to 2.0 um

suppresses the tendency for discontinuous grain growth.




The onset of the discontinuous grain growth process
seems to be satisfactorily explained through Equation (40)
which relates the capillary forces to the particle sizes
and surface energy. The attractive capillary force Fg,
between two particles connected by a wetting liquid
meniscus, is obtained by summing the pressure and surface
energy contributions.

Clustering occurs in liquid phase sintering as a
consequence of local melt formation. These clusters of
wetted particles with closer packing and a higher volume
fraction of solid have a higher rate of grain growth than
the rest of the matrix and thus nucleate or originate the
discontinuous grain growth process.

Equation (40) also satisfactorily explains the
experimental observation that as the initial ZnO particle
size increases the discontinuous grain growth process is
suppressed. According to Equation (40) the capillary
force F, decreases as the radius of the solid particles
increases and for sufficiently large initial powder
particle sizes the capillary forces are not strong enough
to create the clusters and the discontinuous grain growth
process does not occur.

It was observed that for the solid state sintering as
well as in the presence of the BijsO3-rich liquid phase,
that increasing the initial ZnO particle size from 0.11 Hm

to 2.0 um results in a finer scale final microstructure,
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and that additions of BijO3 enhance the grain growth.

Study of the grain growth kinetics has revealed that for
the specimens of ZnO + 6 wt% BijyO3 consolidated with the
2.0 um ZnO powder, the grain growth exponent, n, is four;
that the activation energy is approximately 360 kJ/mol and
that the preexponential factor, Kp, is 1.93 x 1017 und/n.
Grain growth exponents of four have been associated in the
literature with pore controlled mechanisms. The high
values of the kinetic parameters of grain growth, Q and
log Ky, have been attributed in this thesis to a grain
growth process contrclled by pore drag mechanisms.

The grain growth kinetics for the composition ZnO + 6
wt% BisO3 which was consolidated with the 0.11 m ZnO
powder presented a discontinuous grain growth process in
the initial stages. However the grain growth was analysed
using Equation (32'), which does not neglect Gp®+ The
grain growth kinetic exponent n was determined to be five,
and the activation energy for grain growth, Q, was (154.5
+12.6) kJ/mol. The preexponential factor was Kg = 1.04 x
1013 ums/h. The lower values of the grain growth kinetic
parameters, Q and log Ko, for the cases that started as a
discontinuous grain growth are explained by the fact that
many pores are left behind by the highly mobile grain
boundaries at the earlier stages of the grain growth. It
is concluded that the grain growth in the Zn0O + BijyO3 is

controlled by pore drag mechanisms.
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IV.2 - Effects of NbyOg Additions on the Grain Growth of

Zno

To study the effects of Nb,0O5 additions on the
microstructural development of Zn0O, Nb,Og was added at the
0.05 wt%, 0.10 wt%, 0.20 wt%, 0.40 wt%, and 0.80 wt%
levels to the 0.11 pm Zn0 + 6 wt% BijO3 composition.
Figure IV.21 illustrates the effects of the NbyOg5 content
on the density of specimens fired for one hour at the
different firing temperatures. The density achieves a
maximum at about 96 % of the theoretical density (5.74
g/cm3) for firing at 900°C and then decreases as the
firing temperature is increased through 1400°C.

There is some decrease in the fired density for the
0.10 wt% Nb,Og composition, but as the Nb0g content is
further increased, the density only gradually decreases at
all firing temperatures. For example, at 900°C the
density is 96% of the theoretical value for the 0.05 wt%
Nb,Og specimen, but only 92% of the theoretical value for
the 0.80 wt% NbyOg specimen. At 1400°C the fired density
decreases from 87% to only 75% of the theoretical value as
the content of NbyOg is increased from 0.05 wt% to 0.80
wt%.

Figure IV.22 illustrates the weight loss as percent
of [(Wg—Wg) /Wg] versus the Nby0g5 content where Wy and Wg
are the weights of the green and the fired specimens,

respectively. The sharp increase for the weight loss at
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the 0.10 wt% NbyOg composition corresponds to the noted
decrease in density for the same composition shown in
Figure IV.21. It is well known that many ceramic
materials lose weight during sintering, implying a
significant vapor pressure of some of the constituents.

An important side effect of vapor transport is that it may
affect both the rate of particle coarsening and also that

of densification.

Iv.2.1 - Microstructural Evolution of the Nb,Og-Containing
Specimens

Figures IV.23 (a to e) illustrate the effects of
increasing additions of Nb,Og on the microstructural
development of a series of specimens fired at 900 °C for 2
h. Aggregates of large grains or individual large grains
immersed in a matrix of very fine grains is a common
characteristic of these microstructures. Another
distinctive feature of this series. of microstructural
development is provided by Figure IV.23 (b). Even though
the large grains have grown to consume most of the matrix,
there remain some regions of finer matrix grains that have
not yet been consumed by the discontinuous grain growth
process.

Figure IV.23 (a) for the specimen containing 0.05 wt$%
Nb,Og illustrates the initial stages of the discontinuous

grain growth process for this series of NbyOg containing
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specimens. A few individual large grains, or aggregates
of several large grains have nucleated within the matrix
of very fine grains. As the level of NbyOg addition is
increased to 0.10 wt%, the discontinuous grain growth
process is substantially enhanced, resulting in a
microstructure that formed by the large-grain-containing
aggregates rapidly growing to consume most of the fine
grain size matrix and eventually contacting one another.
Also evident in Figure IV.23 (b) is the presence of the
BipO3-rich, previously-liquid phase at many multiple grain
junctions and also along some of the grain boundaries.

Figure IV.23 (c¢) depicting the specimen containing
0.20 wt% NbyOg, shows a microstructure that is similar to
that of the specimen containing only 0.05 wt% NbyOg. It
exhibits only a few individual large grains and
agglomerates growing into a fine grain size matrix. These
aggregates appear to be somewhat larger for the specimen
containing 0.20 wt% NbyOg. Although discontinuous grain
growth was enhanced at the 0.10 wt% NbyOg level, as the
Nb,Og content is further increased to 0.20 wt%, the
discontinuous grain growth rate appears to be considerably
reduced. Figure IV.23 (d) illustrates the microstructure
for the specimen containing 0.40 wt$% NbyOg and Figure
IV.23 (e) that of the 0.80 wt% Nb,Os specimen. These two
microstructures confirm that the higher level additions of

Nb,Og severely inhibit the grain growth of ZnO.
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As the Nb,Og is added to the ZnO + 6 wt% Biz03 and

fired at 900 °C for 2 hours, it is observed that the grain
growth process experiences a discontinuous to normal
transition. Increasing the Nb,Og content suppresses the
discontinuous grain growth process. However, a
distinctive behavior is observed when the composition is
changed from 0.05 wt% to 0.10 wt% NbpOs. The grain growth
rate is dramatically enhanced and the fine grain size
matrix is almost totally consumed.

Figures IV.24 (a to e) illustrate the effects of
Nb,Os additions for those specimens fired at 1030 °C for 2
hours. These Zn0O grain sizes are much larger than for the
same compositions fired at 900 °C. Figure IV.24 (a),
which is for the specimen containing Jjust 0.05 wt%, NbyOsg
reveals that some of the Zn0O grains have grown to very
large sizes, nearly 50 pm. Most of the fine grain size
matrix has been consumed. It is interesting to note that
portions of the grain boundaries of some of the larger
grains are pinned by pores at several points. However, at
the same time, there are numerous pores within the grains,
which indicates that many pores are not able to either pin
or move along with the migrating grain boundaries. This
suggests that these grain boundaries have sufficiently
high mobilities to be able to break away from many of the
pores which they encounter during growth.

Figure IV.24 (b) is of the 0.10 wt% Nby0g specimen,
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with an average grain size of (36 £ 2 ) pum. Figure IV.24
(c) is of the specimen containing 0.20 wt% NbyOg, with an
average grain size of (40 * 2 ) um. The microstructures
depicted by the initial three plates of low NbyOg contents
are very similar. All reveal a structure dominated by
large grains, but with a small content of fine matrix
grains of an average grain size of only about (6 * 2) um
remaining. The BijO3-rich phase is evident at some
individual grain boundaries and multiple grain junctions.

Figure IV.24 (d) is for the specimen containing 0.40
wt$ NbyOg. The interesting feature of this microstructure
is that even though a number of larger individual grains
are present, a generally much finer microstructure results
than for the three lower NbyOg content compositions fired
under the same conditions. The average grain size, (23
+ 2) um is only about one half of the average grain size
of the previous three specimens. This indicates that even
though the Zn0 grain growth process may still be a
partially discontinuous one at the 0.40 wt% NbyOg level,
grain growth is becoming increasingly more inhibited by
the Nb,Og additions. The presence of the Bij,Oz-rich phase
at the grain boundaries is also apparent in this
micrograph.

Figure IV.24 (e) is of the composition containing the
0.80 wt% NbyOg addition. The average ZnO grain size for

this composition is considerably finer than the others,
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less than 10 pm. The ZnO grains generally appear to be
very regular in shape with a narrow grain size
distribution. These two characteristcs are usually
associated with a normal grain growth process. It is
evident that there exists a transition from discontinuous
to normal ZnO grain growth with increasing Nb;0g additions
in this system.

The same effects of the Nby0g additions which were
observed for firing at 900 °C were also present for the
firing temperature 1030 °C, i.e., discontinuous grain
growth is enhanced when the levels of the Nb,Og additions
are low, 0.10 wt% and 0.20 wt%. Increasing the NbyOg
level to 0.40 wt% appears to inhibit some of the ZnO grain
growth, while at the 0.80 wt% NbyOg level the ZnO grain
growth is substantially reduced and appears to be
completely normal.

For the specimens sintered at 1192 °C for 2 hours,
the effects of the Nb,yOg additions on the microstructures
are shown in Figures IV.25 (a to e). Figure IV.25 (a)
illustrates the specimen containing only 0.05 wt% NbsOg.
The average grain size is large (30 *3 )um. Figure IV.25
(b) depicts the specimen containing 0.10 wt% NbyOg and the
average grain size is even larger (46 =2 )um. Figure
IV.25 (c) represents the microstructure of the 0.20 wt%
Nb,Og specimens which has an average grain size of (43 *

2 )um. The specimen with 0.40 wt% Nb,Os in Figure IV.25
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(d), however, has a finer average grain size, only (28 *
2)pum. Figure IV.25 (e) illustrates the 0.80 wt% NbyOg
composition which has a much finer grain size, only (13 %
5) um, and grains that are very regular in size and shape.
The same NbyOg addition effects that were observed at the
lower firing temperatures are again prevalent at 1192 °C,
i.e., the Zn0 grain growth is enhanced at the lower levels
of Nb,Og, 0.10 wt% and 0.20 wt%, and then inhibited at
higher Nb,Og additions. At the 0.80 wt% NbyOg level the
grain growth process appears to be a normal one.

Figures IV.26 (a to e) illustrate the microstructures
of the specimens fired at 1400 °C for 2 hours. Figure
IV.26 (a) is for the 0.05 wt% Nb,Og specimen, and has an
average grain size of (50 * 3)um. Many large pores are
located within the grains as well as at the grain
boundaries and the multi-grain junctions. Some of these
pores may have been created by the vaporization of some of
the BiyO3. Figure IV.26 (b) is for the specimen
containing 0.10 wt% NbyOg. The average grain size is
similar to the previous one, (47 =2 )um. Some of the
grains have a distinct elongated shape, indicative of
previous discontinuous grain growth.

Figure IV.26 (c) is for the 0.20 wt% Nby0g sample.
Its average grain size is (44 * 2 )um. This
microstructure is very similar to the two lower NbjyOg

compositions, with some elongated grains and with many
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pores that are located within the grains, as well as at
the grain boundaries and at the grain junctions. Figure
IV.26 (d) is of the specimen containing 0.40 wt% NbyOg.
At this composition the average grain size is (52 2 )um,
much larger than the average grain size for the three
specimens with less NbyOg. This microstructure is similar
to the previous ones for the specimens fired at 1400 °C,
although it appears to contain fewer elongated grains.
Figure IV.26 (e) illustrates the microstructure of
the specimen containing 0.80 wt% NbyOg. The average grain
size is only (34 £ 3)um. The grains are also much more
uniform in size and shape. It is interesting to note that
for firing at 1400°C, all of these microstructures have
very similar grain sizes except for the 0.80 wt% NbyOs.
This suggests that a limiting grain size of approximately
50 um may exist for these systems. The reasons for the
existence of this limiting grain size may be one or more
of the following. One is the mechanism proposed by Zener
[44] for grain growth in the presence of second phase
inclusions, the second is the general reduction of the
driving force, for as the grains grow the grain curvature
and the total surface area are reduced, and the third is
the mechanism proposed by Hillert [17] which relates to
the topological constraints that the large grains exert on
one another.

From the microstructures presented for the four
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firing temperatures, it is evident that the Zn0O grain
growth process in the 2nO + 6 wt% BijyO3 + NbyOsg system is
a discontinuous one at the lower levels of Nbj0g
additions, and then as the NbjOg level is increased, the
process of discontinuous grain growth is gradually
inhibited until at the 0.80 wt% NbyOg level the grain
growth appears to be completely normal.

Figure IV.27 illustrates the average grain size
versus the Nb,Og content for the specimens sintered at
1192 °C for times varying from 0.5 h to 4 h. The tables in
the Appendices summarize the experimental data for the
values of the average grain sizes as a function of
sintering times and temperatures. Figure IV.27 reveals
that, at 1192 °C for all of the firing times, the
additions of NbyOg have an initial effect of inhibiting
the grain growth of 2nO. For example, the addition of
only 0.05 wt% NbyOg is sufficient to reduce the average
grain size from 39 um to 27 um. However, as the level of
Nb,Og is further increased to 0.10 wt% the average 2Zn0O
grain size also increases to a maximum. For higher level
additions of NbyOg, the average grain size consistently
decreases.

Asokan et al [5] have reported the effects of NbyOg
additions to the 0.50 wt% level in BijyO3-free specimens
consisting of ZnO + NbyOg fired at temperatures from 900

°C to 1300°C for 2 h. They have reported for a sintering
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temperature of 1100 °C that the average grain size
achieved a maximum when the level of NbyOg was 0.20 wt%.
These studies by Asokan et al [5] substantiate that a
maximum of the average 2Zn0O grain size is achieved during
solid state sintering of Zn0O at 1100 °C for samples
containing about 0.20 wt% NbyOg. In this study, in the
presence of the BijyOz-rich liquid phase, it is observed
for sintering at 1192 °C that a maximum of the average
grain size is attained at about 0.10 wt% NbyOg. A 2Zn0O
grain size maximum occurs for Nb,Og additions, independent
of the presence or the absence of a BipO3-rich liquid
phase.

The importance of these observations to commercial
7Zn0 varistor ceramics, as Asokan et al [5] have pointed
out, is that the nonlinearity coefficient alpha (@), also
achieves a maximum value for additions of 0.20 wt% NbjOg
at 1100 °C. Asokan et al [5] have observed that alpha ()
follows the same trend as the ZnO grain size for NbjOg
additions.

The effect of Nb,0g content on the average grain size
after firing at 1400 °C is depicted in Figure IV.28. The
average grain size is plotted versus the NbyOg content for
specimens sintered for times varying from 0.5 h to 4 h.
Similar to sintering at 1192 °Cc, these average grain sizes
also vary with compesition. There also occurs a maximum

in the average grain size at an intermediate NbO0g
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content.

Unfortunately, for the lower firing temperatures of
900 °C and 1030 °C, many of the lower-NbyOg-content
microstructures possessed a distinct bimodal grain size
distribution with large grains existing in aggregates
dispersed within a very fine grain size matrix. This was
a consequence of the discontinous grain growth process.
Therefore, similar curves of the average grain size versus
the Nb,Og content could not constructed for the two lower
firing temperatures.

The system studied by Asokan et al [5] was the simple
binary solid state system consisting only of ZnO + NbyOg,
without any Bij,O3. However, the system in this study was
a ternary one consisting of 2n0 + 6 wt% BiyO3 + NbjOg, in
which the Bi;03 forms a liquid phase during sintering.
The fact that a maximum in the average grain size exists
for the intermidiate Nb,0Og levels whether during solid
state sintering or for firing in the presence of the
BijyO3-rich liquid phase indicates that the existence of
the grain size maximum is a consequence of an effect of
the NbyOg on the 2ZnO. The grain size maximum with Nb3Og
additions does not specifically depend on the presence of
the BijyO3-rich liquid phase.

When Nb,Og is added to 2nO during processing, a

number of different processes occur, including:

R + e ———— g oo o
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a) - The Nbot ions segregate to the grain boundaries.
b) - The NbyOg creates a solid solution in the ZnO
lattice as previously presented in Equation
[37]. For charge balance two Nb>* ions must
replace five zn2* ions, leaving three vacant
zn2t lattice sites.
It is well known that the presence of other oxides
introduces crystalline defects into the structure of ZnO.
Chiang and Kingery [74] have considered the grain boundary
mobility as a function of the stoichiometry and have
suggested that lattice defects which readily accomodate
the stoichiometry might be the rate controlling species.
For that situation the grain boundary mobilities might be
expected to change with the lattice defect concentration.
c) - At higher levels, the Nb,0g and Zn0 react to
form the defect spinel phase, 2Zn3NbyOg. This
has been established to occur as the diffraction
patterns of the 0.80 wt% NbyOg in Figure IV.29
clearly reveal the presence of this spinel

phase.

This study of the effect of NbyOg additions to the
Zn0 + 6 wt% Bi,O3 system reveals that at the higher
sintering temperatures, 1192 °C and 1400 °C, the average
ZnO grain size varies in a consistent manner with the

Nb,0g content. That variation is described by the general
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diagram represented in Figure IV.30. For purposes of
discussion and analysis this schematic diagram can be
separated into three different regions. These regions may

be described as follows:

i) Region I - At low NbyOg contents, less than about
0.05 wt% NbyOg, grain growth inhibition occurs.
As the Nb,Og addition level 1s increased in this
region the average ZnO grain size decreases.

ii) Region II - At intermediate NbyOg additions,
between about 0.10 wt% and 0.20 wt NbyOg,
distinct ZnO grain growth enhancement occurs.

As the Nb,Og content is increased in this region
the resulting ZnO grain size also increases.
iii) Region III - At NbyOg additions of 0.20 wt% and
higher, the Nby0g effect is a distinct one of
Zn0 grain growth inhibition. For every set of
firing conditions the 0.80 wt% NbyOg specimens

had the finest grain sizes.

The grain growth inhibition that is observed in
Region I may be attributed to solute segregation of the
NbS+ cations at the grain boundaries. This also has been
suggested by Gupta [71] for the case of ZnO grain growth
inhibition for small additions of K0 and also by Johnson

and Stein [82] for the case of minute additions of Cal to

—— e e O —— et g e
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Alp,03. As pointed out by Johnson and Stein [82] the size
misfit of the Ca2* ions in the Al,03 lattice is large and
it is reasonable to assume that the elastic strain energy
is an important contribution to segregation. Some
segregation might be expected to occur when a solute fits
poorly in the lattice, either elastically or
electronically. The radius of the zn2* ion is 0.74 A° and
the radius of the NbST ion is 0.69 A°, which is an ionic
size ratio of only 7%. This indicates that the elastic
misfit of the Nb°t ions in the 2ZnO lattice is not very
large and therefore the solid solution of NbjOs into ZnO
may be favored, at least from size considerations on the
elastic strain energy alone. However, from a charge
perspective, the Nb°t ions fit very poorly into the ZnO
lattice, since every Nb°t ion that replaces a zn2* and
enters the lattice requires the formation of three cation
vacancies. Therefore, segregation of the Nb°t ions to the
Zn0 grain boundaries is expected to occur.

Substantial grain growth enhancement occurs in Region
II. This may be related to an increased rate of diffusion
of zn2t in the ZnO lattice caused by the formation of the
solid solution of NbyOg in ZnO. Some solid solution of
Nb,0Og in ZnO must occur even though the ZnO-Nby0s phase
diagram shown in Figure II.4.3 does not indicate the
presence of an extensive solid solution. Diffusion of the

2zn2t in the 2noO lattice, has been reported by previous
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authors [56,57] to be the rate controlling mechanism of
ZnO grain growth. Therefore, any mechanism that enhances
the diffusivity of the Zn?% ions in the ZnO lattice may be
expected to cause an increase in the rate of grain growth.

The diffusion coefficient of zn2t in zZnO is directly
proportional to the zn?* atomic (ionic) mobility as
expressed by Equation (11). The mobility and consequently
the diffusion coefficient of the zn2t in ZnO will increase
if the concentration of the zn?* cation lattice site
vacancies is increased, because there are more available
sites for atomic or ionic transfer. The formation of the
Nb,O5-2n0 solid solution substantially increases the
concentration of cation lattice site vacancies, therefore
the zn2% diffusion coefficient is expected to similarly
increase. It is believed that this results in the
enhancement of the grain growth observed in Region II.

The reduction of pore drag effects is another
important factor that contributes to the enhancement of
grain growth in Region II. The grain boundaries have very
high mobilities due to the increase of vacancy
concentration and many pores are left behind in the
earlier stages of grain growth. This reduces the number
of pores at the grain boundaries and the effects of pore
drag mechanisms and contributes to enhance the
grain growth.

Additions of NbyOg to the ZnO-BipO3 system may also
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inhibit the 2Zn0O grain growth by a second phase drag
mechanism. The Zn0O-Nb,0Og phase diagram shown in Figure
II.4.3 indicates that for the temperatures under
consideration in this study, compositions are in a two
phase field consisting of Zn0 and the spinel phase,
Zn3Nb,0g. The presence of this spinel phase has been
confirmed by x-ray diffraction. Figure IV.29 shows the x-
ray diffraction patterns for the 2ZnO + 6 wt% Bij03 + 0.80
wt$ Nb,Og composition sintered at 1400 °C for 2 h.
Positions of the peaks corresponding to the Zn3NbyOg
spinel phase are indicated. Some of the more intense
diffraction peaks of the spinel phase are not
distinguishable because they coincide with either strong
Zn0 or strong Bi,O3 peaks. However, the Zn3NbyOg spinel
phase is still readily identified. The grain growth
inhibition observed in Region III is probably a result of
the second phase-particle drag mechanism, where spinel
particles which are located on the grain boundaries
increase the energy necessary for grain boundary migration
and thus inhibit grain growth.

The effectiveness of the second phase spinel
particles in inhibiting the 2nO grain growth is a function
of their size and volume fraction, as described by
Equation (34) [44]. It is evident that the grain growth
inhibition mechanism is more efficient when the second

phase particles are small and their volume fraction is
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high. Therefore, as the volume fraction of the spinel

phase is increased by increasing the NbyOg content of the
system, the second phase-drag mechanism becomes more
effective and prevails over the effect of the enhancement
of the diffusivity by vacancy formation. The overall
result is one of grain growth inhibition in Region III of
Figure IV.30.

Therefore, the general behavior represented by Figure
IV.30, which describes the effect of NbyOg additions on
the 2nO grain growth, results from three different
mechanisms. Dominant in Region I is grain growth
inhibition due to solute segregation at the grain
boundaries. Prevalent in Region II is grain growth
enhancement by solid solution formation, creating lattice
vacancies and enhancing zn2t diffusion. Finally a
mechanism of grain growth inhibition due to spinel
formation and a drag effect on the grain boundaries is

rate controlling in Region III.

IV.2.2 - The Grain Growth Kinetics

Because the ZnO + 6 wt% BipO3 specimens with NbyOg
additions often experienced discontinuous grain growth of
the Zn0 when the levels of NbyOg were 0.40 wt% or less, it
was not possible to directly analyse those results by
application of the phencmenological kinetic expression for

grain growth. For the 0.80 wt% NbyOg specimens, however,
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discontinuous grain growth was not observed and the grain
growth exhibited the usual characteristics of a normal

grain growth process.

IV.2.2.1 - The Grain Growth Exponent (n~-value)

The grain growth of the ternary Zn0 + 6 wt% Bijs03 +
0.80 wt% NbsOg composition is represented in Figure Iv.31
in the form of a log (grain size) versus log (time) plot.
The slopes of the four lines are (0.20 = 0.18) at 900 °C,

(0.21 £0.07) at 1030 °C, (0.21 =0.06) at 1192 °C,
and (0.23 * 0.17) at 1400 °C. The kinetic exponents are
determined from the inverse of these slopes, yielding

(5.00 + 1.60) at 900 °C, (4.72 % 1.01) at 1030 °C, (4.85 %
1.31) at 1192 °C and (4.27 £1.32) at 1400 °C. These
suggest that a grain growth exponent of five is
appropriate in this system.

Grain growth exponents equal to three for "pure" Zn0O
have been reported by Gupta and Coble [56], Dutta and
Spriggs [59], Readey et al [7] and Senda and Bradt [57].
An increase of the grain growth exponent from three to
five or more for Zn0O with oxide additives has been
reported by several authors who have studied the effects
of different additives including Bis03 [57], Sb303 {3,707,
and K20 [71]. As higher grain growth exponents are
indicative of a slower grain growth rate, this means that

the grain boundary motion is being slowed in the presence
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of additives when an increase of n-value occurs.
Among the various mechanisms that can inhibit the
migration of grain boundaries and are of relevance for

these specimens (ZnO + 6 wt% Bi203 ; 0.80 wt% Nb20g) are:
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a) - solute segregation at the grain boundaries,

b) - pore drag mechanisms, and

c) - second phase particle drag mechanims.

Impurities or additive atoms may segregate to a
surface if they lower the free energy. Such segregation
is a function of several variables. The relative
magnitude of this segregation varies with the inverse of
the solid solubility, and the equilibrium segregation
increases with decreasing temperature. This segregation
may have a large effect on grain growth during liquid
phase sintering. One very important effect of the
segregation of additive atoms to the grain boundaries is
grain growth inhibition.

The pore drag mechanism proposed by Nichols [77] is

certainly of relevance to these NbyOg-containing ZnO

microstructures. Nearly all these microstructures contain

pcrosity at the grain boundaries, as well as some

entrapment of pores within the grains. In the earlier

stages of sintering, pores are usually left behind and the

entrapment of pores within the grains is commonly observed
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during discontinuous grain growth. In the later stages of
sintering, however, it is more common for pores to be
dragged along with the migrating grain boundaries. The
motion of the pores can be accomplished by several
different mechanisms [77], any of which can control the
grain boundary motion. The effects of each of these
controlling mechanisms on the rate exponent, the n-value,
are reported in the literature and are summarized in Table
(I1.2.2). Values for the grain growth exponent from two
to five have been suggested.

The second phase particle drag mechanism is of
primary importance in this case because of the formation
of the spinel phase, Zn3Nby0Og. This second phase spinel
can reduce the grain boundary motion and inhibit grain
growth as has been reported by previous authors ([3,70].
The effectiveness of the second phase particles on the
grain growth inhibition [44] depends on the size and the
volume fraction of the second phase particles according to

Equation (34).

IV.2.2.2 - The Activation Energy

The activation energy for grain growth, similar to
the grain growth exponent, could only be estimated for
those specimens containing 0.80 wt% NbyOg. The Arrhenius
plot was constructed using a n-value of five and is

presented in Figure IV.32. The activation energy derived
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from the slope of this Arrhenius plot is (355 %x50)
kJ/mol. The activation energy for the grain growth of
"pure"” zZn0 sintered in air has been determined by several
previous authors, the results of which are summarized in
Table II.3.1. These vary from 213 kJ/mol to 284 kJ/mol.
It is evident that the 0.80 wt% Nb,Og material has a
higher activation energy for grain growth than pure 2ZnO,
or ZnO with BiyO3 additions, which has a value of about
150 kJ/mol.

When other oxides are added to ZnO the activation
energy for the grain growth of ZnO may change, dependent
on the mechanism of grain boundary migration. Additions
of BiyO3 have been observed [57] to enhance grain growth
and to decrease the activation energy from 224 kJ/mol to
about 150 kJ/mol. This is related to the change of the
mechanism from one of Zn2?t lattice diffusion to that of
phase boundary reaction. Additions of Sby03 [70] and K30
[71] have both been observed to inhibit 2Zn0O grain growth.
These two additives also increase the activation energy
for ZnO grain growth to 600 kJ/mol and 560 kJ/mol,
respectively. The activation energy for 2Zn0O grain growth
in a complex multicomponent commercial ZnO system
containing additions of (Bij03 + Sby03 + CoO + MnOj + SnO3
+ Al>03) has been reported [78] to be 346.5 kJ/mol.

Gupta [71] has concluded that the mechanism of ZnO

grain growth inhibition by K50 additions is one of a drag
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process from solute segregation at the grain boundaries.
The value of 560 kJ/mol for the zZnO grain growth
activation energy in the presence of Ky0 suggests that the
drag effect of the segregation of solute to the grain
boundaries increases the activation energy for grain
boundary migration of ZnO.

The effect of the spinel forming additive Sby03 on
the grain growth of ZnO has also been studied by numercus
authors [79,2,11,69,70]. It has been confirmed that
sufficient Sby03 additions cause formation of the
Zn7Sby071, spinel phase, and also creates crystallographic
twins in every grain. The Sb,03 inhibits the grain growth
of ZnO. Senda and Bradt [70] have systematically studied
the kinetics of grain growth in the binary 2Zn0-Sby03 and
they have concluded that the grain growth inhibition
mechanism is related to the formation of the second phase
spinel particles, although perhaps there may be some
effects of the formation of twins in the ZnO grains. The
activation energy for ZnO grain growth in the presence of
Sb,03 was determined tc be 600 kJ/mol, a value which is of
a comparable magnitude to the activation energy determined
by Gupta [71] for the ZnO with K0 additions. These
results suggest that the presence of the spinel phases at
the grain boundaries, similar to the presence of solute
atoms, increases the activation energy necessary for grain

boundary migration.
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It is evident from previous experimental results that
oxide additives which inhibit ZnO grain growth also
usually increase the activation energy for grain growth
and that those oxide additives which enhance Zn0O grain
growth generally decrease the activation energy. The
value of 355 kJ/mol for the activation energy of the
composition of ZnO + 6 wt% BijzO3 + 0.80 wt% NbyOg is
consistent with previous results. When 0.80 wt% NbyOg is
added to the Zn0O + BiyO3 binary system, the grain growth
of znO is inhibited and the activation energy for ZnO
grain growth increases from 150 kJ/mol for the NbyOg-free
Zn0 + BijO03 system to 355 kJ/mol. The presence of
considerable porosity and the 2Zn3NbyOg spinel phase in the
0.80 wt% Nb,0g composition strongly suggests a grain
boundary migration controlled grain growth process that is

dominated by porosity and second phase drag mechanisms.

Iv.2.2.3 - The Preexponential Factor Kj

The preexponential factor Kg is readily determined
from the intercept of the log (G®/t) versus (1/T) plot.
For those specimens containing 0.80 wt % NbyOg, the
intercept from Figure IV.32 is log Kg = (18.4 *1.81) and
Kg = 2.5 x 1018umS/h. The value of the preexponetial
factor, Kp, for the system ZnO + BiO3 without NbyOg
additions has been reported to be 1.35 x 1013um5/h [57].

Therefore, the addition of 0.80 wt% NbyOg to the Zn0 +
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Biy03 system increases the prexponential factor Kg from
about 1013 ums/h to approximately 1018 um5/h, about five
orders of magnitude. In a different ceramic system,
Nicholson [91] has reported that the value of Kg increases
with the concentration of vacancies in MgO, however, he
did not explained his result.

The preexponential factor, Kg is described by
Equation (30). It is a direct function of the diffusion
coefficient, the solubility of the solid species in the
liquid phase and the molar volume of the diffusing
species. However, Kg is also a function of the grain
boundary migration and the increase of Ky by a factor of
10° with additions of Nb,Og is highly significant. It is
probably also related to grain boundary drag mechanisms.
Values of the grain growth exponents, the activation
energy and the preexponential factor determined in this
study are summarized in Table (IV.2.1) for comparison
with values of the kinetic parameters previously reported

in this research and summarized in Table (IV.1.2).

IV.2.2.4 - Analysis of those Cases which Started as a
Discontinous Grain Growth Process

The ZnO + 6 wt% BijyO3 compositions containing 0.05
wt% to 0.40 wt% BiO3 exhibited discontinuous grain growth
when fired at 900 °C and 1030 °C. The microstructures of

those specimens have a bimodal grain size distribution as




Table IV.2.1 - Grain Growth Parameters for the

Zn0 + 6 wt% Bi203 + 0.80 wt% Nb205

Slopes

Grain Growth Exponent

(n-value)

Activation Energy

Intercept

Preexponential Factor

(0.20
(0.21
(0.21
(0.23

(5.00
(4.72
(4.85
(4.27

+0.18)
+0.07)
+0.06)

+0.17)

+* 1.60)
+£1.01)
+1.31)

+1.32)

at 900°cC
at 1030°cC
at 1192°C

at 1400°C

at 900°C
at 1030°C
at 1192°C

at 1400°C

Q = (355 £50) kJ/mol

log Ky

= (18.4 £1.91)

Kg = 2.5 x 1018 umS/n
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evidenced in Figures IV.23 and IV.24. However, at the
higher firing temperatures of 1192 °C and 1400 °C, the
large grains consume all of the matrix and then collided
with one another as can be observed in Figures IV.25 and
IV.26.

Similar to the previous case of the composition ZnO +
6 wt% BiyO3, the grain growth kinetics of the specimens
containing 0.05 wt% to 0.40 wt% NbyOg can be analysed

through Equation (32').

log (G% - Gp™)/(t~tg) = log Kg - 0.434 Q/RT (327).

The left side of this equation was plotted versus 1/T
using tentative n-values equal to three, four, five, and
six. The n-value of five offered the best fit for the
Arrhenius plot in every instance and thus was used to
determine the activation energy, Q, and the preexponential
factor, Ky for each of the compositions.

Figures IV.33 (a to d) are the Arrhenius plots for
the compositions Zn0O + 6 wt% BijsO3 + NbyOsg. Figure IV.33
(a) is for the composition with 0.05 wt% NbyOs5. The
activation energy determined from the slope of this line
is Q = {149.6 *6.6) kJ/mol. The intercept of the line is
log Kg = (12.49 £2.21) which yields a preexponential
factor of Ky = 3.05 x 1012 pmS/h. Figure IV.33 (b) is the

Arrhenius plot for the 0.10 wt% Nb,Og composition. The
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activation energy is only (35.2 *5.68) kJ/mol, while the
intercept is log Kg = (9.10 *1.90) and the preexponetial
factor is Kg = 1.25 x 10%um3/h.

Figure IV.33 (c) is the Arrhenius plot for the 0.20
wt% NbyOg composition. The activation energy is (70.4 %
8.83) kJ/mol, log Ky = (10.19 £2.95) and Ko = 1.54 x 1010
pm5/h. In Figure IV.33 (d), the Arrhenius plot for the
0.40 wt% NbyOg composition is showed. The activation
energy is (376.8 *5.95) kJ/mol, the intercept is log Kg =
(20.7 £1.99) and Kg = 5.01 x 1020 pum3/h. These values of
the grain growth parameters are summarized in Table
(IV.2.2).

When the activation energies for ZnO grain growth in
the different compositions containing Nb,Og are compared,
it is observed that the activation energy for ZnO grain
growth in the system 2n0O + 6 wt% BijO3 is a strong
function of the Nb,Og content. Figure IV.34 is a plot of
the activation energy as a function of the Nb;Og content.
At 0.05 wt% NbyOg the activation energy is about the same
as for the NbyOg-free composition. But, for those
compositions containing 0.10 wt% and 0.20 wt% NbyOg the
activation energy is decreased. As the level of NbjOg
increases to 0.40 wt% and 0.80 wt% the activation energy
increases.

The preexponential factor Kg is also a function of

the level of the NbyOg addition as can be observed in
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Table IV.2.2 - Grain Growth Parameters for the

Zn0 + 6 wt% Bijs03 + NbyOg

Composition n 0
(wt% NbyOg) (kJ/mol)
0.0 5 (154%12)
0.05 5 (149+66)
0.10 5 (35%6)
.20 5 (70x9)
0.40 5 (377+65)
0.80 5 (355%50)

e nem— e v e

log Ky

(13.
(12.

(9.

(20

(18

0t4.2)
5+2.2)

1+1.9)

222.3)
.7£2.0)

.4%1.9)

(Lm® /h)

1.04x1012
3.05x1012
1.25x10°

1.54x1010
5.01x1020

2.5x1018
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Figure IV.35 which is a plot of log Ky versus the level of
Nby0g. When Figures IV.34 and IV.35 are compared it is
seen that the activation energy and the preexponential
factor exhibit the same variation with respect to the
Nb,Og content. The minimum value of the activation energy
and the preexponential factor occurs for the compositions
containing 0.10 wt% and 0.20 wt% NbyOs. This corresponds
to the maximum in the average grain sizes depicted in
Figures IV.27 and IV.28. These, minima for the activation
energy and the preexponential factor correspond to Region
II in Figure IV.30. In this region there is grain growth
enhancement, probably from the increase in the cation
vacancy concentration due to NbpOg in solid solution in
Zn0. The decrease in the grain growth kinetic parameters,
Q and Kp in this region corresponds to an enhancement of
the diffusivity due to solid solution effects.

Senda and Bradt [57] have reported that the
activation energy of the composition ZnO + BipO3 is 150
kJ/mol and is independent of the BipO3 content. These
authors concluded that the grain growth rate controlling
mechanism was that of the phase boundary reaction. In
this study it is observed that the addition of 0.05 wt#%
Nb,0Og decreases the rate of particle coarsening without
appreciably changing the activation energy. It was
concluded that the grain growth inhibition in Region I is

due to the segregation of the Nb°t ion to the grain
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boundaries. This does not correlate well with Gupta’s
[71] result of an increase of the activation energy due to
K,0 segregation effects. The reason is probably related
to the presence of the liquid phase and discontinuous
grain growth in the systems under study.

As more NbyOg is added to the system, solid solution
of the Nb°t ions into the 2ZnO lattice creates vacancies
which increase the diffusivity of the zn2t ions. This
decreases the activation energy for grain growth and
increases the grain growth rate. The grain growth rate
controlling mechanism for the compositions corresponding
to Region II in Figure IV.30 seems to be the diffusion of
the zZn2%t ions in the 2ZnO lattice. The values of 35.2
kJ/mol for the composition 0.10 wt% NbyOg and 70.4 kJ/mol
for the composition 0.20 wt% NbyOg are much lower than the
activation energy for grain growth in pure ZnO, indicating
that the diffusion of the Zn?t ions in the 2n0 lattice is
made easier when 0.10 wt% to 0.20 wt% NbyOg is added to
the system ZnO + 6 wt% BipsO3. The reason for this
decrease seems to be the increase in the cation vacancy
concentration as previously discussed.

As the addition level of NbyOg is increased to 0.40
wt% and 0.80 wt$% the activation energy, Q, and the
preexponential factor, Ky, both increase to high values.
As the Nb,0g addition level is increased the volume

fraction of the Zn3NbpOg spinel phase also increases and
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these high values of Q and Kg are indicative of a grain

growth process controlled by second phase drag mechanisms.

IV.2.3 - Summary of the Effects of NbyOg Addition on Zn0O
Grain Growth

The results of this investigation of the effects of
Nb,Cs additions on the grain growth of ZnO in the Zn0 + 6
wt% BinsO3 system have shown that the grain growth process
is a discontinuous one for specimens containing less than
0.40 wt% NbyOg, but appears to be a normal one for those
specimens which contain 0.80 wt% NbyOs. It was confirmed
during this study that additions of NbyOg to the Zn0O + 6
wt% BioO3 system leads to the formation of the zinc
niobate spinel, (Zn3NbsOg), as predicted by the phase
diagram.

The average 2zZnO grain size first decreases, then
increases to a maximum value with respect to increasing
levels of NbyOg. The existence of this maximum is
believed to be related to an increase of the cation
vacancy concentration introduced into the Zn0 structure by
the NboOg in.solid solution.

Analysis of the grain growth kinetics by the
phenomenological grain growth equation revealed that the
grain growth exponent, or n-value, for the Zn0O + 6 wt%
Bi,O3 specimens containing 0.80 wt% Nby0s5 is five. The

activation energy for 2ZnO grain growth in the ZnO + 6 wt%

——— . ew e m———
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BipyO3 + 0.80 wt% NbyOs composition is (355 £350) kJ/mol.

The preexponential factor, Ky increases by five orders of
magnitude with the addition of 0.80 wt% NbyO5. These high
values of the kinetic parameters, Q and Kp, are believed
to be related to grain boundary drag mechanisms.

Analysis of the grain growth kinetics for those
situations that started as a discontinuous grain growth
process have revealed that the activation energies and the
preexponential factors for the system 2n0O + 6 wt% BijO3
change with the Nb,Og content. The grain growth exponent,
or n-value, for all the compositions is five. The
activation energy for the 0.05 wt% Nb,Og composition is
150 KJ/mol and the preexponential factor is Kg = 3.05 x
1012 ymS/n. For the 0.10 wt% composition Q = 35 kJ/mol
and Ky = 1.25 x 102 pm5/h. At 0.20 wt% NbyOs, @ = 70
kJ/mol and Kp = 1.54 x 1010 umS/h. For the composition
0.40 wt% Nb,Os, Q = 377 kd/mol and Kg = 5.01 x 1020 mm/n.
Figure IV.36 compares the effect of the NbyOg content on
the grain sizes, the activation energy and the
preexponential factor. The grain growth process seems to
be controlled by pore drag mechanisms. The lower values
of the kinetic parameters, Q and Kg, correspond to the
system with a discontinuous grain growth for which the
effects of pore drag mechanisms are reduced because many
pores are left behind during the earlier stages of the

grain growth process.
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IV.3 - Effect of Aly03 Additions

To study the effects of Al,03 additions on the
microstructural development of 2Zn0O, Al,03 was added to the
0.11 um Zn0 + 6 wt% BiyO3 mixture at the levels of 0.10
wt%, 0.20 wt%, 0.40 wt%, and 0.80 wt%. These compositions
were then fired at four different temperatures, 900°C,
1030°C, 1192°C, and 1400°C for four different times, 0.5 h,
1 h, 2 h, and 4 h for a test matrix total of 64 different
specimens.

Effects of the Al;03 content and the sintering
temperature on the density are illustrated in Figure
IvV.37, as the density versus the Al;03 content for for the
1 h firings. The maximum density of approximately 96% of
the theoretical density was achieved for firing at 900°C.
As the sintering temperature is increased, the density
decreased, again probably related to the evaporation of
BiyO3 and 2ZnO. In a general sense, the level of the 71303
additions, at least between 0.10 wt% and 0.80 wt%, does not

appear to significantly affect the fired density.

IV.3.1 - Microstructural Features

Figures IV.38 (a to d) illustrate the microstructures
of the ZnO + 6 wt% BipyO3 for the Aly03 additions fired at
900°C for 4 hours. Iﬁ these systems the initial ZnO
particle size was 0.11 um, which when combined with the

presence of the 6wt% BijO3-rich liquid phase makes the
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IV.38-(d)

IV.38-(c)

IV.38-(b)

IV.38~-(a)

X=0,80

X=0.40

X=0.20

X=0.10

(1.8+1)um

G=

(2.241) pm

G=

(3%1) pm

G=

(241) pm

G=

Figure IV.38 (a to d) - Optical Microgréph'of the

Zn0 + 6 wt% Bi203 + X wt% A1203

Initial Particle Size 0.11 pm.

Fired at 900°C for 4 Hours.

Magnification 200 X
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system prone to discontinuous grain growth as previously
observed. However, as evident from these four
microstructures, no aggregates or individual large grains
are present, revealing that Al,;03 additions, even at a
level as low as 0.10 wt% Al,03, will prevent initiation of
discontinuous grain growth. The average grain sizes of
these microstructures vary from 2 to 3.0 Hm.

Figures IV.39 (a to d) illustrate the microstructures
for the specimens containing 0.10 wt% to 0.80 wt% Al;03
fired at 1030°C for 4 h. These micrographs further
confirm that microstructural coarsening in the Alj03-doped
Zn0 specimens proceeds by a normal grain growth process.
The average grain sizes vary from about 6 Hm to 8 Hm for
these specimens, indicating that for these firing
conditions, the variation of Al,03 content in the range of
0.10 wt% to 0.80 wt% does not seem to significantly affect
the Zn0 grain size.

Figure IV.40 (a to d) depict the microstructures of
the specimens fired at 1192°C for 4 h. As the level of
Al,03 increases from 0.10 wt% to 0.80 wt% the average ZnO
grain size gradually decreases from (26 * 7 )um for the
specimen containing Jjust 0.10 wt% Alp03 to (18 * 3)um for
the specimen with 0.80 wt% Al,03. It is evident that the
Al,03 additions have a strong inhibiting effect on the ZnO
grain growth.

Figures IV.41 (a to d) illustrate the microstructures
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of those specimens fired at 1400°C for 4 hours. Figure
IV.41 (a) of the specimen containing 0.10 wt% Al;03 shows
that pores have migrated along with the grain boundaries
and gradually accumulated at the corners and along the
grain boundaries. The average grain size is (40 % 8 ) um.

Figure IV.41 (b) is of the specimen with 0.20 wt%
Al,03, its average grain size is (45 * 8 .)um. Figure
IV.41 (c) is of the specimen containing 0.40 wt Aly03
which has an average grain size of (33 £ 7 ) um and Figure
IV.41 (d) is for the 0.80 wt% Al,03 specimen. The highest
Al,03 content has the smallest average grain size, (32 %

8 )um. A common feature of all of these micrographs is
the presence of pores at the grain corners and the large
size of those pores. This agrees with the lower densities
for those specimens fired at 1400°C.

When the effects of Al;03 additions on the
microstructural development of the 2n0 are compared with
the effects of the NbyOg additions, it is apparent that
small amounts of those two additives have exactly cpposite
affects on the 2Zn0 grain growth process. Small addition
levels of NbyOg promoted a discontinuous grain growth
process while small additions of Al,03 prevented that
phenomenon.

In Figure IV.42 the average grain sizes are plotted
versus the Al,03 content for the specimens fired at 900°C.

Similarly, in Figure IV.43 the average grain sizes are

i ————— v =
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Figure IV.42 - Plots of the Average Grain Size versus
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plotted versus the Aly03 content for a firing temperature
of 1030°C. For these two plots it was not possible to
include the point for the zero Al;03 content specimens
because those specimens without Alp03 experienced
discontinuous grain growth and exhibit a bimodal grain
size distribution. These figures indicate that the
average Zn0O grain size achieves a maximum value at about
the 0.20 wt% Alp03 composition for both firing
temperatures.

In Figure IV.44 the average grain sizes are plotted
versus the Al,03 contents for the specimens fired at
1192°C for times of 0.5 h to 4 h. 2t this higher firing
temperatures those specimens without A1303 vielded a
microstructure consisting only of large grains which had
already consumed all of the finer matrix grains, therefore
for firing at the temperatures of 1192°C and 1400°C it was
possible to include in these plots a point corresponding
to zero content Al,O3. It is obvious that even for only
small additions of Al,03 to the ZnO + 6 wt% BiyO3 binary
system, a considerable decrease of the average ZnO grai
size occurs. For example, when fired for 4 hours at
1192°C the grain size is reduced from (39 £19)pm to (26 %
12)um when only 0.10 wt% AlpO3 is added. It is also
evident from this figure that a small increase of the
grain size occurs for the 0.20 wt% Al03 addition, but

that further additions of Al;03 consistently decrease the
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average grain size. It is obvious that the addition of
Al,03 has a distinct grain growth inhibition effect on the
Zn0 + 6 wt% BijsO3.

In Figure IV.45 the average grain sizes are plotted
versus the of Al,03 content for the specimens fired at
1400°C for the four different times. The grain size
curves at 1400°C are very similar to the curves previously
obtained for 1192°C. With the initial alumina addition
there is a sharp decrease of the average grain size, from
(64 £ S)um to (40 = 8 )um, after which the grain size
slightly increases for the 0.20 wt% Al,O3 addition, and
then decreases with increasing Al;03 contents.

As observed in Figures IV.44 and IV.45 for firing at
1192°C and 1400°C the plots of the average grain size as a
function of the Aly03 content follow the same general
trends that were previously observed for the case of the
Nby05 additions and which are represented schematically in
Figure IV.30. The initial addition of Al;03, at only the
0.10 wt% Al,03 inhibits the Zn0O grain growth (Region I),
then as the Al,03 content is increased to 0.20 wt% a
region of grain growth enhancement is observed (Region
II). Finally at higher levels of Al,03, the result is
grain growth inhibition (Region III). The same general
behavior of three distinct grain growth/composition
regions as previously discussed for the case of the NbyOg

exists for the Al,03 additions.
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The initial inhibition of the ZnO grain growth is
probably related to the segregation of the solute atoms to
the grain boundaries, as suggested by Gupta [71] for K30
additions to zZnO, and by Johnson and Stein [82] in the
case of additions of CaO to Aly03. Gupta [71] has
reported the inhibition of Zn0O grain growth by K50
additions similar to the effect of the 0.10 wt% Alj03
additions observed in this study. He found that with only
a 0.12 wt% K0 addition, the 2ZnO grain sizes were much
smaller, by about a factor of two, than those for "pure”
ZnO. Gupta did not detect any KyO-containing second
phases and suggested that the ZnO grain growth inhibition
by the K0 addition may have been one of solute
segregation at the grain boundaries.

The radius of the Zn2% is 0.74 A°and the radius of
the Al13* ion is 0.51 A°which resuls in a ionic size ratio
of 31%. This large size factor (>> 15%) suggests that
solid solution of Al;03 in 2n0 is not favored. Also, from
the electronic considerations, since the solid solution of
Al,03 in ZnO requires the formation of vacancies,
segregation of 213% to the grain boundaries is expected,
although some solid solution certainly must exist. When
comparing the segregation and solid solution behavior of
the al3+ ions and the Nb>* ions it is seen that they have
opposite tendencies, while the solid solution is more

favorable for the Nb>* ions, the a13+ are expected to
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segregate to the grain boundaries. This might explain why
the Al,03 addition promptly prevents discontinuous grain
growth and also is a very good inhibitor of the normal
grain growth process,

It was suggested for Nb,Og additions in this study
that the grain growth enhancement in Region II is related
to the increase of the cation diffusivity caused by an
increase in the cation lattice site vacancy concentration.
When the Al,03 goes into solid solution in the ZnO
lattice, to maintain charge balance, 2 A13* must replace 3
zn2t ions leaving one wvacant zn2t lattice site according
to Equation (37) previously presented. This increases the
cation vacancy concentration and favors material
transport. As pointed out by Chiang and Kingery [74] the
presence of the defects, which accommodate the lattice
stoichiometry, can cause diffusion enhancement which in
turn can affect the grain boundary mobility and the grain
growth rate. This mechanism appears to be prevalent in
Region II for Al,03 additions to ZnoO.

The solid solutions of NbyOg and Al;03 in the ZnO
structure create vacancies according to Equations (37) and
(38) as previously discussed. Addition of Nby0Og creates
more vacancies than the additions of Al;03, therefore
Nb,0g5 is expected to cause a higher enhancement of the
diffusion coefficient than the Al,03 and consequently a

higher enhancement of grain growth in Region II. These
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differences between the effects of the Nby05 and the Al,03

solid solutions on the grain growth of the 2Zn0 can be
observed by comparing Figures IV.27 and IV.44 for firing
at 1192°C, and Figures IV.28 and IV.45 for firing at
1400°C. These figures depicted the average grain sizes as
a function of the additive oxide level and confirm that
the enhancement of grain growth corresponding to Region II
indeed is much greater for the Nb,0g additions.

Comparison of these figures also reveals that Al,03
is a much more efficient Z2n0 grain growth inhibitor than
the NbyOg. Besides the fact that the NbjyOg in solid
solution in ZnO creates more vacancies than the Al;O0g3,
another factor that represents a major contribution to the
difference observed in Region II is that 213+ ions tend to
segregate to the grain boundaries while the solid solution
of Nby0g in ZnO is more favorable.

Inhibition of Zn0 grain growth by the higher level of
additions of Al,03 observed in Region III is related to
the presence of the 2nAl,04 spinel phase through the
second phase particle drag mechanism. The Zn0O-Al,03 phase
diagram presented earlier in Figure II.4.4 indicates that
Al,03 reacts with the ZnO to form the spinel phase ZnAlj;0y4
and the presence of the 2nAl,04 in the Zn0-Al,03 system
has been reported in the literature [7]. Figure IV.46
shows the XRD pattern for the specimen of Zn0 + 6 wt%

BioO3 + 0.80 wt% Al,03 sintered for 2 hours at 1400°C.
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The presence of the ZnAl;04 spinel phase is clearly

revealed.

Quadir and Readey [7] have studied the effects of
Al,03 on the grain growth of pure ZnO at addition levels
of 0.5 mol% to 5 mol%. They have attributed the
inhibition of the ZnO grain growth to be related to the
presence of the ZnAl,04 spinel phase, which would reduce
the grain boundary mobility by a pinning process or second
phase drag process.

The inhibition of the grain growth of ZnO by
additions of Sby03 has also been observed by previous
workers [1,2,70] and the presence of the Zn4Sby07p spinel
phase in these systems has been confirmed [11,69,70].
However, Senda and Bradt [70] are the only who have
attempted a quantitative evaluation of the effects of the
Zn4Sby012 inclusions on the grain growth process. They
applied the "back stress model"” suggested by Zener ([44]
which predicted that the limiting grain size should be
directly proportional to the inclusion particle size and
inversely proportional to the volume fraction of the
second phase. Although their calculations resulted in
final grain sizes about an order of magnitude larger than
the experimentally observed grain sizes, they argued that
these differences were probably reasonable, considering
that their specimens probably had not yet reached the

limiting grain size. The second phase particle drag

——e e  —— vt




203

mechanism has also been reported for several other ceramic
systems [80-86].

It is evident from the photomicrograph that the
A1203—containing specimens have numerous pores at the
grain boundaries. Probably the most important mechanism
to the grain boundary drag process in the Al,03-containing
specimens is that of pore drag. When the pores are pinned
to the grain boundaries, they can reduce the rate of grain
growth. As most of the pores appear to be located at the
grain boundaries, this seem to be indicative of the fact
that the pores are indeed pinned to the boundaries, or
vice versa, and are moving along with them. This further
supports the conclusion that a pore drag mechanism is a
controlling process, reducing grain growth.

In summary, the general behavior for the curve of
grain size versus composition for the Al;03 additions to

7n0 can be attributed to three different mechanisms:

a) - Inhibition of grain growth due to solute
segregation at and drag on the grain boundaries
(Region I).

b) - Enhancement of grain growth due to solute
solubility and increased vacancy concentrations
causing increased cation diffusivity (Region
II).

c) - Inhibition of grain growth due to a combination
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of second phase spinel drag and pore drag

mechanisms (Region III).

IV.3.2 - The Grain Growth Kinetics

Additions of Aly03 to the 0.1lum zho + 6 wt% BijpO3
suppress discontinuous grain growth. This results in
normal grain growth to which the phenomenological grain
growth expression of Equation (32) can be applied for a

quantitative analysis of the 2znO grain growth kinetics.

IV.3.2.1 - The Grain Growth Exponent

Grain growth of ZnO for the ternary 0.1l um ZnO + 6
wt$ BisO3 + 0.10 wt% Alpy03 is depicted in Figure IV.47 in
the fo;m of the log (grain size) versus log (time) plot
for the four different firing temperatures. The slopes of
these lines are (0.226 +#0.051) at 900°C, (0.220 *0.084)
at 1030°C, (0.213 *0.079) at 11392°C, and (0.260 £0.070)
at 1400°C. The values of the kinetic exponents, n-values,
determined from the slopes of these lines are: (4.43 %
1.01) at 900°C, (4.36 *1.64) at 1030°C, (4.70 £1.84) at
1192°C, and (3.84 £1.04) at 1400°C. The integer grain
growth exponent for this composition is four.

Grain growth of the Zn0O in the ternary 2n0O + 6 wt$%
BizO3 + 0.20 wt% Al;03 is depicted in Figure IV.48 in the
form of log {(grain size) versus log (time) plots for

different firing temperatures. The slopes of the lines
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are (0.238 £0.184) at 900°C, (0.216 *0.084) at 1030°C,
(0.260 £0.090) at 1192°C, and (0.293% 0.151) at 1400°C.
The kinetic exponents are (4.21 +1.18) at 900°C, (4.62 %
1.85) at 1030°C, (3.85 £1.37) at 1192°C, and (3.41 £1.86)
at 1400°C. The average n-value estimated from these
values is 4.02, so that similar to the 0.10 wt% Al,03
composition an integer n-value of four is appropriate.

Grain growth for the ZnO in the 2Zn0 + 6 wt% BisO3 +
0.40 wt% Al,03 composition is depicted in Figure IV.49 in
the form of log (grain size) versus log (time) for
different firing temperatures. The slopes of the lines
are (0.204 +0.140) at 900°C, (0.235 £0.174) at 1030°C,
(0.229 +£0.143) at 1192°C, and (0.297 £0.192) at 1400°C.
The n-values determined from these lines are : (4.89 %
1.74) at 900°C, (4.25 *1.57) at 1030°C, (4.36 £1.98) at
1192°C, and (3.37 £1.39) at 1400°C. Again the integer n-
value is four.

Grain growth of the ternary Zn0 + & wt% BijyO03 + 0.80
wt% Aly03 is depicted in Figure IV.50 in the form of log
(grain size) versus log (time) plots for the four
different firing temperatures. The slopes of the lines
are (0.292 £0.184) at 900°C, (0.238 £0.162) at 1030°C,
(0.197 £0.028) at 1192°C, and (0.212 £0.051) at 1400°C.
The kinetic exponent has the following values : (3.43 %
1.36) at 900°C, (4.21 *£1.18) at 1030°C, (5.06 £0.72) at

1192°C, and (4.71 £1.14) at 1400°C. There exists more
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scatter on these n-values but an integer four also seems
appropriate for this case.

By comparing the the grain growth exponents for all
of the specimens containing Al;03, it is seen that the
most reasonable integer value for the kinetic exponent for
all of these compositions is four. In general, according
to results in the literature and the experimental results
obtained in this study, the grain growth exponent or n-
value increases from three for "pure” 2Zn0 to four, five or
six in the presence of various oxide additives. As
discussed earlier, as the grain growth rate decreases the
grain growth exponent increases. 1In the case of the
compositions containing Al,03 the grain boundary and
triple point porosity and the presence of the ZnAl;04
spinel phase are probably the main factors contributing to
the reduction of the grain boundary mobility, the
inhibition of grain growth and the increase of the grain

growth exponent from three to four.

IV.3.2.2 - The Activation Energy for Grain Growth of ZnO
in the Presence of Al;03

The activation energies for the 2Zn0 grain growth
process are readily determined from the slopes of plots of
log (GR/t) versus 1/T. Figures IV.51 (a to d} show log
(G4/t) versus 1/T for the ZnO + 6 wt% BijsO3 + Aly03.

Figure IV.51 (a) is for the composition 0.10 wt% Al03.




209

€olTy sam x + Eof

ay3} 103 I/l snsiaa Au\w
:
g L g 9

Td %3 9 + Quz um |10
9) POT - S3074 snTudYIIy ~ (p O3 ®) |G AT BInbTJg

leV I/ ,0L

4

-~ C-J -1 - [ ] [ ] -

o o

(=]

(q/vs) o1




210

This plot was constructed assuming the n-value to be equal
to four. The activation energy calculated from the slope
of this regression line is (399 *47) kJ/mol. Similarly,
the Arrhenius plot for the composition of ZnO + 6 wt%
BipO3 + 0.20 wt% Al,03 was also constructed assuming an n-
value of four. It is depicted in Figure IV.51 (b). The
activation energy determined from the slope of this plot
is (398 *26) kJ/mol, almost identical to the 0.10 wt%
Al,03 composition.

The Arrhenius plots for the ternary systems Zn0 + 6
wt$ BipsO3 + 0.40 wt% Al,03 and ZnO + 6 wt% BipO3 + 0.80
wt% Al,03 were also constructed assuming that n is equal
to four. These are depicted in Figures IV.51 (¢ and d).
The activation energies determined from the slopes of the
two lines are (416 *18) kJ/mol and (395 #*34) kJ/mol
respectively. The activation energies are plotted in
Figure IV.52 versus the Al,03 content. It is observed
that the activation energy for grain growth for the Zno +
6 wt% BipO3 specimens with Al,03 additions does not vary
with the Al,03 content. It can be concluded that the
activation energy for Zn0 grain growth is independent of
the Al,03 content and that the small variations observed

are due to the statistical nature of the experiments.
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The preexponential factor, Kg, was calculated from
the intercept, log Ky, of the lines in Figures IV.51 (a to
d). The intercept determined from Figure IV.51 (a) is log
Kg = (18.7 £1.8), so that the preexponetial factor for
the specimen containing 0.10 wt% Al;03 is 5.01 x 1018
um4/h, while for the 0.20 wt% Alp03, log Kg = (19.0 %
0.99) and Ky is 1.0 x 10 1% pum4/h. sSimilarly, the for the
0.40 wt% AlyO3, log Kg = (19.4 £0.68) and Kg is 2.5 x
1019 um4/h and for the 0.80 wt% Aly03, log Ko = (18.2 %
1.28) and Kp is 1.58 x 1018 ym4/h. These values are
summarized in Table IV.3.1 (a to d).

Senda and Bradt have also determined the
preexponential factors for the "pure” ZnO and for the
binary systems ZnO + BizO3 [61] and ZnO + Sbp03 [701].
However, it is not possible to directly compare all of
these Kg values because of the differences in the units
depending on the individual grain growth exponents, n-
values. However, one comparison that can be made is
between the binary system 2.0um ZnO +BiO3 and the ternary
system ZnO + 6 wt% BijsO3 + Al,03 analysed in this study.
This comparison is possible because these two systems both
have grain growth exponents of four and thus the units for
Ko are the same (um4/h). The value of Ky for the binary
2.0um Zn0 + Bijy03 is approximately 1017 (pm4/h) and for
the ternary 2n0 + 6 wt% BijO3 + Al,03 it is about 1018 to

101° (um4/n).
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Table IV.3.l1(a) - Grain Growth Parameters for the

Zn0 + 6 wt% Bi203 + 0.10 wt% Aly03

Slopes (0.22 £0.05) at 900°C
(0.23 £0.08) at 1030°C
(0.21 £0.08) at 1192°C

(0.26 £0.07) at 1400°C

Grain Growth Exponent (4.43 £1.0) at 3900°C
(n-value) (4.36 £1.64) at 1030°C
(4.70 £1.84) at 1192°C
(3.84 £1.04) at 1400°C

Activation Energy Q0 = (399 £47) kJ/mol

Intercept log Kg = (18.7 £1.8)

Preexponential Factor Kg = 5.01 x 1018um4/h



Table IV.3.1 (b)

-~ Grain Growth Parameters for the

Zn0 + 6 wtk BigO3 + 0.20 wt% AlyOs3

Slopes

Grain Growth Exponent

{(n-value)

Activation Energy

Intercept

Preexponential Factor

(0.24 £0.18) at 900°C
(0.22 £0.08) at 1030°C
(0.26 £0.09) at 1192°C

(0.29 £0.15) at 1400°C

(4.21 +£1.18) at 900°C
(4.62 £1.85) at 1030°C
(3.85 #1.37) at 1192°C
(3.41 +1.86) at 1400°C
Q = (398 £26) kJ/mol

log Kg = (18.0 £0.99)

Kg = 1 x 101%m4/n
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Table IV.3.1 (¢) - Grain Growth Parameters for the

Zno0 + 6 wt% Bi203 + 0.40 wt$% Al,03

Slopes (0.20 *£0.14) at 900°C
(0.24 £0.17) at 1030°C
(0.23 £0.14) at 1192°C

(0.30 £0.19) at 1400°C

Grain Growth Exponents (4.89 £1.74) at 900°C
{(n-value) (4.25 £1.57) at 1030°C
(4.36 £1.98) at 1192°C
(3.37 £1.39) at 1400°C

Activation Energy Q = (416 £78) kJ/mol

Intercept log Kg = (19.4 £0.68)

Preexponential Factor Kg = 2.5 x 1012 mé/n
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Table IV.3.1 (d) - Grain GRowth Parameters for the

Zn0 + 6 wt% Bi203 + 0.80 wt% A1203

Slopes (0.29 £0.18) at 900°C
(0.23 £0.16) at 1030°C
(0.20 £0.03) at 1192°C
(0.21 £0.05) at 1400°C

Grain Growth Exponent (3.43 £1.36) at 900°C
(4.21 £1.18) at 1030°C
(5.06 £0.72) at 1192°C
(4.71 £1.14) at 1400°C

Activation Energy Q = (395 £34) kJ/mol

Intercept log Ko = (18.2 £1.28)

Preexponential Factor Kg = 1.58 x 1018um4/n
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Equation (30) shows that the rate constant is a 216

function of the diffusion coefficient and it is then
evident that several factors which affect the diffusion
coefficient will also affect the preexponential factor Kj.
However, the experimental values of the kinetic grain
growth parameters reflect the contributions of many
different superimposed factors, all of which affect the
grain boundary migration. These include solutes, second
phases, and pore drag processes. Usually, it is not
possible to discern with absolute certainty the individual
contributions of each of the several competing processes.
The experimental values of the kinetic parameters were
obtained from measurements of the average grain sizes and
therefore they represent an average of all the factors
involved in the grain growth process. Since the overall
effect of all the processes resulting in the grain growth
is the grain boundary migration, the experimental values
of n, Q, and Kg should be related to the average grain

boundary mobility.

IV.3.3 - Summary of the Effects of the Al,03 Additions
This study of the effects of the Al,03 additions on
the grain growth of ZnO in the ZnO + Bi;O3 systems have
revealed that the discontinuous grain growth process is
suppressed by additions of Al;03. This is probably due to

segregation of A13* ions at the grain boundaries.
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The average grain size varies with Al,03 content,
similar to that for Nb,Og additions, as indicated in the
general curve of Figure IV.30. However, for the systems
containing Al;03, the increase in grain size observed in
Region II is much smaller, indicating that the solid
solution of Al,03 in ZnO is not as effective as the NbjOg
one. It was also observed in this study that higher level
additions of Al,03 inhibit normal grain growth, which is
believed due to the spinel phase drag mechanism. The
formation of the spinel phase ZnAl;04 as predicted by the
phase diagram was confirmed by X-ray diffraction.

The study of the kinetics of grain growth for the
ternary system 2nO + 6 wt% BipO3 + Al,03 revealed that the
grain growth exponent is four, the activation energy for
grain growth is approximately 400 kJ/mol and that the
preexponential factor, Kp, is about 1018um4/n to
1019um4/h. The activation energy, Q, and the
preexponential factor, Kg, do not vary with the Al;03
content (above 0.10 wt% Al,03) as indicated in Figures
IV.52 and IV.53. The value of the grain growth exponent
of four is associated with pore drag mechanisms. The high
value of the activation energy, 400 kJ/mol, is indicative
of a normal grain growth process, with pores located
mainly at the grain boundaries, and can also be attributed
to grain growth processes controlled by pore drag

mechanisms. The activation energy for the Al,O03-
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containing specimens is somewhat higher than the 360
kJ/mol determined for the activaticn energy for the
specimens containing higher levels of Nb,Og or for
specimens consolidate with the 2.0 mpm Zn0O, which also
presented a normal grain growth process. This higher
value of the activation energy for the specimens
containing Al;03 can be attributed to the additional
contribution to the grain boundary drag mechanisms due to
the segregation of the Al;03 to the grain boundary, and to
the presence of the spinel phase 2ZnAl;04 at the

boundaries.




Chapter V - SUMMARY AND CONCLUSIONS

The effects of the initial Zn0O powder particle size
and the spinel forming additives, NbyOs and Al;03, on the
grair growth kinetics of ZnO in varistor-type ceramics
were studied in a systematic fashion. Two different ZnO
initial particle sizes, 0.11pmand 2.0 pm, four different
firing temperatures (900°C, 1030°C, 1192°C, and 1400°C),
and four different firing times (0.5h, 1h, 2h, and 4h)
were used for series of compositions.

The objective was to understand how the initial ZnO
particle size and the spinel forming additives affect the
microstructural development of ZnO and to determine the
grain growth kinetic parameters for future use in the
compositional and microstructural design of ZnO varistor
ceramics.

The kinetics of grain growth was analysed through the

phenomenological rate equation:

G? - GoB = Kg (t-tg) exp( -Q/RT) (327)

For the cases that exhibited normal grain growth from the
initial stages, the Gp value was much less than the G, and
the factor Gg™ could be neglected. But, for those cases
that began with a discontinuous grain growth process, the

microstructure was initially bimodal, consisting of large
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very rapidly growing grains within a matrix of very fine
grains. For these cases Equation (32’) can only be
applied after the large grains have experienced sufficient
growth to consume all the matrix grains and collide with
one another. Therefore, for the analysis the initial
time, tg, cannot be zero and the grain size Gg is not
significantly smaller than the average grain size, G. The
factor Gg" cannot be neglected with respect to Gh.

For the cases where the grain growth process was
normal the grain growth exponent, or n-value, could be
determined directly from the slopes of the plots of log G
versus log t. For those cases that started as
discontinuous grain growth, the grain growth exponent, n,
had to be determined by trial and error methods after the
grains collided. The activation energy, Q, and the
preexponential factor, Kg, were determined from Arrhenius
plots of log [(GR - Gg™)/(t-tg)] versus 1/T. The
activation energy, Q, was determined from the slope and
the preexponential factor, Kg, was determined from the
intercept of those plots.

This research was divided into several sections
according to the different variables and the different
systems that were considered. First, the effects of the
starting ZnO particle size was considered in two different
systems, one a solid state system and the other containing

a liquid phase. Second, the effects of NbyOg additions
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were analysed for systems containing a BijO3-rich liquid
phase and finally, the effects of Al,03 additions were
studied, also in systems that contained a BijyO3z-rich
liquid phase during sintering.

For the study of the effect of the initial ZnO
particle size in solid state sintering, the system
consisted of "pure" ZnO. It was observed that the grain
growth process is a normal one and that the final
microstructures consisted of grains that were very regular
in size and shape. The initial ZnO particle size had a
profound influence on the final microstructure of the
fired bodies. The larger initial ZnO particle size
resulted in a much smaller final grain size.

These experimental results were explained in terms of
two different effects of the initial particle size.

First, is the effect of the initial particle size on the
rearrangement and densification rates. Smaller initial
particle sizes result in higher rates of particle
rearrangement during the initial stages of sintering and
in higher densification rates due to stronger capillary
forces. The second effect of the initial particle size is
related to the driving force for grain growth which is the
reduction of the surface area. The surface area per unit
volume is larger for the smaller particles so that their
driving force for grain growth is higher. As the force

acting on the boundaries is higher the grain boundaries
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are able to detach themselves from the pores more readily
in the initial stages of the grain growth process, thus
reducing the effects of pore drag mechanisms. Therefore,
the system consolidated with the smaller initial ZnO
particle size has lower volume fraction of pores and less
pores located at the grain boundaries which result in a
higher grain boundary mobility. Equation (44) which
relates the grain growth rate to the driving force and to
the grain boundary mobility shows that the grain growth
rate of the specimen consolidated with the smaller initial
particle sizes is larger at all stages, due to higher
driving forces and to higher grain boundary mobilities,
which results in larger final average grain sizes as
observed experimentally.

For the study of the effect of the initial ZnO
particle size in the presence of a liquid phase during
sintering, the system consisted of Zn0O + Bijy03. It was
observed that the influence of the liquid phase on the
grain growth process also depended on the initial Zn0
particle size. When the initial particle size was small,
(0.11 pm, 0.20um, and 0.30um), the grain growth process
was a discontinuous one consisting of a few large grains
growing very fast and eventually consuming the matrix of
fine grains. The resulting microstructure consisted of
large grains that were very irregular in size and shape,

with numerous pores located inside the grains as well as




224
at the grain boundaries. 1In contrast, as the initial
particle size was increased to 2.0 um, the grain growth
process changed from a discontinuous one tc a normal grain
growth process and the final microstructure was a much
finer one.

The equation for capillary forces between particles:

Fe = ( 2 X2 Yy )/T + (2 X Yy COS V) (40)

was used to explain the occurrence of the discontinuous
grain growth in the presence of the BijO3-rich liquid
phase. Equation (40) which specifies the attractive
capillary force between two particles connected by a
wetting liquid meniscus, to the particle sizes describes
how the particles are attracted. The strong attractive
capillary forces cause particle clustering to occur during
liquid phase sintering as a consequence of local melt
formation. These clusters of wetted particles with closer
packing and a higher volume fraction of solids develop a
much higher grain growth rate than the rest of the matrix,
initiating the discontinuous grain growth process.

The experimental observation that when the initial
Zzn0 powder particle size is increased from 0.1lum to 2.0
pm then the grain growth process changes from a
discontinuous one to a normal one is also satisfactorily

explained by Equation (40). The attractive capillary
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force F, decreases as the radius, r, of the solid
particles increases. For sufficiently large initial 2ZnO
powder particle sizes the capillary forces are Jjust not
strong enough to form the clusters and the discontinuous
grain growth process does not occur.

To investigate the role of the content of the Bij03-
rich liquid phase, the study of the effects of the initial
Zn0 particle size was carried out in systems containing
Bi,O3 at the 3 wt% and 6 wt% levels. Similar results were
obtained for both compositions and it was concluded that
the onset of the discontinuous grain growth process is not
critically dependent on the content of the ligquid phase at
these higher levels of BijO3.

The effect of the Zn0 initial particle size on the
kinetics of grain growth has revealed that the initial 2n0
particle size affects the grain growth parameters in the
system ZnO + BijO3. As the Zn0O initial particle size is
increased from 0.11 pum to 2.0 Um the activation energy for
grain growth increases from 150 kJ/mol to 360 KJ/mol.

This increase in the activation energy is consistent with
the decrease observed in the final grain size when the
discontinuous grain growth is suppressed and the grain
growth process becomes normal, with more pores pinned to
the boundaries and less mobile grain boundaries result.
Having determined the effects of the 2n0O initial

particle size, the research proceeded by analysing the
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effects of the two spinel forming additives, NbsOg and
Al,03, on the grain growth of Zn0. When Nb,Og was added
to the 0.11 um ZnO + 6 wt% Bij03 system, for additions of
0.40 wt% and less, the grain growth process was a
discontinuous one, but at the 0.80 wt% Nb,Og level the ZnO
grain growth process was a normal one. At 0.05 wt%, NbyOg
was found to inhibit the 2Zn0 grain growth and it is
suggested that this grain growth inhibition is a result of
the segregation of the Nb2*t ions to the grain boundaries.
As the Nb,Og additions were increased to 0.20 wt% the
final 2ZnO grain size also increased, revealing that at
these levels the NbyOg promotes ZnO grain growth. Since
solid solution of NbyOg in 2n0 is favored by the cation
size, the increase in the final ZnO grain size was
attributed to a diffusivity enhancement caused by an
increase in the cation vacancy concentration from the Nbo+
in solid solution. Further increases of the NbyOg
additions to the 0.80 wt% level inhibit the ZnO grain
growth process. This was explained in terms of a second
phase drag mechanism from the presence of the Zn3Nbjy0g
spinel phase at the grain boundaries.

The study of the effect of the spinel forming
additive NbyOg on the grain growth kinetic parameters of
the system 0.11 pm ZnO + 6 wt% Bij,O3 revealed that the
activation energy for grain growth, Q, and the

preexponential factor, Ky, are both very strongly
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dependent on the NbyOg levels. However, the grain growth
exponent or n-value is five, independent of the Nb5Og
content. The 0.10 wt% and 0.20 wt$% NbyOg5 compositions
which presented the largest grain sizes corresponded to
the lowest values of the activation energy and the
preexponential factor. For the 0.40 wt% and 0.80 wt%
Nb,Og compositions the activation parameters increase
corresponding to the grain growth inhibition observed at
these NbyOg levels. It was concluded that the values of
the parameters, Q and Kqg, vary inversely to the grain
boundary migration rate, i.e., when the grain boundary
migration is enhanced, Q and Ky are observed to decrease
but when the grain boundary motion is inhibited Q and Kj
both increase.

Study of the spinel forming additive Al,03 on the ZnO
grain growth processes and on the kinetics of grain growth
revealed that Al;03 additions prevent the occurrence of
discontinuous grain growth even at levels as low as 0.10
wt% Alpy03. Aly03 inhibits normal grain growth of Zn0O as
well. This was explained in terms of the segregation of
the a13F ions to the grain boundaries since solid solution
of A13* in the ZnO is not favored by the cation size
factor. The presence of the 213+ cations restrains the
grain boundary motion and prevents the discontinuous grain
growth. A slight increase of the final ZnO grain size

occurred for the 0.10 wt% and 0.20 wt% Al,03 compositions
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indicating that some solid solution of Al;03 into the 2n0O
may have occurred. Increases in the levels of Alj03
additions to 0.40 wt% and 0.80 wt$% resulted in further
grain growth inhibition due to the formation of the
ZnAl,04 spinel phase and second phase drag mechanisms.

Analysis of the effect of the Al;03 on the grain
growth kinetic parameters indicated that the grain growth
activation energy, Q, and the preexponential factor, Ky,
do not vary with the Al,03 content. This result is
consistent with the observations that the average grain
sizes do not vary significantly with the level of Al;03
addition.

Table V.1.1 summarizes the grain growth kinetic
parameters determined in this study. The higher values
of the activation energies, from 350 kJ/mol to 400 kJ/mol,
are encountered for the systems in which the grain growth
process is normal and inhibited while the lower values,
from 150 kJ/mol to 35 kJ/mol, are for the systems with a
discontinuous grain growth.

The effects of the spinel forming additives; NbyOg
and Al;03, are expressed in terms of a generalized
schematic diagram containing three regions. In the first
region, grain growth is inhibited through solute
segregation to grain boundaries creating reduced grain
boundary mobility through a solute drag mechanism. In the

second region, additive solubility was accompanied by
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increased lattice vacancy concentration and enhanced
diffusivity leading to an increased rate of grain growth.
The third region was that of grain boundary pinning by
spinel crystals at the boundaries, inhibiting grain

growth.
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Table V.1.1 - Grain Growth Parameters For Zn0O + Additives

Determined In This Study

Composition Q(kJ/mol) logKy Ko

(wt%)

0.11pm 2Zn0 + 6 wt® BizO3 + X wt% Additive

n=5 um3/h)
0 154.5 13.0 1.04x1013
0.05wt%Nby0Os5  149.6 12.49 3.05x1012
0.10wt%Nby0s  35.2 9.10 1.25x109
0.20wt%¥Nby05 70.4 10.19 1.54x1010
0.40wt%Nby0O5  376.8 20.7 5.01x1020
0.80wt%NbyOg5 355 18.4 2.51x1018
n =24 Jggiigl
0.10wt%Al,03 399 18.7 5.01x1018
0.20wt%Al,03 398 19.0 1.00x1012
0.40wt$Al,03 416 19.4 2.51x101°
0.80wt%Al,03 395 18.2 1.58x1018
n =4 (umé/h)
2.0 Hm 2ZnO
+ 360 17 1.93x1017

6 wt% BijyO3
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Appendix A - Average Grain Sizes, G, For Different ZnO

Particle Sizes

G (um)
Composition t (h) Temperature (°C)

900 1030 11392 1400

0.11umzZn0+6wt¥Bis03 0.5 37 43
1.0 39 45
2.0 40 54
4.0 47 64

2.0 UmZnO+6wt%Bi503 0.5 5 7 10 23
1.0 5 7.5 11 30
2.0 6 8 15 34
4.0 7 9 17 39




Appendix . B - Average Grain Size, G,

For The Compositions

Zn0 + 6 wt% Bi2O3 + NbsOg

Composition

ZnO+6wt%Bi203+0.05Wt%Nb205

ZnO+6Wt%Bi203+0.lOWt%szOs

ZnO+6wt%Bi203+O.20wt%Nb205

ZnO+6wt%Bi203+0.4Owt%Nb205

ZnO+6wt%Bi203+O.80wt%Nb205

t (h)
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G (um)

Temperature (°C)

900 1030 1192 1400

3 7
3 8
4 9
4 11
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27
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36
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46
49
32
35
43
45
18
21
26
28
10
11
13
15

37
39
46
50
36
40
47
53
37

41



Appendix C - Average Grain Size, G, For The Composition

Zn0 + 6 wt% Bi203 + Al,03

G (um)

Composition t (h) Temperature (°C)

900 1030 1192 1400

Zn0+6wt%Biy03+0.10wtsAl503 0.5 1.3 4.5 17 23
1.0 1.5 5.5 18 28
2.0 1.8 6.5 22 32
4.0 2.0 7.0 26 40
Zn0+6wt$Bis03+0.20wt$Al,03 0.5 2.0 5.0 18 25
1.0 2.0 6.0 20 32
2.0 2.5 6.5 25 40
4.0 3.0 8.0 30 45
ZnO+6wt$Biy03+0.40wt%Al,03 0.5 1.6 4.0 14 20
1.0 1.6 5.0 15 25
2.0 2.0 6.0 20 30
4.0 2.2 6.0 21 33
ZnO+6wt%Bis03+0.80wt3Al,03 0.5 1.0 4.0 12 21
1.0 1.4 4.0 14 25
2.0 1.6 5.0 16 29
4.0 1.8 6.0 18 32
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