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1 Introduction

The sintering of ZnO varistor precursor powders, doped with Co, Mn and different

.. concentrations of Bi and Al, is investigated and discussed in relation with sintering models.

, One purpose of the present study is to provide information valuable for the fabrication

of high field varistors. As the fundamental parameter of these electronic components is the

breakdown voltage per unit of thickness, which is determined by the number of grain

boundaries per linear dimension, the grain size and the sintered density are crucial

variables, and the sintering is a central step in the manufacturing of such varistors.

Sintering experiments performed at constant heating rate in a loading dilatometer

provide data on the densification and creep of the compacted powders (an original

techniqde is used for the determination of the creep strain).

Another goal of the present study is to provide an experimental basis for the

in:.erpretation of the evolution of the ratio between densification rate and creep rate in tenns

of competition between densification and microstructure coarsening. This is accomplished

by taking advantage of the variety of sintering behaviors that takes piace in the system

ZnO-Bi-AI: the comparison of these behaviors allows us to correlate the macroscopic

sintering parameters to the evolution of the microstructure.

It results that, whiie in non-doped powders densification and coarsening develop in a

•, balanced way, resulting in the constancy of the ratio between densification rate and creep

rate, the effect of the dopants on the sintering kinetics alters such _ bah, nce, leading this

ratio to vary.

i
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An expression for the densification strain rate, derived within the frame of a model

devised by Swinkels and Ashby [1980] in which the densification is controlled by two

processes in series, provides a new insight into the interplay between densification and

coarsening, as it shows that in certain circumstances the kinetic" mechanism govenaing the

coarsening may control the densification as weil.
0



2 Background

2,1 Sintering theory_ovevciew

"4-"

Many theories of sintering have been devised in the last few decades. In this

paragraph an overview of the basic concepts common to most of these theories is

presented, focusing on the importance of the interconnection between densification and

microstructure coarsening. Several review articles are available for a detailed description of

the various theories [Burke and Rosolowsky 1976, Coble and Cannon 1978, Johnson

1979, Kuczynski 1985, German 1985 on liquid phase sintering].

The common ground of all sintering theories is the identification of the driving force for

sintering with the tendency of a porous compact to lower its free energy connected with

solid-vapor interfaces. This is accomplished in two ways:

- By reduction of the total surface of the grains as a consequence of their growth and

coalescence (micr°structurec°arsening).

- By substitution of grain-pore interfaces with grain-grain boundaries thaving lower

energy), as a consequence of pore shrinkage (densification).

Densification and microstructure coarsening are the two fundamental phenomena

occurring during sintering. Tile sintering behavior of most systems can be interpreted in

terms of the competitive effect and interaction of the two phenomena.

i, III lr ' ' ' le ' '



2.1.1 Coarsening

Microstructure coarsening occurs by the Ostwald ripening mechanism, for which

inhomogeneous particle and pore size distributions provide the driving force. Surface

diffusion and evaporation-condensation are the typical mechanisms for mass transport in

solid phase coarsening, while in the presence of an intergranular liquid phase, a solution-
i¢

precipitation process is often dominant. A coarse microstructure develops as large grains

and pores grow further at the expenses of smaller ones, which eventually disappear

allowing the scale of the structure to increase.

The classical coarsening theory was developed independently by Lifshitz and Slevotz

[1961] and by Wagner [1961]. Models of the com'sening of the microstructure during

sintering of porou s systems have been proposed by several authors, usually in terms of

topological requirements for space filling and evolution of the grain size. Recently,

significant contribution has been brought by techniques of computer simulation. Good

reviews are by Hillert [1965], Brook [1976] and Atkinson [19881.

2, !,2 Densifiq:_ation

Densification occurs typically by grain bbundary or lattice diffusion. The driving force

for densification has been the object of extensive study. Typical approaches consider local

geometrical parameters, such as pore cur_,ature and dihedral angle, grain size, neck radius,

pore coordination number and interpore spacing [Beere 1975, Jagota et al 1988, De Jonghe

et al 1989, Cannon and Carter 1989]. Other studies relate the densification to the ,,

pore/particle size distribution [Whittemore and Varela 1979, Patterson et al 1985 ], or to the
w

structural evolution of the pore network [Barrett and Yust 1967, Del-loft 1984, Rhines and

DeHoff 1984]. The role of the surface energy in relation to anisotropy and temperature

gradients has also been investigated ISearcy 1985 and 1987, Beruto et al 1989]. To a first

4
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approximation, however, the densification driving force can be considered proportional to

the mean pore curvature [De Jonghe et al 1989].

2.1.3 Interplay 0f densification and ¢0grsening

As densification develops by pore shrinking, its effect on the pore size is the opposite

'_ of that produced by coarsening. Since the pore curvature corresponds roughly to the

inverse of the pore size, densification appears as a self-enhancing phenomenon, whose

effects increase its own driving force. On the other hand coarsening is expected to affect

negatively the densification and its own further development as well, not only because the

scale of the microstructure is inversely proportional to the driving force for both

phenomena, but also because a coarse microstructure corresponds to a large diffusional

path and thus to slow kinetics.

lt is evident that densification and coarsening are strictly related. A study of the

sintering behavior of a system must explore the interplay of these two phenomena.

2,2 An experimental wayto detennine the sintering driving force

In recent years De Jonghe and Rahaman [1984] have introduced an experimental

technique to determine the overall driving force for densification from measurements of

densification and creep. Such a driving force, called the simering stress, is clefined as the

equivalent external mechanical stress that would give rise to the same densification strain

rate as the internal driving force.

, Since this technique is used in the present study, its theoretical foundations will be

reviewed.



The densification strain of a compact is defined as follows'

Ed = _ln Eqn. 2.1

where 19and Po are the actual and the initial density of the compact.

II

The creep strain occurring in a compact under applied uniaxial load is defined as:

Ec= Ez -E d Eqn. 2.2

where Ez is the axial strain = In (Z/Zo); with z and zo being the actual and initial dimension

of the compact along the axis of the applied load.

The densification strain rate is expressed by many authors [Frenkel 1945, Coble

1961, De Jonghe and Rahaman 1984 and 1988] by means of the following generic

equation:

1 (y, + (Y) Eqn. 2.31_d = -- h
rad

is the sintering stress, _h is the externally applied hydrostatic stress (when uniaxial
1

stress (Yis applied, (Yh= _ CY[Chu et al. 19891). rid is the densification viscosity, which

contains the various kinetic parameters such as the diffusion coefficient, temperature and

diffusion length.

The definition of _ leads to the following relation:
IR,

(3'gb = ]_ _ Eqn. 2.4
if

where CYgbis the effective densification stress acting on the grain boundaries, and _ is the

stress itztettsific'atiop_factor = total area/grain boundary area.



Similarly, the creep strain rate can be expressed in the following form:

1

I_c = _--£c(_)s Eqn, 2.5

.le

Where now _c is the creep viscosity. The stress exponent s depends on the creep

,, mechanism and can range from 1 to 5 [Brook 1982]. Under conditions of low applied

stress, creep occurs by diffusion and s equals 1.

To express rid and ric in terms of physical parameters we need to adopt a model for

the transport of matter in the compact. Rigorous models are available for ideal conditions

of uniform particle size and packing distribution. Various geometrical configurations can

be considered. At least two different configurations (spherical particles connected by a

neck, in simple cubic arrangement [Chu 1990], which ideally describes the early sintering

stages, and pores at tlm grain boundary corners in cylindrical geometry, corresponding to

later stages of sintering [De Jonghe and Rahaman 1988]) lead to the same form of equation

for rid:

G n

rid _ Ad(T) n+l Eqn. 2.6

Where Ad is a temperature-dependent term, G is tile grain size, _ is the stress

intensification factor, and n is an exponent which depends on the prevailing diffusion

mechanism: n = 3 for grain boundary diffusion and n = 2 for bulk diffusion.

, Under tlm effect of a low applied stress the diffusion meclaanisms adopted by tlm

atoms to migrate from grain boundaries in compression to grain boundaries in tension (or

by the vacancies to travel the opposite path), can be assumed to be the same as those

generating densification [De Jonghe and R,'daaman 19881; therefore:

7
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G n

qc '_ Ac(T) n+l Eqn. 2.7

Now, since both Ad and Ac depend on the temperature in the same way 1.•

rlc
- constant = K Eqn. 2.8 •

lid

Combining Eqns. 2.3, 2.4 and 2.8, it follows that the ratio between densification and

creep rate is linearly dependent on the sintering stress _, as expressed by the equation:

/:c

Tile validity of Eqn. 2.8 has been experinaentally confirmed for some specific

systems [Rahaman at al 1988, De Jonghe and Srikanth 1988]. An indication of the

reliability of the proportionality between the rate ratio and the sintering stress comes also

from the observation that in a number of systems (ZnO, CdO, MgO, MgO-Bi20 3,

YBa2Cu3Ox, glass) the ratio _ d/t_ c is constant from the onset of the densification to the

final stages of sintering [Chu et al 1989]. Because a compensating effect between the

viscosity ratio K and the sintering stress is unlikely considering the variety of systems

concerned, both terms are argued to be constant.

_T
1Ad,Ac_ D(T) where _ is the Boltzman constant, T the absolute temperature, D(T)
the diffusion coefficient



2.3 Sintering of ZnO cera_mi_s

2.3.1 Pure ZnO

A number of investigators have studied the sintering of pure ZnO powder compacts,

mainly for the purpose of determining the kinetic processes. Studies based on the

activation energy measurement at high sintering temperatures (900°C -1400°C), by Gupta

and Coble [1968], Dutta and Spriggs [1968] and recently Senda and Bradt [19901],indicate

that at these temperatures Zn2+ lattice diffusion is probably the rate limiting process for

densification as well as for coarsening. Analogous studies, on the other hand, indicate that

during the early stages of sintering [Norris and Parravano 1963] and at relatively low

temperatures (600°C-900°C) [Komatsu et al 1969, Whittemore and Varela 1981, Senos et

al 1987?] surface diffusion and grain boundary diffusion are respectively responsible for

coarsening and densification. Whittemore and Powell [1983] have addressed the issues of

the effects of oxygen pressure and water vapor on the sintering of ZnO.

Rahaman and De Jonghe [.19871 have investigated the sintering of ZnO compacts

under an applied stress of 0.25 psi; reporting a constant value of the ratio 1_d / _.c in the

density range 0.55% -0.85%.

2.3.2 Tile Bi20 3 - ZnO system

. The sintering of Bi203 - ZnO varistor precursor powders has been investigated by

several authors, although most of the studies are mainly concerned with the effects of
ql

sintering paralneters on the electrical properties of the varistors. Since commercial varistors

often contain various other dopants that, like Bi203, affect the microstructure evolution

(such as Sb20 3 and Cr203), in most of the cases the effect of Bi203 can hardly be isolated

I ' _J '11...... ' , m , , ' " ' ' '_ ' ' 'l"r' , ' , , , , n II Irl .....



from the others'; moreover the analysis can be further complicated by the formation of

secondary phases, such as spinel and pyrochlore.

In general Bi20 3 doping (above a concentration of 0.1 mol% [Kim et al 1989]) is

reported to accelerate densification and enhance grain growth and microstructure "-

inhomogeneity, as a consequence of the formation of a liquid bismuth-rich intergranular
4

phase in which the ZnO grains are soluble [Wong 1980, Sung et al 1987, Kim et al 1989,

Mantas and Baptista 1989]. The eutectic temperature for the system ZnO-Bi20 3 is 740°C

[Safronov et al 1971]. Abnormal glain growth and residual intragranular porosity are often

reported.

In liquid phase sintering the transport of matter occurs typically by a solution-

precipitation process [German 1985], in which, for ZnO-Bi20 3 ceramics, the limiting step

is probably the phase bounda_ reaction of the ZnO with the Bi-rich liquid, rather than the

diffusion of ZnO within the liquid phase [Senda and Bradt 1990].

Since Bi20 3 is essentially insoluble in ZnO at ambient temperatures, during cooling it

segregates in second phases either at grain boundaries or at grain boundary junctions

[Clarke 1977, Levinson and Philipp 19781. The wetting of the ZnO grains by the liquid

phase has been reported by Gambino et al [1989] to be dependent on file temperature, and

this fact has been related to the temperature dependence of the ZnO concentration in the

second phase.

2.3,3 The effect of the aluminum "

o

Less literature is available on tile sintering of Al-doped ZnO ceramics. Carlson and

Gupta [1982] and Kimball and Dought [1987] have reported on the inhibiting effect of

aluminum on the grain growth of doped ZnO varistors; while Komatsu et al [1968] have

observed that aluminum retards the densification. These effects may be consequences of a

10
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depict'ion of the interstitial Zn 2+ concentration due to the substitution of Zn by AI in the

crystal lattice.

Carlson and Gupta [1982] and Takemura et al [1982] were able to determine the

distribution of the aluminum within the microstructure of commercial varistors, High

" concentrations of A1 were found in an _b-rich spinel phase, but no difference in A1

concentration could be detected between the Zr,'O grains and the Bi-rich phase (due perhaps

to an insufficient detection limit).



J lllli

3 Exoeriments

3.1 The six powders

Six different types of varistor pr,zcursor powder, provided by Sandia National

Laboratory, were used in the experiments. The composition of the powders was the

following 2.

O : ZnO 99.5 mol%, CoO 0.25 tool%, MnO 0.25 mol%

A • same as O + A1 340 ppm

A2:sameasO+Ali42ppm

B • ZnO 98.94 mol%, CoO 0.25 tool%, MnO 0.25 mol%, Bi2030,56 mol%

AB • same as B + Al 340 ppm

AB2: same as B + Al 142 ppm

The powder preparation method was tailored to produce varistors with tile additive

distribution characteristics of commercial varistors, and with a submicron grain size

required for high-voltage application 3 The Zn, Co, Mn and, when present, A1 were

coprecipitated a:. hydrous oxides that were immediately converted to oxalates and then

calcined to produce an oxide mixture. In bismuth-doped powders, Bi was precipitated on

tile surface of tile oxides by a localized hydrolysis reaction. Tile preparation process is

2lh thisstudya txHdcapitalchamclcrwillidentifyoneof tilesix typesof dopedZnO powder.
3Becauselhc breakdownvoltageof a vmisloris determinedbythe numberof grain lxmndaricspcrunitof
thickncss(eachof themcontributewith a voltagedrop in theorderof 2-4 V), grainsizecontrolis a
l'undamcntalaSl)CCtin the sinteringof this typeof vmistors.

I
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reported in detail in works by Dosch et al [1985], Kimball and Doughty [1987], Gardner

and Lockwood [1988] and Lockwood and Gardner [1988].

3.2 Compaction

, Uniaxial comnaction of the powders was performed in a die at ~ 10,000 psi, to obtain

pellets of 6.42 mm in diameter by ~5.5 mm in length. The resulting green density of each

type of powders, averaged over several pellets, is reported in table 1. A maximum

difference of 0.5% in the relative density was allowed between green pellets of the same
..

powder.
i

3.3 Sinterin_v

I
i

Using a loading dilatometer [De Jonghe and Rahaman 1984], sintering was

performed at the constant heating rate of 4°C/rain, between 300°C and 1000°C. For each

type of powder at least 2 pellets were sintered without applied load and at least 2 under an

applied load of 6 N (corresponding to an initial stress on the compact of 0.185 MPa) for

powder O, B, AB and AB2; of 8 N (= 0.247 MPa) for A and A2 (for the purpose of

obtaining a higher creep). The load was applied as the temperature reached 500°C and

mantained until tlle end of the experiment. Mass and dimensions of the pellets were

measured before and after sintering, and the final densities were verified using Archimedes'

method. 6 sets of sintering runs where so performed.

In addition, for all powders a number of sintering runs (with and without load) were

,, interrupted at lower temperatures to measure the dimensions of the pellets and to observe

their microstructures at intermediate stages of sintering. A few sintering runs were

performed using pellets with a different green density, for the purpose of determining the

role of this parameter on the sintering behavior.

13
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3,4 Microscopy

Fracture surfaces and polished and etched sections of pellets sintered at various

temperateres were examined using the SEM. Two etching methods were used: chemical

etching was performed using a dilute solution of acetic acid; thermal etching (~ 1 minute at

1,000°C), however, was more effective.

The mean grain size of a sintered compact was calculated as follows from at least two

micrographs taken from different regions of the compact's section: for loosily sintered

compacts, between 50 and 100 grains were measured from each micrograph of their

fracture surface. For denser compacts, polished and etched sections were considered' grain

sizes were measured by counting the number of grain boundaries intersected by straight

lines of known length (about 5 straight lines were drawn on each micrograph)i The average

grain size was taken as 1.5 times the average inrcept length.

i 14

' ,ip, " llI ' il '



4 Manipulation of the Data

4.1 Axial strain
t

Each sintering experiment provided two sets of data: the sintering temperature T

measured by a thermocouple in the proximity of the sample, and the sample axial shrinkage
i

Az, linearly proportional to the voltage output of the loading dilatometer. T and Az were
J
li

!

_. recorded at short intervals of time during sintering, so that they could be plotted as function
|

of the sintering time t.
|
m J"

The axial strain of a sample during sintering was calculated as follows:

Az

E;z = In (1 + To ) Eqn. 4.1

where zo is the initial axial dimension.

The experiments were peffozrned at constant heating rate a, so that:

AT = o_t Eqn. 4.2

Therefore 1_z could also be plotted versus T.

For each type of powder, two different curves of E z vs. '1"were obtained from the

average of several sintering runs in each of the two following conditions' free sintering and

sintering under applied stress. Aside from the applied stress and within the limits of the

experimental error, the two sets of sintering runs were performed under identical conditions
t,

of green density, sintering temperature range and heating rate.
,N



4,2 Densification strain

By measuring the diameter of the sintered samples, their fina] radial _train gr.fin

was calculated from

gr=In (,_) Eqn. 4.3

with r and ro equal to the actual and initial radius of the sample,

Since'

3F._,d = Ez + 2gr Eqn. 4.4

the finn densification strain gd.fin could be calculated from tile equation:

1
gd.fin = _ (Ez.fin + 2 gr, fin) Eqn. 4,5

For non loaded samples Ez.fin and gr.fin were verified to coincide to within +/- 3%,

Consequently, from Eqn.4.4, for each type or powder the Ez curve obtained from free

sintering was assumed to represent the densification strain during sintering (gd).

The densification strain rate t_ d was obtained from the curve of gd vs. T:

d(Ed)

t_d_ dT o_ Eqn. 4.6

4.3 Tile modified creep strain

Combining Eqn 2.2 with Eqn. 4.4, the creep strain Ec of a loaded samph can be

determined from the relation:

9

gc = 3 (Ez " gr) Eqn. 4.7



The usual way to evaluate the creep strain during sintering is thus by measuring both

the axial and the radial strain at various stages of the sintering. Unfortunately gr is

available only if we stop the sintering to measure the diameter of the sample, with the

- consequence of errors due to transients in temperature and in load. Furthermore, a large

number of sintering runs under identical conditions are necessary t9 plot a reliable curve of

Ec, expecially since such a curve must be determined with great accuracy as it has to be

differentiated to provide the creep rate.

A simpler and possibly more accurate procedure is available: A modiJ_ed creep strain

Ecm is defined a:_follows,

Ecru = Ez(G)- Ed(0) Eqn. 4.8

where l_z(Cy) is the axial strain characteristic of a type of powder sintered under applied

stress cs, and Ed(0) is the corresponding densification strain measured under identical

conditions, but without applied stress. The evolution of the modified creep strain is

therefore represented by a curve versus the sintering temperature, resulting from the

difference between the two axial strain curves described earlier, lt should be noted that the

modified creep strain is associated with the sintering of a type _sf powder under given

conditions, but, unlike the true creep strain, is not measurable from a single sintered pellet.

From the comparison of Eqn. 4.8 with Eqn. 2.2 it is evident that the modified creep

strain coincides with the creep strain only if the applied stress does not affect the

" densification, as expressed by:

" gcre = g c + (ga(oy)- ed(0)) Eqn. 4.9

Direct measurements of the sample's dimensions were taken at various stages of the

sintering to evaluate the effect of the applied stress on the density. Since no appreciable

gl! 1 7



effmt was detected, and since the densification strain is not expected to change

considerably in response to a very small variation of the density, the modified creep strain

was assumed to express the true creep strain.

The curve of the creep strain rate was then obtained by differentiation, in a way

analogous to Eqn. 4,6,

The following correction to the creep rate was applied to account for the variation of

the actual applied stress as a consequence of the reduction of the sample's apparent cross

sectional area during densification:

_ c(CYo)= _c((y) exp(Ec - 2Ed) Eqn, 4.10

where F/-,c(_o) is the creep rate due to a constant applied stress (3"oequal to the initial value

of CS,

Ed
Finally, the ratio _ was calculated and plotted versus T,

E
C

4.4 Plotting versus density

The curve of the density vs, temperature for each powder was obtained from:

P = Po exp (3 Ed) Eqn, 4.11

with Po equal to the green density.

iii

As tlm density is a monotonic function of the temperature, ali the sintering variables

E d
(Etl, _ d, t_ c, ) could be plotted versus the density as weil.

g
c



5 Results and analysis

5,1 Tables and fi_zures

An overview of the experimental results relative to the densification and creep from the

" sintering of the six types of powders is presented in table 1, while in table 2 the mean grain

size of the various powders is reported for several sintering temperatures. Figs. 1 - 5 show

SEM micrographs of the compacts microstructure taken at various stages of the sintering.

In Figs. 6 - 8 grain size data are plotted vs. temperature and densification strain. In Figs. 9

- 13 densification and creep parameters are plotted vs. the temperature, while in Figs. 14

and 15 some of them are plotted vs. the density. 'Fhe effect of a variation in the green

density oll the densification rate is shown for one type of powder in fig. 16.

5,2 Microstructure

Tile six powders show a similar green microstructure, characterized by partic!e

agglomerations of the size of several microns (fig. la). The spherical particles are nearly

rnonosized with a mean diameter of about 60 nrn (Fig. lc,d) (The Al-doped powders, A

and A24, are somewhat larger; see the data on the grain size in tab!e 21).

In spite of the initial similarity the evolution of the microstructure during sintering is

extremely diversified in the various powders, as shown in Figs. 6, 7 and 8.

D

By comparing the grain growth in A and A2 with that ill O, it results that during tile

.. first half of tile sintering Al-doping hinders the grain growth to an extent depending on tile

content of aluminum, Eventually the coarsening of ek and A2 appears to take place at

4Recall that bold capital characters identify lYlX_Sof l×)wders
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higher rates. In these powders the porosity becomes closed between 850°C and 900°C,

when die pores have the size of few hundreds nanometa'es (Figs.4a,b),

In B, substantial grain growth is observed already at 710°C (Fig, 2d), at 735°C

small particles (< 50 nra) probably composed of a Bi-rich second phase are formed next to

the large faceted ZnO grains (Fig,3d), The grain growth is further amplified and associated

with a loss of homogeneity, as a liquid phase forms at the boundary junctions and

gradually decreases its contact angle with the grains (Fig, 4d), Pore coalescence, abnormal

grain growth and intragranular porosity are observed at the late stages of sintering

(Fig,5a,b), unlike in any other type of powder, Small micropores are found within the

intergranular phase of the sintered compacts (possibly formed during tile cooling process),

A competition between the effects of bismuth and aluminum seems to take piace in AB

and AB2, where the formation of a liquid phase and its development (i,e, the lowering of

the contact angle) is retarded to an extent dependent upon the aluminum concentration,

The evolution of the microstructure in AB2 follows more closely that of B (expecially

during the first part of the sintering), and the presence of a liquid phase having low contact

angle with the grains is observed at 800°C (Fig,4e),

The microstructure of AB is still very fine and homogeneous at 730°C, where the

particles appear to be coated by a non-crystalline phase that slnooths their shape (Fig,2t'),

Small second phase particles are observed only at 790°C, when considerable grain growth

had already ocurred. The development of a liquid phase, associated with extensive grain "

growth, continues throughout the late stages of sintering, ..

ii 2 0



5,3 Densification and cree£

Direct measurements of the compact densities during sintering showed that increments

typically lower than 3% were produced by the applied load, Such an effect was considered

small enough to allow us to use the technique described in section 4,3 for the determination

of the creep strain,

In relation to their densification and creep behavior during sintering, tile six powders

can be subdivided into two groups: powders where no liquid phase occurs (O, A and

A2), and powders for which liquid phase sintering is observed (B, AB and AB2).

5.3,1 Powders O, A _lnd A2

Tile densification of tile three powders (Figs, 9a and 1la) show a similar trend,

although the aluminum clearly affects negatively the rate of the process to an extent

depending on its concentration. As a result, while O completes its densification at .--980°C,

A and A2 are still densifying at 1000°C (tile density of A stabilizes only at .--1050°C).

The inhibiting effect of the aluminum is particularly evident on the creep (Figs. lOa

and 12a), The curve of 1_c is not sirnilar in the three powders as that of t_ d: rather than

following a smooth path as in O, in A 1_c stops rising quite abruptly arounct 690°C, in A2

at .-.750°C, and then remains almost constant until .--950°C. This trend is even more

,, evident in the graph of _c v.,,;,p, where, in the density range 55'7,4,- 9(1%, _c appears

constant in A2 and slightly decreasing in A (Fig. 14a).
..,t
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5,3.2 powders B. AB and AB2

As was the case for coarsening, doping with Bi203 enhances the rate of densification
A

and creep dramatically, The addition of aluminum counteracts the influence of bismuth in

AB and AB2, causing a reduction in the peak values of _;d and _c scaling with its

concentration (and in AB determining a delay of such peak) (Figs, 1 lb, 12b and 14b).

In ali three powders the rise of t_ d and 1_c occur in correspondence with a sharp

increase of the grain growth (shown in Fig. 7), that is always before evidence of the

formation of a liquid phase, and, for B and AB2, below the eutectic temperature for the

system ZnO-Bi203 (740°C) 2,

Although densification and creep strain are slower for AB and AB2, their final values

are actually higher than those for B. The lower final density of B is associated with the

residual intragranular porosity and with porosity embedded in the second phase, The

difference in the final creep strain instead, is due to a steady increase of gc in AB and

AB2, that continues after the end of the densification process.

5,4 Green dcnsily and densification

The effect of a variation of the green density on the curve of the densification has been
e

evaluated for AB' an increment of 1% in po shifts the position of the peak of Etl

downward by 10°C, while the height of such peak appears unmodified (Fig. 161).

2The phase diagram for tile ternary system ZnO-,Bi203-Al203 could not I_ found in the literature,
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5.5 The ratio between densification rate and creep rate,,

_,,,

The evolution of tile ratio between densification rate and creep rate for the six types of _!i_

powder is here considered in relation to coarsening and densification, Although the

coarsening phenomenon is not fully expressed by one single parameter, we have to base

.- our analysis on the only data readily available from microscopy: the mean grain size,

From the comparison of the various curves of (E; d _' c) vs, T' in Fig, 13, with the

plots of G vs, T in Fig,6, we observe that where the ratio of rates increases, the slope of

the curve o!' the grain size is lower with ,espect to the same curve for powder O, This is

evident in A and A2 up to ~850°C, in AB before ~730°C and in AB2 before 710°C..

Conversely,a decreasingtrendfor( e c) corresponds to relatively high slope for G

vs, 'F in A after 850°C, in AB and AB2 after 730°C, and in B throughout the entire

sintering process,

A better choice for the analysis of the coarsening dynalnics is the grain growth

parameter, defined as follow'

gg = In (G/Go) Eqn, 5, 1

If I_g is plotted versus the temperature the (inverse) relationship tx:tween grain growth
e

(i,e, coarsening) and lhe trend of (_ d/£ c) is even more evident (Fig, 7),

'I'he plot of l_g vs, l_d allows us to visualize the competition between densification and

• coarsening (Fig, 8), lt results that in powder O the constancy of( I_d/_; c) corresponds to

an approximatively linear relation between densification and grain growth, expressed by

= ,, vs _!d_g _d, with _.--9, In the other powders a relatively higher slope of_ ,

co,vespo,lds toa dec,'ease of(F_ d/_ c), and vice ve,'sa.

I
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As the microstructure data of this study are rather limited, any attempt to determine

with further accuracy a quantitative relation between Eg, _;d and (1_ d/_c), would

probably be inappropriate.
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6 Discussion

An interesting result of the present study is in the different behavior of the ratio

between densification rate and creep rate during the sintering of the various powders.

In the following section a clue for the interpretation of these behaviors is obtained by

deriving the equation for the densification rate within the frame of a n;._del devised by

Swinkels and Ashby [1980]. According with this model, the rate of the densification by

grain boundary diffusion can actually be limited, under certain circumstances, by the

redistribution process of the matter within the pore surface, which is driven by a local

potentiM gradient associated with differences in the pore curvature near the neck boundary.

6,1 Densifica, ti0n by two m¢chanims ill series,

In the Swinkels and Ashby approach grain boundary diffusion and surface

redistribution are two mechanisms in series, controlling the rate of densification.

Assuming a quasi-steady state condition the rate of matter transport out of the grain

boundary, is equal to the rate of redistribution; this condition can be written in a form that

relates the densification strain rate to the driving forces and kinetics of the two mechanisms.

When no external stress is applied:

_d - AEgb _ AEs Eqn. 6.1

. qgb

•, Where A_gb and AY'.sare the driving force for transport of matter respectively by

grain boundary diffusion and surface redistribution. Correspondingly, ]]gb and Y]s are the

viscosities for these processes, containing the proper geometrical parameters and diffusion

coefficients.
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Since AZgb and AZs are two driving fc_r,"esin series, their sum provides the total

internal driving force for densification. If z_gb and Z_s are defined as corresponding to

externally applied stresses, the internal densification driving force coincides with the

sintering stress Y',defined in section 2.21'
,N,

AZgb + AZs = £ Eqn. 6.2 ,4

is determined by the (maximum) curvature of the pore surface away from the neck

boundary, Kp, divided by the stress intensification factor _) (see De Jonghe et al [1989]).

2 = 7 -_ Eqn. 6.3O

Similarly, AZgb and AY',scan be defined as follows'

Kn

AEgb = y _ Eqn. 6.4

Kp-Kn

ZXEs= T- q) Eqn. 6.5

where Kn is the pore curvature at the neck boundary (see Swinkels and Ashby [1980]).

From Eqns. 6,1 and 6.2 we can write'

I_d = -2- Eqn. 6.6

'F_d

where ]_d is the total densification viscosity given by:

'F_d = ]]gb + ]"Is Eqn. 6,7 .

lConscqucntly 'F_gb is defined by Eqn. 2.6 (with n=3), An expression for ]'Is is derived in lhc Appendix.
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When an external uniaxial stress o is applied, it contributes to the stress acting on the

grain boundary, and Eqn. 6.1 becomes:

A Y',gb + ff

l_d= -5 _ AYes Eqn, 6,8

T'lgb 'FIs ,

or"

+ ff

l_d - 3 Eqn. 6.9

ria

6.1.1 A new expression for the ratio between densification rate and creep rate.

Consider the creep strain rate expressed as follows:

g,},,c - (_ Eqn. 6.10

where cr is the applied uniaxial stress and ric isthe creep viscosity as in Eqn. 2.7.

Combining Eqns. 6.9, 6.10, we obtain:

'/= -- + j Eqn. 6.11
i C qd

Then, substituting Eqns. 6.7 and 2.8 in Eqn. 6.11'
t

I_d = K Tlgb 2 + 7 Eqn. 6.12
" rlgt,+rl

If the redistribution step is negligible, as usually assumed, Eqn. 6.12 reduces to

_,,n _ [1 _*,'r,,-;F_;n(, th_ _';tll._t;r_n ;n uJh;_'t_ ct_n<ifi("_li,'_n nnd Proon ,'ire m'_vPrn,:.d hv the
L,_.| i i.... _", %.lt_**. )_v,¢I I _ I I i _ i- i i _,* . ) I 1,%4i-I I,,&_," && &I I '' &'1_44 _'_I ..... "_ ............... r _" -- _ ........... _ ....
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same kinetics, so that the ratio between densification rate and creep rate is proportional only

to the sintering stress.

On the other hand, if the redistribution step is not negligible, ( I_d/l_ c) depends also

_gb

on the kinetic term

,qgb + TIs

The generic fonn of the viscosities is:

kT
TI = F--D(T---) Eqn. 6.13

where F is a generic function containing the geometrical terms, k is the Boltzman constant,

T the absolute ternperature and D(T)is the diffusion coefficient correspondent to the

transport mechanisin.

Since surface redistribution and coarsening exploit the same kinetic mechanisms, T'ls

can be related to a coarsening viscosity. We may notice that, if a situation of equilibrium

between densification and ",)arsening is initially present in the system, according to Eqn.

6.12 such equilibrium tends to be preserved despite variations of the kinetic terms. As a

matter of fact, a variation of the ratio of the viscosity would alter the terms

gb+_s

of the equi!ibrium in a way that the consequent modification of X would tend to

compensate the effect of such variation upon ( _ d/_; c). For example: ii"T_s increases the

coarsening kinetic slows down, while the densification rate is less affected because of its

dependence on qgb (from Eqn. 6.7). As a result coarsening loses ground relative to the u

densification, the pore tends to shrink and KP
_1 , i.e. x, tends to increase, counteracting the

decrease of the ratio of the viscosity.
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The contribution of the kinetic term in Eqn. 6.12 can be, however,, completely

different if the densification starts from a situation of non-equilibrium, such as the one that

arises if the kinetic mechanisms for densification and coarsening are activated at different
,.L

times, as shown in the following section.

6,1,2 Kine_tiq:t_rqn,'s_i_entd_!ring non-i,.s0th_rrnal _i!ateri__ag.

To complete the analysis of the ratio between densification and creep rate in the various

cases we now need to consider Eqn. 6.12 in a more dynamic perspective in relation to the

evolution of the viscosities during non isothermal sintering (for simplicity constant heating

rate sintering will be considered).

As diffusion is virtually absent at ambient temperature, the initial value of the

vi,,;cosities ]"Is and ]qgb is nearly infinite trod ( _ d/_ c), from Eqn. 6.12, is indeterminate.

During the first stage of constant heating rate sintering, the viscosities drop several orders

of magnitude in relation to the increase of th_,.'iffusion coefficients: these are relatect to the

concentration of point defects and thus depend on tlm temperature througta the Arrhenius

equation:

D = D° exp( - Q=) Eqn. 6. 14

where D° is a constant which includes the entropy and kinetic terms, and Q the activation

energy of the process.

A dynamic situation, characterized by considerable variation of the value of
M

( _ d/_ c), occurs if one of the two viscosities drops before the other. This is possible if

the activation energies contained in the diffusion terms of the two viscosities are sufficiently
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different. The transient stage ends when the diffusion coefficients reach a relative stability

and the variation of the viscosities becomes controlled by the geometrical temas.

1) We consider first the case in which 1Is drops before qgb, At the onset of the

densification this case is described by the relations:

'l_gb >> l_s Eqn. 6,15

However, as ]']gb starts to drop too, the difference between the two viscosities

l'lgb
reduces, and the term in Eqn. 6.12 decreases. Moreover, since this initial

'_gb + T]s

stage is characterized by a substantial predominance of the coarsening over the densification

(associated to Eqn. 6.15), in this period the pores tend to grow, resulting in a decrease oi"

namely of Z. As a result(l_d/_c) can not be constant but it is expected to
(I) '

decrease.

21)In the opposite case T_gbdrops before ]Is, so that:

l_gb << _s Eqn. 6.16

ii

At the onset of the densification ( _ ct/E c) is very low, due to the low value of l]gb,

but it increases as 1Is also drops and approaches T_gb. During this period densification is

likely to prevail over coarsening and therefore E increases because of the reduced mean •

pore size, and further contributes to the increase of(t_ ct/l_ c).

ii

ii
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6,1,3 Conr_l_l_ions

In conclusion the development of tlm Swinkels and Ashby model leads to an

expression for the ratio between densification rate and creep rate (Eqn, 6,12) that depends

on the product of a kinetic term (the ratio of the viscosity for creep and densification) and

,- the sintering stress,

If the surface redistribution process is negligible, such expression reduces to that

introduced in section 2.2, where the kinetic term is constant and the ratio of the rates is

proportional only to the sintering sta'ess.

However, if the surface redistribution is a non negligible step for the densification,

the kinetic term is typically not constant, as densification and creep are now governed by

different kinetics. In this situation, unless the kinetics undergo temperature-related

transient stages, the variations of the kinetic term tend to compensate the variations of the

sintering stress, and the ratio between densification rate and creep rate is more likely to be

constant.

If the kinetic mechanisms for coarsening and for densification are activated at

different times during non-isotlaemaal sintering, a transient stage takes piace, during which

the ratio of the rates is not expected to be constant, The variation of the kinetic term

during the transient stage is associated to the imbalance between densification and

coarsening, which also alters the sintering stress. For example: if, during the transient

• stage, densification prevails versus coarsening (due to its earlier activation), both the

viscosity ratio and the sintering stress are expected to increase (and vice versa). As a
e

result, in this situation the ratio between densification rate and creep rate is zt gooct indicator

of the evolution of the kinetics, and of the competition between densification and

coarsening,

.
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_wders' ,sinteriIlg betlBvior,

The sintering behavior of tile various powders will be discussed here in relation to the

considerations expressed ill tile previous sections of this chapter, and introducing theses

regarding the effects of the dopants upon file sintering kinetics of the powders,

!5.2.! AI-and Bi-free powder; O,

The most interesting result provided by the sintering of O powders is the constancy of

the ratio between densification rate and creep rate in the density range 55% - 95%, This

result was expected oll the basis of previous studies on ZnO compacts 7,

The result can be interpreted as the consequence of the equilibrium between

densification and coarsening, which is indicated by tile approximatively linear relation

between the grain growth and tile densification strain (in section 5.5 it we have: l_g = tc Ed,

with tc,-, 9), Sucla an equilibrium can in fact be associated with a relative constancy of the

sintering stress,

The constancy of the ratio between densification rate and creep rate is even more plausible

if the surface redistribution plays a significant role in the sintering of this powder: in such a

case, in fact, the ratio is determined by Eqn. 6.12, where if some variation occurs in the

sintering stress, this tends to be balanced by a variation in the kinetic term,

7Having obtained this result widl a i_rocedure for tile measuremenl of the creep strain different from thai
used iii the oilier studies, ctmfimls iiIc validity oi' b_ih iet:hlliqucs.
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6,2,2 Al-doped powders: A and A2,

The sintering behavior of Al-doped, Bi-free powders is characterized by slower

kinetics and variable ratio between densification rate and creep rate, These results can be

explained in terms of defect chernista'y,

The rates of diffusional txansport in a crystal depend on the concentration of point

defects. ZnO crystals exhibit ra-type intrinsic conductivity as a consequence of oxygen

deficiency, introduced either by interstitial zinc or oxygen vacancies. Considerations about

the crystal structure of ZnO (wurtzite has large interstices that can readily accommodate

excess zinc), zinc and oxygen diffusion coefficients and electrical conductivity led many

authors to lend support to Frenkel rather than Schottky disorder [Kroger 1964, Hagemark

and Chacka 1976 and Sukkar and Tuller 19821, The ionization of ZnO can hence be

expressed by the reaction:

. l
ZnO ¢-.* Zni ' + 5O2(g) + 2e' Eqn, 6,17

which implies'

[Zni" ] (Po2)1/2 n2 = K(T) Eqn, 6,18

Eqn, 6, 18 relates the interstitial zinc on concentratioia [Zni'" 1, which determines the

rates of ali sintering processes (see section 2,3,1), to the oxygen partial pressure PO, and

the electron density n,

Now, according with Komatsu et al [1968], doping with altlminum leads to the

substitution of Zn atoms with Al atoms, following the defect reaction:

AI203 zno .) 2 AI(Zn)' + 2 ZnO + 2e' + 1/2 O2(g) Eqn, 6,1t)



It results that Al-doping produces an increase of the electron density and, from Eqn,

6,24, a depletion of die interstitial zinc concentration, which leads in turn to slower kinetics

for densification, creep and coarsening during the first stage of the sintering.
4"

Tlm densification, however, appears less affected by this phenomenon (as in th_s

stage the slope of gg vs, td for Al-doped powders is lower than for O powders; see

Fig.8). This can be explained assuming that the aluminuna is preferentially distributed at

the grain surface, so that the densification can still occur either by grain boundary diffusion

(whose rate is though lirnited by the redistribution step.) or by lattice diffusion, although at

lower rate with respect to undoped powders,

As the temperature increases the value of K(T) in Eqn, 6.24 increases in such a way

that the contribution of the reaction 6.25 to the electron density gradually becomes

negligible. The surface diffusion is therefore gradually activated and the coarsening rate

increases.

This situation corresponds to the last case discussed in section 6.1.3, as it is

characterized by the initial prevalence of densification over coarsening, and by the recovery

oi'coarsening as the surface diffusion becomes activated. Coilsidering the densific,'ttioll by

grain boundai'y diffusion (describe(t by Eqn. 6.12), the model predicts in fact the low initial

value of the ratio between densification rate and creep ratt: (due to the high value of ]"Is at

the onsetofthe densification), and its subsequent increase (due to the increase of the

sintering stress and the decrease of _s) 7 .

The approxi_nate constancy of the creep rate throughout the sintering of A and A2,

shows that the increase of the diffusioll coefficient for creep is balanced by the ricci'ease of

7 I,' lallice diffusion ix the tlcm_innut m¢chmlism, the increase of the ratio between densifk:ntion nrel creep

. ra e mt lsl be relaled t_ lhc illCl'e_lsc {}l' lhc sinl¢i'iug sires,,; only,

i ,4
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the stress intensification factor _ as the densification proceeds, resulting in tile constancy

of tile creep viscosity (see Eqn, 2,7), Since also the densification viscosity should hence

be constant, in these powders the variations of the densification rate are caused only by

- variations of the sintering stress,

" In the final stage ('F > 850°C, p > 75%), considerable coarsening takes piace in A

with respect to O powders (Figs, 7 and 8), resulting presumably in an increase of the mean

pore size and therefore in a decrease of the sintering ,,'tress, which leads to the drop of the

ratio between densification and creep rate, This is explained considering that the smaller

grain size of A is associated with higher driving force and smaller diffusional path for

coarsening,

6,2,3 I_,iqtlid phase sintqring; II, AB and AB2,

In the sintering of the bismuth-doped powders three different stages can be

distinguished.

During the first stage, extending tlp to .-0725°C, no liquid phase is formed yet, and

different sintering behaviors are observed in relation to tile presence of aluminum,

In AB and AB2 the low but increasing value of the ratio between densification rate

and creep rate, associated with hinctered coarsening, can be explained with tile same

argument used for A and A2,

f,

The relatively high densification rate observed, to different extent, in each of the three

powders, and the high coarsening rate of B, are related to a pl'e-.etltectic etTect of the

bismuth, in this stage still distributed at the grain surface, In B, where no altllninum

hinders the coarsening kinetics, this effect leads to a substantial predominance ot' the

=
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coarsening versus the densification (Fig, 8), resulting in the decrease of the sintering stress

and, consequently, of the ratio between densification rate and creep rate,

The second stage is a relatively brief period (extending from ~725°C to ~750°C for B,
II,

to ~760°C for AB2 and probably longer for AB, due to the retardant effect of A1 oll the

liquid phase evolution) that however covers most of the densification range (from a relative

density of 60% to 80-85% in B and AB2, from 53% until about 80% in AB), during

which tile intergranular liquid phase forms at the grain corners, giving rise to high

densification rate and very high coarsening,

Although this stage begins before the eutectic temperature for the system Bi203-ZnO

(740°C)o the high rates must be viewed as n consequence of the activation of a solution-

precipitation process for the ZnO grains in contact with the liquid phase, At these

temperatures, however, only a small fraction of the grain boundaries is wetted by the

second phase [Gambino et al, 1989], which is mostly located at the grain boundary

junctions, where it promotes coarsening, The densifying solution-precipitation process at

the grain boundary is gradually activated as the contact angle between the grains and the

liquid phase decreases, Inthis situation the densification is hence retarded with respect to

coarsening, resulting in a decrease of the ratio between densification rate andcreep rate, in

agreement with the tlleoretical analysis in section 6,2,1 (when lls drops before ]lgl',),

The relatively lower densification rate in AB promotes the decrease of the sintering

stress, with the consequence that the ratio between densification rate and creep rate versus

the density is more pronounced in AB than in B and AB2, where such ratio is actually

almost constant (in AB2 tlm excursion of the ratio ( _ tt/_},c) in the range of density 5 -c'>a,- "

85% is only about 1/6 of its value, Correspondir_gly, the plot of _g forAB2 in fig,3 is

hardy distinguislanble from the one for ()), This observatiorl is explained by considering

that the alumillUln not only inhibits the kinetics {,)t'ali powders, but also retards the
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development of tile liquid phase wetting, peldlaps by reducing the solubility of tile zinc in

this phase, The lower degree of wetting of tile grain boundaries by the liquid phase in Ali

is thus the probable cause of the reduced de:nsification in this stage and, consequently, of

., the sharp drop of( I_d/l_ c),

. The final stage of the densification shows a steady decrease of tile ratio between

densification and creep rate, In B this corresponds prestimably tva decrease of the

sintering stress that is associated with ttae development of abnornml grain growth, grain

coalescence, sequential filling of the smaller pores by tile liquid phase and resMual

intragranular porosity, In AB and AB2, _thedecrease of the ratio is rather due to the

stabilization of the creep rates at finite values, while the densification rate,<''_pproach zero,

This may be explained considering that at this stage the , "'glalll <";,zeof these powders (which

approximately coincides with the creep diffusion path) is relatively small (at least if

, 'e #' ,compared with that of B) while tile diffusion coefficient is high and continues to inel ase

as the contact angle between the grains and the liquid phase decrea'_es with the tempera_,:re,

The dilTusion path t'vr densii]cativn, instead, becomes greater than the grain size as several

pores collapse already tit relatively low density, due to the high inholnogeneit/of the pore

size ttilqtribution associated to liquid phase l;intering [Park et al, 19841, In conclusion, in

this case the decrease of (Ed/{_c)express the faster growth vf the viscvsity for

densification with respect to that for creep, not a variation vf the sintering stress,
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7 Conclusigns

The constant heating rate sintering of six doped ZnO varistor precursor powders,

differing one from the others by the concentration of Bi and Al, produced a wide spectrum

of sintering behaviors. u

Densi.:, ation, creep and microstructure coarsening were found to be accelerated by

the doping with Bi203, which gave rise during sintering to an intergranular liquid phase;

while they were ret_u'ded in relation to the content of aluminum.

In powders not doped with aluminum or bismuth, the ratio between densification

strain rate and creep strain rate was found to be constant in the density range 55% - 95%,

while it was found to vary during tile sintering if one or both dopants were added. By

relating the trend of this ratio to the plot of the grain growth versus the temperature and

densification strain, it was obse_'ed that a higher value of the slope of the grain growth

relatively to non-doped powders co_Tesponds to a decrease of the ratio between

densification rate and creep rate, and vice ve,'sa.

An expression for the densification strain rate was derived within the frame of a

model devised by Swinkels and Ashby [1980] where tile densification is controlled by two

processes in series, one of which (,theredi,,,tribution of the matter along the pore surface) is

eovemed by tile same kinetic mechanism that presides over tile coarsenin,, process.

Following this theoretical approach, tile constancy of the ratio between densification

rate and creep rate appears more plausible, as the result of a balanced evolution of

densification and coarsening, if the surface redistribution is a non-negligible step. On tile

other hand, if the kinetic mechanims for coarsening and densification are activated at

different times during non-isothermal sintering, a transient stage takes piace, during which
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the ratio of the rates is expected to vary. In ZnO powders this appears to be the case when

dopants such as aluminum or bismuth alter the temperature dependence of the kinetic

mechanisms.

The sintering behavior of each powder was finally discussed in detail in terms of

" interaction between densification and coarsening, and introducing theses on the

phenomenology of the dopants' effect.
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The densification rate equation for redistribution-controlled sintering,

The equation for I_d in the case of redistribution-controlled sintering can be derived

with a procedure analogous to that used by Chu [1990] for grain boundary limited

sintering.

"Ille procedure considers spherical particles of uniform size and packing distribution,

connected by a neck. Tile geometry of the neck region is shown in Fig. 17. Assuming that

the surface redistribution occurs by surface diffusion 9, the component in the radial

direction of the specific flux of atoms along the pore surface, as a function of the radial

distance from the neck r, is:

Fs(r) = Ds(T) (Obt
- _ kT \_-WJ Eqn. A.1

where Ds(T) is the coefficient of surface diffusion, Q is the atomic volume, k is the

Boltzman's constant, T is the absolute temperature and bt is the chemical potential.

The total flux of atoms tit the distance r is then'

">r_(r+R) Ds (r)!a)Js(r) = - " ' Eqn. A."_
fZkT _

where R is the neck radius.
4

9The analysis dots not differ substantially ii" the surface redistribution is governed by olher mechanisms,

stlch;.ixCVal)(_r;ItiOil-C()IiticnsallOIl,s()itltlon-pi'eCil'ulall()ii,orlatticedillusioll.
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At the grain boundary-neck intersection the quasi steady-state condition implies (see

Chu [19901):

2Js(0) Jgb(R) _d X3= = Eqn, A,3

where Jgb is the flux through the grain boundary, and X is the center-to-center distance

between the pores, approximatively coincident with the grain size,

Therefore, substituting Eqn.A,2 in Eqn,A.3:

kT X3

The potential gradient can be expressed as:

= -f27\0r ) = "f2d) k0r) Eqn. A,5

where K is the curvature of the neck surface.

If we can write the following approximation for tile gradient at tile neck-boundary

intersection:

) .... AZs
AB

-_-(0) = -..7 = -_20_ Eqn. A.6
o Kp-Kn

Ar Ar Ar

where AI"is tile diffusion distance along tile radial direction, then tile surface redistribution

viscosity ]Is can be written as follows:
P

1 _ 4 n: Ds f2 qb2 R Eqn. A.7
kT X 3 Ar

" _s
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The six po_vders

O : ZnO 99,5 tool%, CoO 0,25 tool%, MnO 0,25 tool%

A : same as O + Al 340 ppm

A2 : same as ()+ A1 142 ppm

B : ZnO 98,94 tool%, CoO 0,25 Inol% , MnO 0,25 tool% , Bi203 (),56 tool%

AB : same as B + Al 340 pl)ni

AB2' same as B + Al 142 ppm
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Sintering Data Table _

Powders : O A A2 B AB AB2 o

Non-loaded Po (%) 48,9 49,5 49,6 48.0 47,65 48,6
samples

pf (%) 99,0 99,1" 98,7 97,1 98,4 98,7

O, 235 O,231" 0,229 O,235 O, 242 O,230
P

O, 235 O,233* O,237 O,253 O,259 O,256
Z

Loaded load (M_Pa) 0,25 0,25 0.25 0.20 0,20 0,20

samples
p (%) 48.7 49.4 49,5 48,2 &7,5 48,4
o

pf (%) 99.1 99.3* 99,5 97.8 99.5 99,5

0,236 0,233* 0,230 0.236 0,246 0,240
P

0,037 0,033* 0,034 0,126 0,175 0,156
C

All the measurements are taken at Temp,- I0000"C, except those marked

with (*)0 which are taken at Temp,- 1,050"C

Po " initial density° % of _he cheore=ical value of 5.61 g/cre3 for O°
A and A2; of 5,67 g/cm" for B, AB and AB2

- final, densit"l
Pf

- final densification strain
P

- final creep strain
G

48

......... " I_ " '1_1 ' , ' M'N,



mean grain size

]'emp, O O A A2 B AB AB2

green 5 5 80 70 60 6 0 60

710 180 68 92

730 99 87 g7 300 80

750-760 93 105 130 290

790-800 160 115 120 1270 235 390

850 150

900 470 695 650

1000" 1950 1100 7000 11 00 1150

1040" 800 24000 1900

1 "100' 41 00

The mean grain sizes are expressedin nra, Ali sampleswere rapidly quenched from the
reported temperatures,except those sinteredto the tempelaturesmarked with (*), which
were coolextslowly to ambient temperature,

P

Table 2

z

J
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Fig. 6 - mean grain size vs. temperature
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Fig. 7 -grain growth vs. temperature
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Fig. 8 - grain growth vs. densification
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Fig. 9 RELATIVEDENSITY
vs, TEMPERATURE
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Fig, 10 CREEP STRAIN
vs, TEMPERATURE
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Fig, 12 CREEPSTRAIN RATE
vs, TEMPERATURE
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Fig. 13 RATIO BETWEEN DENS. RATE AND CREbP RATE
vs, TEMPERATURE
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Fig, 14 CREEP STRAIN RATE
vs, DENSITY
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Fig, 15 RATIO BETWEEN DENS, AND CREEP RATE
vs, DENSITY
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Densification rate- AB powders Fig, 16
Effect of the green density
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Neck region between two grains

R = Neck radius

r = radial distance from the neck

Kn = pore curvature at the _ boundary - neck intersection

Kp = maxk,-num pore curvature

Fig. 17
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